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Abstract:

Spectral and structural properties of rare earth doped crystals have been investigated with white light
absorption, fluorescence, fluorescence excitation, optically-detected nuclear-magnetic-resonance
(ODNMR), photon echo and optical nutation.

Conventional spectroscopy was used to study Pr3+, Nd3+, Sm3+, Eu3+, Ho3+, Er3+ and Tm3"4"
doped Y3AI5012 crystals. Besides the intrinsic site spectroscopy, systematic studies on dopant ions in
defect sites were carried out. There were generally 3-6 defect lines within = 60 cm"1 of the intrinsic
line. Quantitative optical absorption measurements showed that 4-7% of the dopants appeared in defect
sites for the Eu3+, Ho3+, Er3+ and Tm3+ doped Y3AI5012 crystals and 15-21% of the dopants
appeared in defect sites for the Pr3+ and Nd3+ doped Y3AI5012 crystals. These defects were
attributed to the 1% of excess Y3+ substituting at Al3+ a sites (C3i symmetry) with a random
distribution for Eu3+, Ho3+, Er3+ and Tm3"4" ions whose radii were close to Y3+ and a preferred
distribution for Pr3+ and Nd3+ ions whose radii were much larger than Y3+.

Angle dependent ODNMR was used to determine the nuclear principal axis orientations of Pr3"4" ions
in the intrinsic and defect sites of Pr3:Y3AI5012. The intrinsic site has D2 symmetry which constrains
the orientation of Pr3+ nuclear principal axes to specific directions. These directions were verified
through ODNMR measurements. Using angle dependent ODNMR, one defect site was found to have
C1 symmetry which is attributed to Y3+ substituting at AI3+ a sites.

Optical dephasing was studied for Tm3+:Y2Si207 as a function of temperature and laser excitation
intensity via photon epho measurements. Temperature dependence of the optical dephasing was
attributed to phonon coupling between the ground states 3H6(1) and 3H6(2) which were 6 cm"1 apart.
Instantaneous spectral diffusion is another dephasing mechanism in this crystal. Using photon echoes, a
homogeneous linewidth of 14 kHz was measured at 1.24 K for the 3H6(1) —> 3H4(1) transition. The
relatively broad inhomogeneous linewidth of 100 GHz gave an inhomogeneous-to-homogeneous
linewidth ratio of 7 x 106. This large ratio combined with a transition wavelength suitable for GaAlAs
semiconductor lasers and the absence of hyperfine structure hole burning make this material an
interesting candidate for time-domain signal processing and transient optically-addressed data storage.

Coherent transients were also studied for Tm3+:Y3AI5012 via optical nutation measurements. Beats
were observed due to the presence of several Rabi frequencies from the crystallographically-equivalent
but orientationally-inequivalent crystal sites. Using symmetry considerations, we found for the first
time that when the light electric field was along one of two special directions (111) and (001), the
nutation had a single Rabi frequency. A general procedure for obtaining single Rabi frequency nutation
(“single-dipole”) in arbitrary crystals is presented.
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ABSTRACT

Spectral and structural properties of rare earth doped crystals have been
investigated with white light absorption, fluorescence, fluorescence excitation, optically-
detected nuclear-magnetic-resonance (ODNMR), photon echo and optical nutation.

Conventional spectroscopy was used to study Pr*, Nd**, Sm*, Eu**, Ho*, Er**
and Tm>" doped Y3AlsO, crystals. Besides the intrinsic site spectroscopy, systematic
studies on dopant ions in defect sites were carried out. There were generally 3-6 defect
lines within + 60 cm™ of the intrinsic line. Quantitative optical absorption measurements
showed that 4-7% of the dopants appeared in defect sites for the Fu*, Ho>*, Er’" and
Tm>* doped Y3Al50;; crystals and 15-21% of the dopants appeared in defect sites for the
Pr’* and Nd** doped Y3AlsOi; crystals. These defects were attributed to the 1% of excess
Y3 substituting at AI’* g sites (Cs; symmetry) with a random distribution for Eu**, Ho",
Er** and Tm* ions whose radii were close to Y>* and a preferred distribution for Pr** and
Nd** ions whose radii were much larger than Y>*,

Angle dependent ODNMR was used to determine the nuclear principal axis
orientations of Pr’* ions in the intrinsic and defect sites of Pr’*:Y3AlsOq,. The intrinsic
site has D, symmetry which constrains the orientation of Pi** nuclear principal axes to
specific directions. These directions were verified through ODNMR measurements.
Using angle dependent ODNMR, one defect site was found to have C; symmetry which is
attributed to Y* substituting at AP a sites.

Optical dephasing was studied for Tm’*:Y,Si,07 as a function of temperature and
laser excitation intensity via photon echo measurements. Temperature dependence of the
optical dephasing was attrlbuted to phonon coupling between the ground states *Hg(1) and
He(2) which were 6 cm™ apart. Instantaneous spectral diffusion is another dephasing
mechanism in this crystal. Using photon echoes, a homogeneous linewidth of 14 kHz was
measured at 1.24 K for the *Hg(1) — ’Hy(l) transition. The relatively broad
inhomogeneous linewidth of 100 GHz gave an inhomogeneous-to-homogeneous
linewidth ratio of 7 x 10°. This large ratio combined with a transition wavelength suitable
for GaAlAs semiconductor lasers and the absence of hyperfine structure hole burning
make this material an interesting candidate for time-domain signal processing and
transient optically-addressed data storage.

Coherent transients were also studied for Tm>" :Y3Al50;, via optical nutation
measurements. Beats were observed due to the presence of several Rabi frequencies from
the crystallographically-equivalent but orientationally-inequivalent crystal sites. Using
symmetry considerations, we found for the first time that when the light electric field was
along one of two special directions (111) and (001), the nutation had a single Rabi
frequency. A general procedure for obtaining Single Rabi frequency nutation (“single-
dipole”) in arbitrary crystals is presented.




CHAPTER 1

INTRODUCTION

Defect sites in crystals doped with trivalent rare earth ions have been studied
.extensively', but :there are still many interesting and chz;.llenging quéstions waiting to be
| answered. This thesis studies the defects in rare earth ion doped Y3A15012 crys’tals. In
particuiar, the defects in Pr**, N@*, sm*, Ev**, Ho™, Er’t, aild Tm>" doped Y3AlsO1,
crystals were systematically studied using conventional spectroscopic methods including
white light absorption, fluorescence, and fluorescence excitation. Energy levels of the rare
earth ion in defect sites were measured, and the intensities of the transitions were used to
determine the defect site concentration. The local structure of one defect site in Pr3.+
doped Y3AlsO;; crystal was studied using nonlinear spectroscopic methods inciuding
optically detected nuclear magnetic resonance (ODNMR) and Raman heterodyne
détection of NMR. |

A better understanding of the defects is very helpflil in improving laser efficiency, .
laser longevity and crystal growth techniques. Because the Y3AlsO;, crystal has a
relatively complex structure compared to other crystals, the techniques used in this thesis

can also be applied to other crystals for defect or structural studies.
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There are several excellent books on rare earth ion-spectroscopy. Readers are
referred to these books for overviews. This chapter introdﬁces several spectros‘céﬁic and
structural topics: homogeneous broadening, inhomogeneous broadening, satellite lines in

the spectra, crystal structure and selectiqn rules for R3’_r doped Y3Als0,, crystal growth

and sample preparation, defects in R3* doped Y3Als0:2, and mechanisms, for defect

formation. These topics will provide the background for further discussion in the

following chapters.

Homogeneous Broadening

épectral‘ lines of the rare earth ions in crystals are nbfmally broadened by two
major classeé of mechanisms i.e. homogeneous Broadening and Ai_nhomogeneous
broadéning. 4I:{omogeneous broadening arises from dynamic perturbations caused by
lattice phonon coupling, nuclear or electron spin couplings and population-decay. This
broadening is experienced equally b‘y ail the ions but can be di'fferent.for different energy
levels. Within one J manifold, the splittings between different crystal field componenfs
are less than average phonon frequencies. Wheﬁ the upper crystal field components are
excited, they nonradiatjvely dec;ay to the lowest 6rysta1 field component through phonon
coupling which increases their homogeneous linewidth. On the ofher hand, since the
separation between J manifolds is often lar'gér than the maximtﬁn ‘phonon frequency at
liquid helium temperatures, multiphonon emission is normally required to relax the

Jowest crystal field component. Therefore, the lowest component of a J-manifold has
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smaller homogeneous broadening (kHz-MHz scale) than the upper crystalv field
components.

The lowest crystal field component is generally choseﬁ for detailed spectroscopic
studies for several reasons. Small broadening makes the satellite lines easily resolved
around this lowest crystal field component. With little non-radiative decay, it is possible
to detect fluorescence, aéply optical pumping and use advanced nonlinear spectroscopic
techniques. A long lifetime is also desirable for optical memory applications by allowing
time for recording and retrieving optical data pulses.

Changes in temperature can dramatically change the homogeneous broadening by
changing the p'honon population. In order to reduce the homogeneous broadening, most of
our experiments were done with the samples immersed in superfluid liquid hel‘ium

pumped to a temperature of 1.4 K unless otherwise specified.

Inhomogeneous Broadening

No crystal is perfect; strains, impurities, and défects are common. For example,

- Y3Al50; crystals are grown from the melt at high temperature. Compositions can change
on a microscopic scale during growth introducing strains. When the crystals are cooled,
static lattice strains are also introduced. Impurities may come from the raw oxide starting
materials and from the melt crucible. Defects such as striac may appear when there are
small temperature variations during the growth. Growth departing from the stoichiometric

composition can also form local defects.
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All of these perturbations will generate local environments with slightly different
cfystal fields. When the rare earth ions are doped into these various environments, the .
resulting distribution of transition frequencies for all the ions will have a typically
Gaussian form; this is called inhomogeneous broadening. When the dopant concentration
. is high, the dopant ions themselves can also cause extra perturbations which will in turn
inhomogeneously broaden the lines.

Inhomogeneous broadening usually completely dominates the linewidths of
transitions of the lowest level in a given J manifold at temperatures below ~50 K. The
inhomogeneous linewidth obscures other important spcctros'copic parameters such as the

homogeneous linewidth and hyperfine or superhyperfine splittings that are on the order of

kHz - MHz. Advanced techniques are needed to extract these important parameters.

Satellite Lines in the Spectra

Impurities not only-cause inhomogeneous broadening but may also give rise to
additional lines in the absorption and emission spectra. This phenc.)merion was attributed
to the formation of different impurity clusters, as a result of which a distribution of R**
jons among different sites with different crystal fields occurred. This subject has been
studied by many researchers. A recent paper was published by John'Wright’s. group.”
More detailed references will be provided for specific R3+:Y3A15012 crystals.

Using the conventional spectroscopic techniques described in Chapter 2, one can
separate the spectra of R3.+ ions with ineQuivalent crystallographic environments

(activator centers) and consequently analyze the mechanism of cluster formation in
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connection with the nature of the valence and size of the impurity ions and the specific
crystal structure. This phenomenon is closely related to the laser performance of rare
earth doped Y3Al;Oy, crystals. This thesis will classify and study Y;Al;0,, defects with a

variety of spectroscopic techniques.

Crystal Structure and Selection Rules for R* Doped Y,AL0,,

The Y;Al;0,, garnet crystal structure is shown in Figure 1. The ideal structure of
the simple rare-earth garnets 4;B,C50;, is cﬁbic Oloh (Ia3d), and the unit cell contains
eight molecules. In these ‘gamets all the cations are trivalent; the 4 ions are rare-earth
elements such as Pr’*, Nd**, or group-III elements such as Y** located at dodecahedral ¢
sites (with local D, symmetry), while the B and C ions are group-III elements such as
AP* or Ga*. The B ions are placed in trigonally distorted octahedral a sites (Cs;
symmetry), while the C ions occupy tetrahedral d sites (S, symmetry). Crystallographic
data for Y;Al;0,, is shown in Table 1.

The R*" jons that substitute for Y°* ions on the dodecahedral sites experience a
crystal field of D, symmetry. There are six magnetically-inequivalent orientations of

these sites in the crystal, as shown in Figure 2.5 The local x, y, and z axes of site 1 are
oriented along the (110), (110) and (001) directions of the crystal with the z axis
coinciding with the (001) axis by convention. The local axes of other sites can be

obtained by applying the cubic symmetry operation.




Table 1. Crystallographic data for Y3Al50;,. Cubic Ia3d, #230, Z = 8. X-ray data: a =
12.000 angstrom, x = -0.0306, y = 0.0512, z = 0.1500.°

JTon Position | Symmetry X Y Z
Y 240 | Dy 0 1/4 1/8
Aly 16(a) Cs 0 0 0
Al 24(d) S4 3/8 0 1/4
0] 96(h) Ci X y z

The D, point group contains four one-dimensional irreducible representations, Iy,
T, T3, and Ts. For R** ions with an even number of f electrons such as Pr** with a (4F %)

configuration, each ZS+1L] manifold is split into 2J+1 nondegenerate components, often
called Stark levels. Table 2 gives the irreducible group representations for each value ofJ
up to 6. From the multiplication tables given by Koster et al.,” the selection rules for
‘electric-dipole and magnetic-_dipole tra;lsitions can be determined and are summarized in
Table 3. When the initial and final states have the sé.me representation, the electric-dipole

and magnetic-dipole transitions between them are forbidden. .

Table 2. Full rotation compatibility table for the D, group7

I

wiw [ |=|—=ijo |
wlwin [ |—=|~|o]|53
w|w | [=|=[o|H

NP AEN I I R =R
Mo|lwim|No|[O|—




Figure I. The very complex Y3AI5012 crystal structure. Al, represents the Al3T'ion in an a
site and Al2 represents the Al3Tion in a d site. There are eight molecules and a total of
160 ions per unit cell.



Figure 2. Orientation in the crystal lattice of the six orientationally-
inequivalent sites of the Y3t ion in the unit cell of yttrium aluminum garnet.6
The rectangular boxes represent the local DY symmetries where each axis
direction is different, and x, y and z are the local axes for site | of 6 sites.
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Table 3. Electric-dipole and magnetic-dipole selection rules for D, symmetry. The I§’s
are the representations of the initial & final states. E denotes electric-dipole; M, magnetic-
dipole. The indices x, y, and z refer to the local site symmetry axes.

- I I, | T; T4
rl - E)” M}’ Ez: M, Ex, Mx
1P Ey, My - Ex, Mx E;, M,
1"3 Ez, Mz Ex, Mx - EYJ M)’
1"4 Ex, Mx Z3 Mz . Ey, My =

For R* ions with an odd number of f electrons, such as Nd** (4f.1), each 2511
manifold is split into (2J+1)/2 doubly-degenerate components. For an arbitrarily oriented
crystal there are no restrictions by the selection rules for electric dipole transitions; hence,
the crystal field lévels of excited states can all be directly obtained from the absorption

spectra.

Crystal Growth and Sample Preparation

Most of the samples studied in this thesis and their measured concentrations were
provided by Scienﬁﬁc Materials Corporation in Bozeman, Montana. Growth of garnet
materials has been carried out for more than 35 years and is technologically well
advanced. Yttrium aluminum garnet is a congruently melting compound (m.p. 1970 °C).
Tﬁe dopant incorporation into the host crystal is governed by the following expre:ssion8

Cs= kCp 1.1

where Cg is the dopant concentration in the solid, Cy is the starting melt composition, and

_k is the distribution of the dopant between the solid and liquid phases. The value of k is'
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ordinarily less than unity and depends markedly upon the dopant radius and growth
condition.®

Pure R;03, Y505, and Al,O3 powder is mixed and melted in a crucible to growth
R3+:Y3A15012 crystal. The maximum R3* concentration is lirrﬁted by the ionic radius
mismatch between relatively large rare earth ions and smaller aluminum ions. In the
extreme end, the rare earth garnet R3AlsOq, grown from three part R,O3 and five part
Al,O3 mixture is found only for the R3* ions between Gd>* and Lu?*. Tons larger than
Gd** do'not form garnets in the simple two oxide system. However, a garnet crystal with
low concentration of ions from Ce** to Sm>* can be formed from the molten phase.

Single crystals used in this study were grown parallel to the (111) direqtion by the
Czochralski technique from yttrium aluminum garnet melts doped with R* oxide.
Normally rods about Smm in diameter were cut from the boules parallel to the (111)
direction. Two end faces were polished to optical quality. Most white light absorption
expériments were done along (111). The sides of some rods were ‘polished for
fluorescence experiments. Most grystals studied in this thesis have low dopant

concentration for high resolution spectroscopy, hence, they are colorless.

Defects in R** Doped Y3Al150;, and Mechanisms for Defect Formation

Doping of garnet crystals with R jons is expected to lead to the appearance of a
very limited variety of structural centers, according to the site preference of the dopant.
Conventionally, one assumes that only the transitions belonging to a single structural

center (D; site for the R*" doped garnet) exist, but this is not the case in practice. A much
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more complex behavior is observed in optical spectra. The multisite structure of R** ions
in garnet crystals is not a completély elucidated problem, and is a major focus of this
thesis. The analysis of defect structures rsquirss further attention, due to the structural
information that can be obtained, the impact on laser design, and information on the R*.
R3*" interaction mechanisms. One objective of this thesis is to develop a better
understanding of structural defects, using both conventional spectroscopy and nonlinear
spectroscopy.

The ideal garnet has the compound formula A3;B>C3012, where A, B, C ions
occupy the dodechedral D; c site, the octahedral Cs; a site, and the tetrahedral S4 d site,
respsctively. Lattice parameter measurements using X-ray powder diffraction on rare-
earth gallium garnets have shown that the compositions of garnet crystals grown from the
melt are different from the compositions of stoichiometric ceramic samples.g’lo ‘This
difference is attributed to an excess (up to several psrcent as a function of composition)
of A ions occupying the octahedral sites; the composition can be Written as As(By.
Ax)2C3012. The value x may vary depending on the synthesis temperature, the
composition of the melt, asld the type of RE ions. For Y3Als012 cfystals grown from the
melt at 1970 °C, the estimated formula is Y3(AlosssYoo15)2Ab01.°

Several types of optical spectra for R**:43B,C301; have been investigated by a
number of groups:u'14

(1) the main spectrum, corresponding to R in unperturbed dodecahedral c sites,
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(2) satellite lines, whose relative intensity does not depend on R3** content,
assigned to R** in ¢ sites perturbed by the presence of A ions in anomalous a
sites,
(3) satellite lines, whose relative intensity does depend on dopant concentration,
assigned to the near-neighbor pairs of R jons in c sites,
(4) weak lines assigned to R* in octahedral a sites,

(5) lines arising from the perturbation by anionic impurities such as OH'.

Spectra of type (1) are usually studied ﬁfst. Energy levéls can be readily determined using
the selection .rules for D, symmetry given in Table 3. This provides the starting point for
studying the satellite lines. Spectra of types (2), (3), and (5) originate from R** jons in
perturbed dodecahedral ¢ sites. Normally for each type, there are several weak lines
surrounding the main line of type (1); these three types have different properties such as
fluorescence lifetime and energy transfer rate, and their properties are closely related to
the local envirénment. Spectré of type (4) originate from R** jons in the Cj; site and have
selection rules quite different from those in Table 3. Different types of the defect spectra
mentioned above may dominate depending on the dopant concentration, dopant radius,
and host crystals. Spectrum types (1), (2), and (4) were observed and will be; éxpl'ained'in

this thesis. More work needs to be done to correlate the spectrum type (5) to OH

/
impurity by comparing samples with different OH concentrations.

In order to have a quantitative study of the defect lines, we need to consider the
distributions of R>* ions and of the defects in the crystal. Substitution of trivalent A ions

by R** activators does not require charge compensation, and therefore there is no reason




13

for an electrostatic-interaction correlation in their distribution in the lattice. Since at low
copcentration the difference in the ionic radii between an R** jon and the host qation A
normally does not lead to size correlation, the most. likely model for R* distributioﬁ in
garnets is random uniform occupancy of the available sites. Similar arguments ar'e valid
for other structural defects such as anomalous A ions in octahedral sites.”>

For a random uniform distribution of activators, the probability of occurrence of
ensembles formed by a given activator ion with » neighbor activators in a sphere with m
sites is given by -

— m' ntleq1 m-n '
_—n!(m—n)!c a-om, (1.2)

where C is the concentration of activators. For low C values, the most probable
ensembles are pairs, i.e., n = 1. From Eq. (1.2), the pair concentration is Cjn, = mCz( 1-
C)™*. For low dopant such as C = 0.1% the pair concentration is negligible (~ 1ppm).

The probability of occurrence of ensembles formed by a given activator ion with

n’ neighbor defects in a sphere with m’ sites is given by'®

,‘ ’ - . "
C,, =——o—C(CY 1-CY", (1.3)
n'{(m' —n")!

where C’ is the concentration of defects. The most probable ensembles are with one
defect neighbor, i.e., n'=1, whose concentration is C,,, =m’CC’'(1— C’)"'. When C’ is a

few percent, these clusters make a significant contribution to the defect lines.
The number of sites in the neighboring spheres around different sites and the radii

of these spheres for Y3AlsO;2 are given in Table 4.
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Table 4. The cationic coordination for Y* in Y3Al5015. m represents the number of
neighbors in a sphere of radius r.

- Ion site Site Neighbors | ‘Ton SphereI |  Spherell Sphere IIT
sym. | . Radius , ‘ )
A | ™ ey | ™ e [ ™| (A
Y* )| D Y (¢) 1.02 4 | 3674 8 5612 | 2 | 6.000
‘ AL (a) 053 | 4 3354 | 4 5408 | 8 6.874 |
ALY (d) 0.39 2 | 3000 ]| 4 3674 | 8 | 5.612
) 1.38 4 12303 4 | 2432 4 | 3.827
AP @ | Cx Y (c) 6 3354 | 6 | 5408 | 6 | 6.874
AP (a) 8 5196 6 6.000 | 12 | 8485
AP (d) 6 | 3354 | 6 5408 | 6 | 6.874
. I o*m 6 | 1937 6 | 3750 | 6 | 4.261
AP (d) S4 Y (¢) 2 | 3000]| 4 3674 | 8 | 5.612
A (a) 4 | 3354 | 4 5408 | 8. | 6.874
AP (d) 4 |3674| 8 5612 | 2 | 6.000
| o*m 4 1761 | 4 3310 | 4 3.622
0% (h) G Y (¢) 1 2303 | 1 2.432 1 3.827
A (a) 1 1937 | 1 3.750 1 | 4.261
A" (d) 1 1761 | 1 3310 | 1 3.622
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. CHAPTER 2
CONVENTIONAL SPECTROSCOPY

White Light Absorption

When investigating a new rare eaftﬁ doped crystal, white light absorption
experiments were first used to measure the energy levels of the dopant ions. The standard
experimental setup has been described previously.! Further detail‘s need to be mentioned
in the context of infrared spectroscopy. When ﬁsing the SPEX 14018 monochrometer in
the infrared region, the second order.resPonse of they grating should be considered. When
measuring wMte light absorption for Tm** CH, at ~12500cm™) or NdsJ; (*Fa2 at
~11500cm™) etc., .a long pass filter such as CORNING® 3-67 was used in the collimated
beam to block out the blue spectral region and thus to avoid the second order response.
The same was true whén the uranium hollow cathode lamp was used for calibration in the
IR’ region. The color filter was insérted in the collimated portion of t‘he beam rather than

the converging or diverging portions of the beam. This anangerhent not only a_voided

realignment of the system, but also minimized the aberrations introduced by the

thickness, tilt,. and lack of surface parallelisrh of the color filter plate. '

When working in the near IR region, the Hamamatsu R928 photomultipiie;

(PMT) and cooled RCA 31034 PMT were chosen since they had better gains than the

EMI model 9558QB PMT.
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Fluorescence

Fluorescence experiments were used to measure the excited state lifetime and the
ground state splittings. The experimental setup for pulsed fluorescence and laser

excitation spectroscopy is shown in Figure 3. The pulsed lasers were nitrogen-laser-

pumped pulsed dye lasers. The cw dye lasers were Coherent model 599-21 and 899-21.

The pulsed laser was focused onto the sample using a.25 cm lens and the cw laser was
focuged with a 33 cm lens. Fluorescence was collected at 90 degrees relative to the laser
beam with a 7.5 cm lens. After the lens, a Dove prism was used to rotate the horizontal
fluorescence image to vertical orientation so that more light was imaged onto the vertical
%:ntrance- slit of the SPEX.

For cw fluorescence, the data acquisition was identical to that of white light
absorption. For pulsed fluorescence, there were two methods for collecting data. The first
used photon counting. In this case, the output of the PMT was passed through a
preamplifier and discriminator and then copverted to TTL pulses. The pulses were

counted by a GPIB controlled Fluke 1953 A counter/timer. When the fluorescence light is

"

too intense, the pulses pile up and are too close to be separated, resulting in a loss of

counts. This caused the center of strong fluorescence lines to saturate and have a dip. We

could either choose a suitable SPEX slit size or adjust the laser power to avoid saturation.
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CW laser

Sample
Dove Prism
Cryostat
Spectrometer
PMT
Preamplifier
Pulse Dye Laser
Discriminator
Output Coupler

Photon Counter Computer

N2 Laser Dye Cell

Grating Stepper Motor

Figure 3. Experimental apparatus for fluorescence and laser excitation.
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The gecond detection method used the GPIB interfaced Tektronix TDS620A

digitizing oscilloscope 'as a sophisticated boxcar. The pulsed ﬂuores;cence was collected
and averaged by the digitizer. The decay curve was then sent to the ‘computer to be
integrated over time. This analog detection does not have the p'uls'ev piléup problem of
photon counting. On the other hand, the photon counting has higher sensitivity .thar; using
the TDS620A digitizér. To avoid internal sample reabsorption that could distort the
~ fluorescence signal and lifetifne (Ty), the excitation lasef beam was steered as close as
possible to the crystal surface.

When measqring fluorescence lifetimes (T;) with the cw laser, two 80 MHz
acousto-optic (A/O) modulators w‘ere used in series to generate laser pulses. The laser
pulse duration -was adjustéd to get a suitable transient response for the ﬂugrescence

. signal. The fluorescence signal was averaged with a Tektroni); TDS620A digitizing
oscilloscope. When the ﬂuorescence signal was too weak, the SPEX was not used and the
PMT was placed against the window of the cryostat. Great care was taken to avoid or
reduce the laser scattéring. Well polished crystal surfaces were important in this resﬁect.
A color filter was added to block the laser scattering when the fluorescence couid be
separated spectrally 1;rom the laser. When fluorescence from different energsf levels
occurred simultaneously, several color filters were‘used to isolate signals by selecting the
desired spectral regions.

The laser wavelength was measured with a homemade wavemeter with high

accuracy ( 50MHz), and it could be used as an excellent calil_pration source for the SPEX

monochrometer.
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Fluorescence Excitation

Fluorescence excitation was performed by monitoring the fluorescence while
scanning the excitation frequency of the laser. This gives better sensitivity than the white
light absorption, and could easily detect the defect lines which were buried in the noise of

an absorption spectrum.

In addition to detecting weak absorption, fluorescence excitation also was used for

site selective identification of absorbing transitions. When there were several sites, the
fluorescence from a particular site was monitored with the SPEX while the laser
frequency was scanned over the whole spectral region, i.e. covering several different J
multiplets. When the laser was resonant with the transitions associated with the specific
site, fluorescence was recorded. Using this method, energy levels from each site could be
separated from those from the other sites. This.is called site-selective ﬂuoresc;ence
excitation.

When there was energy transfer among the sites, time' resolved fluorescence
excitation was applied to investigate the time dependence of energy transfer and the
energy transfer path. As the SPEX spectrometer was scanned tﬁough the spectral region
of interest, a fluorescence decay curve corresponding to each wavelgngth was averaged
with the TDS 620A and sent to the computer. A 3-D spectrum was constructed from the
fluorescence curves. The three axes were fluorescence interisity, wavelength, and time

respectively.
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When using the homemade N, pumped dye laser system, there were two methods
for tuning the laser wa\{el’ength. The first one shown in Figure 3 used a stepper motor to
adjust the horizontal angle of a gfating relative to the cavity. It has a iarge tuning range of
several hundred_ wavenumbers and a ‘bandwidﬂl'of 0.5-0.7 cm™. The second method used
a pressure scan; N gas filled the chamber coﬁtaining the grating and etalon. By adjusting h
the N, gas pressure, the laser wavelength could be tuned with high resolution. The
bandwidth was ~ 0.1 cm'i. The tuning range for each grating angle was only several tens
of wavenumbers.

For the cw lasers the tuning is done manually. Directly coupléd tuning by a
stepper rhoto; is meclianically too rough fof .the Coherent 599 and 899 lasers. A tuning

system needs to be designed for cw lasers.
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Experimental Results for Pr**:Y3AL;0;,

Introduction

The optical spectroscopy of Pr’*:Y3AlsOp; has been studied by various groups.*”
A thoronigh study of energy levels of this crystal was provided by Gruber et al®

Pr3+:Y3A15012 crystals exhibit interésting luminescence properties. Room- -
temperature emission of Pr’* ions can originate from t.:hreé states: 3P0',‘ 3P; and 'D,. Laser
action at A = 690 nm has been observed on the ?PO - 3F6 transition.’ Multi-photon A
prlocesses such as two step excitation'®!! have also attracted a lot of attention for potential
blue and UV lasers. A detailed under.standing‘ of.the physics of .this system is essenﬁal to
further improvement of its lasing properties.

'The 3H4 & 1D2 transition at 609.6 nm is very convenient for access with a dye
laser using Rhodamine 6G dye. As will be presented in Chaptef 3, many advanced
techniques were applied to this; transition to study the hyperfine and coherent phenomena.

This section deals with the spectroscobic investigation of the microscopic disorder
in Pr’*:Y;ALsOq cryst‘als.vIn Y3Al501, the R?* impurity substitutes predominantly fdr Y3
ions in dodecahedral ,sites; the dégreé of lattice pertprbation due to the substitution is
related to the differeﬁée between the ionic‘ radii o.f the two jons. Since Pr’* has a relatively
large ionic radius, we expect that the crystal-field distortion due to the presence ofa prt
neighbor is larger than that produced by Ho>*, Er3+ or Tm?* in the Y3Als0;, lattice; thus,’

this system was chosen to study defect sites.
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Recently, the cofnplex structure of the absorption and emission spectra of Pr-
doped garnet crystals Y3AlsO;2, GdsGasOqa, and Y3GasO;, has been investigated by
Aqtic-Fidancev et al. 81214 They concentrated on analyzing the fluorescence from diffe.rent
ion sites after selective excitation of the 1D2 and 3P0 states. They showed that at least
three dif‘ferent sites were responsible for the observed emission. Malinowski et al.'® also |
studied the inhomogeneity of this crystal using time-resolved spectroscopy.

In this section, a detailed quantitative study of the absorption, fluorescence, and

excitation spectra will be presented.

Results

A 0.018% Pr*:Y;AlsOp, (1.04 mm) crystal was provided by Dr. Roger M.
Macfarlane (IBM Almaden Research Center). The concentration was determined by
electron beam microprobe analysis. A plasma mass spectroscopy analysis of material
from the same boule gave 0.021%.

White light absorption spectra for lDz, 3P0, 3P1, 3P2, and 116 were recorded at 1.4K.
The absorption spectrum in Figure 4 shows two peaks at 16400 cm™ and 16410 cm’™.
These are transitions from the ground state to the lowest two Stark levels of the 'D,
multiplet, denoted 'Dy(1) and 'Dy(2). The linewidth of 'Dy(1) is 1.3 cm’ and its
absorption peak coefficient is 4.3cm’1. There‘ are several small satellite peaks around
these two main peaks which come from Pr** ions in several inequivalent sites perturbed
from the ideal bz site. These defect peaks have about the same linewidth as the intrinsic

peak does. The peak at 16381.0 cm™ is a ‘hot’ peak i.e. *Hy(2) <> 'D(1) transition, where
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SHy(2) is a thermally occupied state near the ground state Hy(1).  Since the 'Dy(1) and .

'Dy(2) peaks for thé defects overlapped in the absorption spectrum, fluorescence
excitation was applied to separate the D,y(1) peaks from the Dy(2) peaks.

The percentage of Pr’* in defect sites c;an be estimated by comparing absorption
coefﬁqients of the defect lines and the intrinsic line belonging to the same transition. The
absorption intensities of the unsaturated D, (1) peak of the intrinsic site and defect sites
were used to determined the defect site concentrations. Based on the assumption that the
oscillator strength is independent of the rare earth site, we estimate the percentage of Pr**
in defect sites to be 15%. Because the site distortion tends tb introduce level mixing,
which in turn might change the oscillator strength, the 15% should be considered a rough'
estimate of the defect concentration.

The same defect features can be seen in absorption transitions to the lowest levels
of *Py and *P; as shown in Figure 5 and Figure 6. The intrinsic peaks are saturated so their
tops are not shown. The peak at 20512.2 cm’ is a hot peak of the intrinsic site. To verify
that remaining satellite lines are from independent defect sites, we measured separate
fluorescence spectra' with the laser frequency tuned to each of the satellite lines. Since
there is only one level in the 3Po manifold, each satellite line represents a defect site.
Some excitation and fluorescence spectra are shown for this manifold in Figure 7. The
bottom trace is an excitation spectrum monitoring all fluorescence signals and scanning
the laser frequency through the *Py région. It mimics the absorption spectrum. The site

selective fluorescence spectra were obtained by pumping the 3p, level for each defect site.
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Pr3+I'YAG Absorption in Liquid Helium
1D2 (1) and (2)

--------- Pr3+1YAG (1.04mm, 0.018%)

16340 16360 16380 16400 16420 16440

Energy (cnrl)

Figure 4. Helium temperature (1.4 K) white light absorption spectrum for 3H4(1) — 1D2(1)
and 3H4(1) — 1D (1) transitions of the 0.018% Pr3+I'Y3AI50i2(1.04 mm) crystal. The arrow
indicates a defect peak which is used for further study in Chapter 3.
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Pr3+:YAG Absorption in Liquid Hdiim

PrhYAG (1.04mm, 0.018%)

20510 20520 20530 20540 20550

Energy (cmJ

Figure 5. Helium temperature (1.4 K) white light absorption spectrum for 3H4(l1) — 3Po
transitions of the 0.018% Pr3*Y 3A150i2 (1.04 mm) crystal.



27

R 3+IYAG Absorption in Liquid Hdiim

R3+IYAG (1.04mm, 0.018%)

20990 21000 21010 21020 21030 21040 21050 21060

Energy (crrv)

Figure 6. Helium temperature (1.4 K) white light absorption spectrum for 3H4(l1) — 3Pi
transitions of the 0.018% Pr3*iYgAlgOn (1.04 mm) crystal.
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Site Selective Fluorescence of 3P0 of 0.018% Pr3+IYAG
Laser Energies Indicated wth Arrows

A 20542.0 cm™1

B 20538.5 cm™1

C 20535.3 cm™"1

D intrinsic site 20530.8 cm'1

E 20525.6 cm™'1 |

F 20523.7cm'1 . T

20460 20480 20500 20520 20540

Energy (cm )

Figure 7. Excitation and site selective fluorescence of 3Pqof the 0.018% Pr3+HYgAI5On
crystal. The portions without data in the fluorescence curves are due to scattered laser
saturation. The solid arrows indicate the laser energies used for site selective fluorescence.
The forbidden intrinsic site transition from 3Pqto 3Ha(T) is indicated with a dashed arrow.
The dotted arrows show the partially allowed 3Pg— 3H4(2) transitions for some defect
sites.



29
The 3Po level of that single site then fluoresces to 3H4(1, 2, 3). The transition from 3PO T
to 3H4(2) (I"y) is forbidden .by D, selection rules since both Ievgls have same symmetry
I ;l"hese_transitions are partially allowed in defect sites, though, because the ideal site
symmetry is perturbed.

From the absorption and fluorescence spectra, energy level diagrams; for‘iﬁtrinsic
and defect sites of the 0.018% ‘Pr3+:Y3A1501'2 (1.04 mm) crystal were constructed. The
details are listed in Table 5 and Table 6. A schematic diagram pf energy levels of the
intrinsic site for Pr3+:Y3A1501<2 is presented in Figure 8. |

Since the 3Po and 3P1 intrinsic lines are saturated, a thinner sample is needed for

measuring accurate absorption coefficients and linewidths.

-
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Table 5. Detailed energy level information for intrinsic and defect sites of the 0.018%
Pr3+:Y3A15012 (1.04 mm) crystal at 1.4 K. The levels in the same column for defect sites
do not necessarily belong to the same site except when in bold type. The number of
intrinsic levels is 2J+1 for each manifold.

Level | intrihsic site
(em™)

H, 0

18.0

50.8

533.0

576.0

742.0

D, 16400.0 |

16410.0

16881.0

17088.0

17210.0

P, 20530.8

°P, 21037.7

21136.2
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Level defect sites
(em™)
°H, 0 0 0 0] 0 0
26.8 20.8 11.5 20.4 25.6 16.8
78.2 49.3 | 474 | 52.4 39.2 52
D, 16342.2 | 16392.4 | 16395.6 | 16399.6 | 16391.6 | 16406.0
16419.4 | 16404.4 | 16416.8 | 16415.6
jPo 20525.6 | 20535.3 | 20523.7 | 20538.5| 20542.0 [ 20530.8 |
°P, 21001.8 | 210142 | 21023.1 | 21034.1 | 21045.4 | 21052.7
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Table 6. Linewidths and absorption coefficients for some transitions to 1Dz, 3Po and 3P1 of |
intrinsic and defect sites of the 0.018% P1‘3+:Y3A15012 (1.04 mm) crystal at 1.4 K.

Line position Linewidth Peak Absorption
(cm-1) (cm-1) Coefficient (cm-1)
D, ‘ 163422 0.8 0.29
- 16391.6 0.8 0.05
16392.4 0.9 0.15
16395.6 12| 0.27
16400.0 ' 1.3 4.30
16404.4 1.0] - 0.19
16406.0 0.8 0.21
16415.6 0.9 0.39
16416.8 0.7 022
16419.4 0.9 0.27
3Py ' 20523.7 1.0 | 1.16
20525.6 0.8 0.11
20535.3 0.8 0.69
20538.5 0.9 0.33
20542.0 | 0.9 0.81
°p, | 21001.8 ' 2.2 0.09 .
| 21014.2 1.9 , 0.19
21023.1 21 0.33 |
21034.1 | 1.8 0.11
21045.4 2.1 0.41
21052.7 1.8 0.32
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ECcm-])

Po 20530.8

17210.0

17088.0
16881.0

| 16410.0
16400.0

609.6 nm

. 742.0

576.0
/1 533 0

/ 50.8
18.0

Free lon D2 crystal field

Figure 8. Schematic of energy levels of the intrinsic site for PrZY 3AI50 12 Since some
transitions from 102 to 3H4 are forbidden by transition rules, only six out of the nine
levels o f3H 4 were determined.
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Experimental Results for Nd**:Y3Al;0;,

Introduction

The neodymium Y3Als0;, laser is, be).rond a doubt, the most popular rare earth
doped solid-state laser in existence today. The spectroscopic studies on the intrinsic site
and defect sites of Nd3+:Y3A15012 have been extepsive.l6'3° These studies concentrated on
the laser related properties, such as quantum efficiencies, fluorescence rates, inequivalent
crystal field effects, line broadening, lattice-defect interactions, and their temperature
dependences. These properties are influenced by defects in the crystal. The defects can
affect color center formation, energy transfer, fluorescence quénching, and hence laser
performance.l In order to improve laser performané_e, further study of defect structure is
desirable. This section will give accurate information about peak intensitites using high-
resblution (0.1 cm™) white light absorption spectroscopy. The minimum étep size of the
SPEX 14018 monochrometer is 0.02 Qm'l. The resolution is about 0.1 cm™ at 19000 cm’!
and is wavelength dependent with higher resolution at longer wavelengths.

Because of the big mismatch bgtween the Nd* and Y** radii, the distribution
coefficient of Nd** in Y3Al501, is very low. According to Eq. (1.1), when the distribution
coefficient is very low, the resulting dopant concentration in the solid can be very low
even if the concentration in the melt is high. In this case, the maximum achievable
concentration for Nd**:Y3A150, crystal is about 2.5%. The ion size mismatch may also

contribute to the formation of defects.
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Results

Several Nd3+:Y3A1501r2 crystals with different concentration and thickness were
studied. They are growth 10-63B 1.247% (3.07 mm), 10-62T 0.745% (3.2 mm), 0.24%
(11 and 2 mm), and ‘clean out’ 0.0013% (10 mm). The labels of the crystals represent the
_ crystal growing batches at Scientific Materials Corporation, while B denotes that the
sample was cut from the bottom of the boule and T, the top. The ‘clean out’ batch is a
Y3Al50q2 crystal grown from a crucible Which has just been used to grow a doped
Y3Al50;, crystal. The concentrations of Nd** dopant are determined with the room
temperature absorption of 4G7/2 with reference to the 0.745% sample (cpncentration
provided by Scientific Materials Cb;'poration). The absorption spectra of the 0.24% and
the clean out 0.0013% samples are shown in Figure 9. Since the linewidth at room
temperature is dominated by the homogeneous broadening due to lattice phonon
coupling, these two samples have the same linewidth (20cm™). As shown in Figure 9, the
intensities of all components scale similarly as the concentration increases, indicating that
the oscillator strength is independent of the concentration. There are rare cases where a
few transitions do not scale as the others because the experimental resolution is not high
enough or the oscillator strength has changed due to the lattice distortion around a defect.

Absorptibn spectra of several manifolds of the 10-62T 0.745% Nd3+:Y3Al5012
crystal (3.2 mm) at 1.4 K were recorded ranginglfrom 11400 cm’ .to 21200 cm™. An
example for the 4F9/2 manifold which has well resolved defect lines is shown in Figure 10.
The linewidths of these ﬁvé intrinsic‘transitions range from 1 cm™ to 7 cm™. The lowest

component *Fon(1) is inhomogeneously broadened and the upper components are
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homogeneously broadened due to phonon coupling. Figure 11 shows the lowest

component 4F9/2(1) on an éxpanded horizontal scale. The rounded top of the intrinsic line
is due to saturation.

As we notice in Figure 11, there are 6 satellite peaks sﬁrrounding the intrinsic
peak within * 10 cm™. These satellite peaks are well resolved around the lowest
component of the J-manifolds, for which the homogeneous broadening is the smallest.
The detailed energy level information for intrinsic and defect sites is summarized in Table
7.

High resolution absorption spectra of “Fo;(1) were measured for crystals of three
different concentrations 1.247%, 0.745% and 0.24.1% as shown in Figure 12. The intrinsic
lines for the 1.247% and 0.745% samples are saturated. The intrinsic line for the 0.24%
sample has a linewidth of 1 cm™ and an absorption coefficent of 4.9 cm™. The defect line
intensities as functions of the concentration x are plotted in Figure 13. The defect data
points are fitted with the function ax+bx”. The sum of all the defect data is well fitted
with a linear function. |

Two more sets of data for 4F3/2( 1) and 4G7/2( 1) are shown in Figure 14 and Figure
15. They have the same features as for 4139/2(1). Thé detailed defect line absorption

coefficient information is summarized in Table 8.
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NA3TWAG Rocm Terrperature/"teorpticn

0.24%
dean out 0.0013% (X100)

18700 18750 18800 18850 18900 18950 19000 19050 19100

Energy (cm))

Figure 9. The room temperature absorption spectra on two Nd3+Y3AI50 12 samples. The
4G72 manifold is shown. The spectrum for the 0.0013% sample is expanded 100 fold.
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YAGADbsaption in Liguid Helium

10-62X0.746% (3.2 rm)

Beamblocked

14600 14700 14800 14900

Energy (crrrl)

Figure 10. The absorption spectrum of the 4F92 manifold of the 10-62T 0.745%
Nd3+HY3AIS0i2 crystal (3.2 mm) at 1.4 K. The two lowest components of the intrinsic site
are close to total absorption and saturated. High resolution spectra with absorption
coefficients are given in Figure 12.
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- Nd3*"YAG Absorption in Liquid Helium
4Fa2(l)
S 10-62T 0.745% (3.2 mm)

Absorption Intensity (a. u.)

14610 14615 14620 14625 14630 14635

Energy (cmJ

Figure 11. High resolution absorption spectrum of 4F~(1) of the 10-62T 0.745%
Nd3+ YgAIsQii crystal (3.2 mm) at 1.4 K. The round shape of the intrinsic line is due to the
saturation. There are 6 defect lines around the intrinsic line.
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Table 7. Detailed energy level information for intrinsic and defect sites of the 10-62T
0.745% Nd**: :Y3Al5012 (3.2 mm) crystal at 1.4 K. The defect transitions have about the
same linewidth as the corresponding transition for the intrinsic 81te The number of
intrinsic levels is J+1/2 for each manifold.

Level intrinsic | linewidth defect sites
site (cm™) (cm™)
(cm™) _
“Fap 11426.2 2.2 |.11409.3 | 114214 | 11425.0 | 11427.2| 11431.5
11510.9 3.9 11504.7 | 115187 '
“Fsn *Hopn | 12366.5 9.2 | 12355.7
12428.5 3.8 124224
12517.4 2.8 |
12572.6 12.0 | 12556.3 | 12589.5
12605.0 5.4 ‘ B
12621.5 6.0
12824.9 7.2
12851.9 13.6
*Fin.*Ssn | 13361.0 16.7 | 13347.1
13426.8 3.7
13560.6 3.2
13569.6 4.1
13593.5 | . 14.2
13629.6 | " 14.4 ‘ , |
“Fon 14624.5 1.0 | 146157 [ 14618.1 | 14620.9 | 146225 | 14626.7 | 14629.0
14676.4 2.0 | 14671.4| 14680.4
14791.6 3.2 | 147794 147853
'~ 14818.0 3.6
14915.3 7.1
Hip 15745.1 1.4
15835.7 2.0
15870.1 1.3
15954.3 | - 3.1
16093.1 2.9
16107.7 4.9 ‘ '
’Gop'Gsp | 16847.4 2.8 | 16841.9 | 16843.5| 16844.3 | 16845.8 | 16848.9 | 16849.8
16987.0 114 | 16977.9
17044.5 6.4 | 170353 | 17049.1
17241.5 5.9
17264.2 ~ 1.06
17322.5 10.1
17570.9 | 23.7 | 17541.7 .
*Gqp 18720.0 1.5 | 18714.8 | 18716.5| 18718.7 | 18721.9 | 187225
18819.2 6.2 | 18801.7 | 18812.7 '
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18839.8 7.2 | 18860.8

18980.9 13.4
*Ky3n.°Gop, | 19157.9 21.3

- 19291.5 20.0

. 19321.6 6.4

19470.2 25.3

19543.0 8.8

19568.5 16.8

19612.7 13.0

19650.9 20.5 |

19818.5 - 32.8

20047.0 53.4
*Gon'Guin | 207225 2.6 | 20713.9

20764.3 43| 20752.8

20782.1 2.4 20776.9

20795.1 2.5 20788.1

20970.0 4.4

21038.0 | 4.1

21085.2 8.1

21118.2 8.2

21160.2 6.8 .

21169.3 6.7




Table 8. Detailed defect line absorption coefficient information of Nd3+:Y3A15012 at 1.4

K.
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Absorption Coefficient (cm™)

Energy level (cm™) 0.24% 0.745% - 1.247%
Nd*:YAG | N&*:YAG | Nd*:YAG
4F9/2(l) 14615.7 (B) 0.271 0.592 | 0.786
14618.1 (O) 0.127 0.687 1.749
.14620.9 (D). 0.265 0.548 0.643
14622.5 (E) 0.173 0.294 0.286
14626.7 (F) | 0.312° 1.290 2.70
14629.0 (G) 0.245 0.532 . 0.70
Sum of defect o’s 1.393 3.943 6.864
4F3/2(1) 11409.3 0.301 0.497 0.685 |
114214 | 0.066 0.383 0.93
11425.0 0.143 0.529 0.932
11427.2 0.078 0.443 0.842
11431.5 0.283 0.598 0.532
Sum of defect o’s 0.871 ] 2.45 3.921 ]
4G7/2(1) 18714.8 0.537 0.977
18716.5 0.659 0.941
18718.7 0.198 0.517
18721.9 0.45 0.926
18722.5 0.786 1.328
Sum of defect o’s 2.63

4.689
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Nd3+'YAG Absorption in Liquid Helium

4Ro ()

-------- 10-63B1.247% (3.Oymjl
------- 10-6270.745% (3.2mr)
.......... 0.24% (Hnrn)

14615 14620 14625 14630

Figure 12. High resolution absorption spectra of 4F%X1) for the 1.247%, 0.745% and
0.24% Nd3+l'Y3AIS0i2 crystals. The intrinsic lines for the 1.247% and 0.745% samples are
saturated. For each curve, there is one intrinsic line (A) and 6 defect lines (B, C, D, E, F,
G).
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Defect line intensities vs. concentration
4Ry2 (1) of Nd3HYAG

Sumof all the defects

Nd3+ Concentration (%)

Figure 13. The 4~ (1) defect line intensities vs. concentration x. The solid lines are fits
with ax + bx2. The dashed line is a linear fit.
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Defect line intensities vs. concentration
4F32 (1) of Nd3+IYAG

o 11409.3cm’1
o 114214cm1l

3 - A 11425.0cm1l

v 11427.2cml

g o 11431.5cm1l
u sum

W vy o0 O ween
N

Nd Concentration (%)

Figure 14. The 4Fg”~ (1) defect line intensities vs. concentration x. The solid lines are fits
with ax + bx2. The dashed line is a linear fit.
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Figure 15. The 4Gy~ (l) defect line intensities vs. concentration x. The solid line is a linear
fit.
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Discussion

From the spectra, we can see that defect lines exist even in the low doping
(0.24%) crystal. We can separate defects into two groups. One group includes line C and
' F whose intensities increase faster than the concentration. The other group includes B, D,
E, and G whose intensities ihcrease slower than the concentration. None of them show
linear or quadratic dependence on R** concentration. These defect‘ lines were also
observed by V. Lupei et al,>® who claimed the relative intensities of linee B, D, and G did
not depend on R** content i.e. having a linear relation with the concentration and the
relative intensities of line C, E, F showed dopant-concentration dependence. By
comparing the defect line intensities with the intrinsic line intensity, the percentage of
Nd** jons in the all defect sites is estimated to be 20-22%. This percenfage is independent .

( ‘

of the Nd>* concentration as indicated by the linear fits on Figure 13, Figure 14, and
Figure 15. The intrinsic line used is the unsaturated A line of the 0.24% Nd**:YAG (11
mm) crystal. Since. its_ intensity is too high, a new nieasurement on a thinner sample is

necessary to verify this value.
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Experimental Results for Sm**:Y3AlLs04,

-Introduction

4

The optical spectroscopic studies on the intrinsic site of Sm>*:Y3Al50;, have been
published by several authors,** Recently Sm>*:Y3Al50;, was used as an optical high
35,36

pressure sensor based on its pressure dependent fluorescence.

Results

White light absorption spectra were recorded on several Sm3+;Y3A1‘5012 crystals:.

1-161 10ppm (5.68 mm), 6-116 0.1% (5.49 mm) and 6-110 0.2% (4.47 mm). Most of the

measurements were on the 6-110 0.2% Sm3+:Y3A15012 (4.47 mm) crystal which has

strong enough absorption peaks. Several manifolds such as *Gsp, Bz, “Gop, o, *Mis2,

4 4 4 4 4 4 .
i1, “Ti3p2, "Fsz, Murrz, “Gopz, and “Iisp; were studied.
Most of the levels are close together which would make phonon relaxation more

probable and spectral lines broader. The only sharp lines are transitions to 4G5/2(1) and

4Gy(1). The peak absorption was less than 6% for both lines. At this weak absorption, it

is very difficult to see the defect lines whose intensities are normally a few percent of the

intrinsic line. Higher concentration crystals are needed for detailed defect line study.

When compa.rihg the absorption spectra of different samples, we found that the

0.2% sample has 7 times more absorption than the 0.1% sample which means the

concentrations of the crystals are not well determined. When pumpi.ng\“Gs/z(l) at 17595.1
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cm™, the lifetime of 4G5/2 is 2.5 ms. The detailed energy level information for the intrinsic

site is summarized in Table 9.

“Table 9. Detailed energy level information-for intrinsic site of Sm3.+:Y3A15012 at 1.4 K.

Level intrinsic site
(cm'l) '

‘G 17595.1

17871.7

%F3/2 ' 18787.8

18820.5

4G7/2 © 19821.1
: 19943.5

19963.9

20009.2

o 20206.1

20220.7

20242.9

20325.6

203744

20408.4

|"Misp & *Tup | 20547.3
20621.7

20687.0

20771.6

20850.0

21006.2 -

s ‘ 21413.7

21462.1

21527.6

21591.9

21650.4

21721.8

21748.9
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7
Fspp

219794 .

22034.7

Z
Miz

22227.7

22251.1

22269.5

223068} -

4
Goya

22489.1

7
Lisr

22780.2

23119.4

Experimental Results for Eu**:Y3A1;0;,

. The optical spectroscopy of Eu**:Y3Al50;; has been investigated by Asano et al.%’

and Binnemans et a1.3_8

In this section, the absorption spectra of a 1% Eu3+:Y3A15012 (3.75 mm) crystal

are reported for the >D; and °D, manifolds. The ground state is 'Fy which necessarily has

I"; symmetry. According to the selection rules in Table 3, 7F0 I - 5 Dy (I'y) transition is

forbidden, "Fo (Ty) = °Dy (I'y, T3, and Ty) and "Fy (I) = °Dy, (T, 173, and Ty) transitions

are allowed, and "Fy (T'y) — D, (2I") transitions are forbidden. This is exactly what we

observed in Figure 16 and Figure 17 where the absorption spectra of the Fy (I'}) — °D;

(T, T3, and Ty) and the "Fo (T'1) — °D; (T2, T3, and T'y) transitions are plotted. The "Fo

(I'y) — °Dyg (T'y) transition was not observed in this study. In the paper by Aéano et al. ¥,
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this weak transition was observed with a thick sample and confirmed with Dy I ='F

fluorescence.

There are several defect lines in the vicinity of *Dy(1) and *D;(2). An estimated

6% of Eu’* ions are in the defect sites as observed by comparing the defect line intensities

with the intrinsic line intensity. The transitions to “D, were weaker, and the defect sites

were unobservable in the spectrum of Figure 17.

The detailed energy level information for intrinsic and defect sites is summarized

in Table 10.

,

Table 10. Detailed energy level information for intrinsic and defect sites of

Eu**:Y;3Als0;5 at 1.4 K.

Level | intrinsic site linewidth defect sites
(cm’™) (cm™) (cm™)
7Fo ‘ 0
Do 17233%
Dy 18945.0 0.5 18941.1 | 18943.3 18945.9
18947.7 0.5 18950.4
18984.6 0.6 | 18983.2 . 18985.3
D, 21357.2 0.9
21449.1 1.0
21472.8 1.2
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Eu3H'YAG Absorption in Liquid Heliun

m2-2461% (3.75 mm)

15 -

— C eo 'cn

o0 %o

0.0 . e V= r

18930 18940 18950 18960 18970 18980 18990

Energy (cm'l)

Figure 16. Absorption spectrum of the 7Fq — 5Di(1,2,3) transitions for the 1%
Eu3tlYsAIsOn crystal (3.75 mm) in liquid helium. There are several defect lines in the
vicinity of sDi(l) and sDi(2).
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Eu3”YAG Absorption in Liquid Helium

2-2461% (3.75 mim)

21350 21400 21450 21500

Energy (cm')

Figure 17. Absorption spectrum of the 7Fq — 5Da transitions for the 1% Eu3"Y3Al50i2
crystal (3.75 mm) in liquid helium.
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Experimental Results for H03+:Y’%A150_Q

The optical spectroscopy of Ho3+:Y3A15012 has been investigated -by Zverev et |
al.®® Johnson et al.* and Ashurov et al.*® A great deal -of recent scientific activity

concerns developing and using new 2 um lasers based on Ho?**:Y3Al501, crystals, with or

without Tm**, C+**, or Er** codoping.*** 6

In our work, thé absorption spectra of 0.24% Ho3+:Y3A15012 crystals were
measured for the 5F2, 5F3, 5F4, 3 S, 5F5,‘5I4 and 515 manifolds. In the ground state manifold
5T, the first excited state Ig(2) is only 3.9 cm™ above the ground state *Is(1). Even at 1.3

K, it still has a relatively large population according to the Boltzmann distribution:

E

kT
p= © — where’k =0.7 cm'/K is the Boltzmann constant.

1+e ¥

The population percentages in *Tg(2) are 2.1% at 1.44 K and 5.4% at 1.94 K. The
transition peaks originating from Te(2) will increase their intensities by‘a factor of 2.6
when the temperatﬁre is raised from‘1.44 K to 1.94 K. Figure 18 shows the °F3 manifold
absorptiqn spectra at these two temperatures an'd three peaks from STg(2) are indicated
with arrows. This temperature-dependent effect helped to distinguish the intrinsic lines
from the defect lines.

Figure 19 shows the lowest component of the 5 F3 manifold. There are three defect
lines around the intrinsic ‘line.‘ An estimated 7% of Ho®" ions are in the defect sites. |

The SSZ, -5F4 - 518 fluorescence transitions were observed while pumping the

21206.1 cm™ line of the °F, manifold. The fluorescence originates from two levels at
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18449.8 and 18458.3 ¢cm’’. From this spectrum, the Ty ground state manifold splittings

were obtained.

The detailed energy level information for intrinsic and defect sites is summarized

in Table 11.
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3-2B 0.24% Ho3+: YAG (2.99 mmi) Absorption in Liquid Helium

aatl94K
b atl1l44 K

Absorption Intensity ( A L)

20600 20650 20700 20750 20800

Energy (cm'l

Figure 18. The 5Fa manifold absorption spectra of the 0.24% Ho”=YaAlsOiz crystal(2.99
mm) at 1.94 K and 1.44 K. Three peaks originating from %(2) are indicated with arrows.
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Ho :YAG Absorption in Liquid Helium
F3(I)

--------- 3-2B 0.24% (2.99 mm)

20580 20585 20590 20595

Energy (cm"J)

Figure 19. Absorption spectrum of the 5F3(1) of the 0.24% Ho3+l'Y3AIsOii crystal (2.99
mm) at 1.4 K. There are three defect lines around the intrinsic line.
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Table 11. Detailed energy level information for intrinsic and defect sites of
Ho":Y3Als0;; at 1.4 K.

Level intrinsic site | defect sites
(cm™) (cm™)

s 0

39

41.8

53.1

143.4

152.0

162.8

416.0

454.1

498.3

505.8

519.3

528.9

Y, 13388.4

5Fs 15459.2 | 15458.5

15473.8 | 15475.7

15488.9 | 15484.6 | 15486.9 | 15487.7| 15490.0| 15491.3

15653.3 | ‘

15667.4

15695.4

15736.2

157414

S, & °F4 18449.8 .

18458.3

18531.5

18539.6

185454

18585.5

186254

18664.1
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19698.7

18714.0

18729.6

18743.8

>F; 20589.9 | 20581.3 | 20586.8 | 20591.5
20620.0 -

20630.5 | 20625.7| 20633.1

20759.0

207753 | 20767.5| 207822 20794.7

F, 21177.6

21206.1

Experimental Results for Er’**:Y;A150;,

Introduction

Er**:Y3Als0;, has been studied extensiVel'y.57'65 This material is used for lasers
operating at 3 and 1.5 pm. The Er3+:Y3A15012 laser action in the 3-um range66 has'
received special attention, and is already Being used in medical and biological
applications. Recently, low concentration Er3+:Y3A15012 was considered as a potentigl
routing material at network communications wavelength near 1.5 pm.®’

Er’* can substitute for Y?* in Y3AlsO;5 in any percentage, and thus it provides a

. good system for studying the defects tha't are dependent on the doping concentration. At
low concentration, isolated Er** ions are expected. When the concentration is high, Er’*-

Er’* pairs will become important.
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Results

Several Er**:Y3Al501, crystals with different concentrations and thicknesses were
studied. They are 3-12 1.14% (4.04 mm), 93-998 0.11% (5.52 mm), clean out #1 0.107%
(10 mm), clean out #2 0.00062% (10 mm) and 100% ErAlG (3..75 mm). The
concentrations of the erStE;.IS were determined from the room temperature absorption of
2H11/2 with reference to the 93-998 0.11% sample (concentration prdvided by Scientiﬁc
Materials Corporation). The 2H1‘1/2 manifold is around 19000 cm™ where the absorption
experimentai system (comprising tungsten lamp, SPEX and PMT) has the best signal to
noise ratio. The homogeneous broadening was increased to 4 cm™ at room temperature,
so the SPEX resolution did not limit the analysis. The absorption spectra are shown in
Figure 20 and an expanded‘ vertical scale spectrum for clean out #2 is shown in Figure 21.
The integrated areas under the absorption curves were used to determine the crystal
concentrations, except for' the clean out #2 where signal to noise ratio was low and a peak
absorption coéfﬁcient of 0.0077 cm for the strongest component was used.

Absorption spectra of 3-12 1.14% Er3+:Y3A15012 (4.04 mm) is shown in Figure
22. The *Ss/» manifold absorption was measured at room temperature and 1.4 K. Line
broadening and shifting due to the temperature change were obvious. The “Ss/(1) was at
18384.7 cm™ (linewidth 5.1 cm™) at room temperature (300 K) and ‘at 18392.2 cm’
(linewidth 1.2 cm’l) at liquid helium temperature (1.4 K). This texhperaiure dependence
of energy levels is an important factor when the 4113/2 manifold of Er3+:Y3A15012 is use&

as a calibration source for the 1.5 B wavelength region (i.e. as-a potential reference source

for wavelength division multiplexing).
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ErYAG room Temperature absorption

93-998, 0.11%
clean out #2, 0.00062%

om

R NOCo™ o

18950 19000 19050 19100 19150

Energy (cm?1)

Figure 20. The room temperature absorption spectra of several Er3™Y 3A150i2 samples. The
2Hiv2 manifold is shown.
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ErYAG Room Temperature Absorption
0.008 2 |

n 11/2
........ clean out #2,

0.00062% (10mm)
0.006

0.004

am

0.002

0.000

SO 00 & O =———

-0.002

N

-0.004

-0.006 | « | | | [ | » |
18950 19000 19050 19100 19150

Energy (cnrr)

Figure 21. The room temperature absorption spectrum on the clean out #2 0.00062%
Er*YaAlgOiz (10 mm) sample. The 2Hivz manifold is shown. The peak absorption
coefficient is used for concentration calibration.
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3-12 1.14% Er3+HIYAG (4.04 mm)
4S &2 Absorption

........... Room Temperature
--------- LHe Temperature

18375 18400 18425 18450 18475

Energy (cm1)

Figure 22. Absorption spectra of the 3-12 1.14% Er3HYaAlsOn crystal (4.04 mm). The
4San manifold absorption was measured both at room temperature and at 1.4 K. Some of
the lines in the room temperature spectrum are hot absorption transitions.
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Absorption spectra of several manifolds were studied. There are 4 satellite peaks

surrounding each intrinsic p'eak‘ as shown in Figure 22. These satellite peaks are

distinguished around the lowest component of the manifolds where the homogeneous.

broadening is the smallest. The detailed energy level information for intrinsic and defect

sites . is summarized in Table 12.

Table 12. Detailed energy level information for intrinsic and defect sites with linewidth in
parenthesis obtained with the 3-12 1.14% Er’*:Y3A1s0;, (4.04 mm) crystal at 1.4 K. The
levels in the same column for defect sites do not necessarily belong to the same site
except when in bold type. The number of intrinsic levels is J+1/2 for each manifold.

Level intrinsic site linewidth defect sites
(cm™) (cm™) (cm™)
4115/2 0 ‘ 0 0 0
22.6 274 26.2 29.2
60.6 61.4 59.2 | 60.2
79.6 81.4 79.2 96.2
416.9 425.4 418.2 407.2
430.7 450.4 452.2 439.2
573.6 576.4 571.2 552.2
(miss one level) 589.2
Tian N/A
Tin N/A
Lo 12301.5 0.5
12526.3 1.0
12575.9
12717.7 7.5
12762.9 3.0
4I-"'9/2 15286.8 24 | 15295.7| 15292.8| 15270.3| 15285.1
15311.8 1.2 ] 15310.0| 15313.8 15318.4 15322.4
15355.7 2.2 15352.8 | 15354.6| 15359.4 15363.5
15471.6 7.5
15517.2 4.8




65

*San 18392.2 1.2 | 18400.1 | 183957 18384.8| 18390.6
18456.7 2.5| 18458.3| 18455.4| 18463.8| 18459.5
Hyun 19091.0 3.6 | 19094.8
19112.0 28| 19116.6
19149.1 4.0
19344.8 45| 193527
19362.6 41| 19367.8
» (miss one level)
“Fi 20511.1 22| 20501.7 | 20509.5|. 20515.9| 20520.2
20567.3 1.0| 20565.7 ' '
20646.0 2.2
20697.7 3.2 .
*Fspp 222154 2.0| 222107 | 22213.6| 22218.0| 222224 |
‘ 22235.0 1.0 ‘
22282.8 12| 222884
Fin 22584.3 17.6 '
22659.5 27.0
Hy» 24417.3 1.9
‘ 24571.7 2.1 24563.1| 24575.8
~ 24587.0 271 24592.5| 24597.9
24759.8 - 34|
24779.9 53
“‘Gu 26207.2 4.8
26269.5 3.9
26315.5 2.5
26559.3 54
26566.5 7.4
26597.5 10.1

Since 4S3/2 has only two intrinsic lines, the defect lines are easily distinguished

from the intrinsic lines. Most fluorescence experiments were done on this manifold. The

energy levels for the 411 s;» manifold were obtained by selectively pumping individual 4S3/2
gy

lines including the intrinsic site and three defect sites. The fluorescence spectra for the

4S3/2 - 4115/2 transitions are shown in Figure 23. The 4S3/2 lifetimes of these sites are very

similar, i.e. 17.9 us for intrinsic site, 17.3, 17.1 and 17.0 us for the other three. The
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fluorescence excitation spectrum of 453/2 was recorded for each site -as shown in Figure

24, as an aid to distinguishiﬁg the excited state energy levels.

Discussion

From the spectra, it is noticed that there‘ were defect lines present even with low
doping concentration such as 0.1%. When 3-12 1.-'14%'Er3+:Y3A15012 (4..04 mm) anci 93-
99$ Er3+:Y3A15012 0.11% (5.52 mm) are compared with each other, the absbrption
coefficients of the intrinsic lines and defect lines all scale as the concentration. An
estimated 6.5-8%. of Er** ibns are in the defect sites. The defect lines are normally found

within + 60 cm™ of the intrinsic line.
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Fluorescence from 4Siy2(1) to 41152
Laser energy are 18392.2, 18400.1,

18395.7 and 18384.8 cm'1
for traces from top to bottom respectively

Fluorescence intensity (a. u.)

17800 17900 18000 18100 18200 18300 18400

Energy (cm'))

Figure 23. The fluorescence spectra of 4S32 — 4lis2 for the 3-12 1.14% Er3*Y3Als0i2

crystal (4.04 mm) at 1.4 K. The top trace is for the intrinsic site. The other traces are for
three defect sites.
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So7 Laser Excitation

Fluorescence Intensity (arb. unit)

18380 18400 18420 18440 18460 18480

Energy (cm )

Figure 24. The fluorescence excitation spectrum was recorded for each site by monitoring

its 453/2(1) -> 4li52 (3) transition. A is for the intrinsic site; B, C, and D are for the three
defect sites.
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Experimental Results for Tm>*:Y3A150;,

Introduction

Tm3+:Y3A15012 has proved to be particularly successful in solid-state laser

/

systems for emission in the 2 um rang668'70

which is of great practical interest. The
detailed investigations performed by Gruber ef al.”! and Lupei et al.”* on Tm3+:Y3Al5012.
spectra indicated that the Tm® ions preferentially occupy dodecahedral D, (Y?*)
positions as the other R** jons do, although several weak satellites attributéd. to perturbed
sites were n(‘)ti.ced. The most intense lines were analyzed using the selection rules for D,
symmetry, while thé other weak peaks whose relative intensity was independent of Tm>*
;:ontent were recorded but not analyzed.

In this section, we try to elucidate the satellite s@cture of the spectral lines with

high resolution absorption spectroscopy.

Results

The absorption spectra for 3-8 _1% Tm>*:Y3A15015 (5.48 mm) ana 6-231 0.1%
Tm3+:Y3A1501_2 (5.52mm) crystals were measured for the 3H4, 3F3‘, 3F2, énd 1G4 manifolds.
A characteristic of the spectra is that, for each multipiet, the lines at higher energies are
broadened due to phonon inte;action. For the lowest component, where inhomogeneous
broadening donﬁpates, several small peaks can be seen around the main intrinsic peak.

Figure 25 shows the full spectrum of the ‘G4 manifold. Figure 26 and Figure 27 show the
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YAG Absorption at 1.4 K

3-81% (5.48 mm)

Absorption Intensity (A U.)

20800 21000 21200 21400 21600 21800

Energy (cm"))

Figure 25. Absorption spectrum of the full multiplet of 1G4 for the 1% Tm3*YgAlsOn
crystal at 1.4 K
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Tm3”YAG Absorption in Liquid Helium
1GH(1)

-------- 3-8 1%(5.48 mm)

——————— 6-231 0.1% (5.52 mm)

20795 20800 20805 20810

Energy (cm'l)

Figure 26. Absorption spectra of the lowest components of 1G4 for the 1% and the 0.1%
Tm3+YsAISOn crystals at 1.4 K.
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Tm3+IYAG Absorption in Liquid Helium

------- 3-81% (5.48 mm)
6-231 0.1% (5.52mm)

12595 12600 12605 12610 12615

Energy (cm'l)

Figure 27. Absorption spectra of the lowest components of 3KU for the 1% and the 0.1%
Tm3HYgAIsOn crystals. The intrinsic line of the 3-8 1% Tm3+l'Y3AI50ia (5.48 mm) crystal
is saturated. A thinner crystal needs to be used to obtain the intrinsic line absorption
coefficient.
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absorption coefficient of the lowest components of ‘G and *H, respectively. The detailed

energy level information for intrinsic and defect sites is summari‘zed in Table 13.

Table 13. Detalled energy level information for 1ntr1n31c and defect sites of
Tm’*:Y3Al50;; at 1.4 K. :

Level intrinsic site | g defect sites
(cm™) (em™)

*He 0

27.0

218.6

240.0

247.4

452.8

591.3

3F, , 5759.0

5832.1

5900.6

6170.8

*Hs 8339.3

8344.9

8515.3

8538.2

8555.8

°Hy 12604.1 | 12598.9 | 12599.9 | 12601.8 | 12606.5.] 12610.2

12745.2

12821.0

13068.9 -

°F, 14656.1
‘ 14677.7

14703.8

14719.1

14737.3

3F, 15239.1
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15259.1

15432.2

'Gy 20803.4 | 20788.6 | 20797.1 | 20799.4 | 20807.7 | 20810.6 | 20817.1

21225.4

21380.4

21527.6

21734.5

21774.0 . /

D, 27874

An estimated 4-5% of Tm>" ions are in the defect sites by comparing the defect

line intensities with the intrinsic line intensities for *Hu(1) and 'G4(1). °
. For higher sensitivity, the laser excitation spectra were recorded around the 'G4(1)
region, revealing additional defect lines at 20788.6, 20810.6 and 20817.1 cm” not
observed in the white light absorption spectra. The laser excitation spectra clearly showed
that both'3-8 1% Tm’":Y3AlsO12 (5.48 mm) and 6-231 0.1% Tm’*:Y3Als012 (5.52mm)

crystals had the same defect lines.

Conclusions
In this chapter, we have investigated the defect lines in several R**:Y3A150;
systems. For each R3+:Y3A15012 system, there are 3-6 defect lines within £ 60 cm! of
some intrinsic lines. One possible explanation for this is that the mismatch of the R**

radii with the Y** radius causes some of these defects. The R** radii and Y** radius are

plotted in Figure 28.” Since the Ho>* radius is very close to the Y>* radius, we expect that

the defect site concentration in Ho3+:Y3A15012 should be very small. At the other end,
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Pr’* and Nd** have very lafge radii compared to Y*', and we would expect
correspondingly more dqfects for Pr’* and N@** doped Y3Als0;; crystals.
The relative absorption infensities of the intrinsic and defect sites vs;ere used to
determined the defect site concentrations. In each rare earth ion doped YAG system,' un-

saturated intrinsic peaks were found for use in the calculation. The calculation is based on

the approximation that the oscillator strength is independent of the rare earth site.

Because the site distortion tends to increase the level mixing which in turn might change
the oscillator strength, these percentages should be considered as rough estimates to
establish the upper limits of the defect concentration.
| - The percentages of R** ions in defect sites are plotted vs. radii of the R** ions in
Figure 29. Several kinds of evidence show that the origin of the defects comes from the
host Y3Als0;, crystal itself rather than the mismatch of the ioﬁic radii. They are listed
below:
(1) Even for Ho®" whose radius is the closest to the Y*' radius within the
lanthanide group, 7% of Ho>" ions still reside in defect sites.
(2) The percentages of Tm>, Er*, Ho™ and Eu®* in defect sites are around 4-8%.
There is not a strong correlation between the defect percentages and the radii.
(3) The total defect percentages showed a linear relation with dopant
concentration in both the Nd**:Y3A150;, and Er**: Y3Als0;, systems.
(4) Even for 0.018% Pr*:Y3Als04, '15% of Pr’* ions reside in defect sites. Pair
concentration is e)‘cpe‘cted to be negligible at this low dopant according to Eq.

C(1.2).
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By measuring crystal lattice constants, the compositions of garnet crystals were
found to be different for Czochralski and flux growths.”* Y3AlsOy, crystals grown from
the melt at 1970 °C have the cstimated formula Y3(Al(;_935Yo,015)2A13012 which indicates
fhat 1% of all the .Y3+ ions substituté for A1** in a sites (Cs; symmetry). These special a
sites occupied by Y3 perturb their neighboring c sites (D, symmetry). From Table 4, six ¢
sites lie witﬁn sphere I of an a site. When the R** ions randomly substitute for the Y>*
ions, 6% of the R** ions will go into the 'perfurbed ¢ sites according to Eq. (1.2) with n'=1 .
and m’=6. This percentage agreés with what has been measured.

Forl Nd** and Pr**, the defect percentages are around 15-20%. This may due to the‘
large radii of‘these two ions compared to Tm>*, Er**, Ho>* and Eu®*. It is well known that
the large mismatch between Nd** and Y** radii makes it impossible to grow
Nd**:Y3Al50;, crystals With concentrations higher than 2.5%. When Y>* ions substitute:
for AI** ions, the radius mismatch between Y>* and AI** ions causes dist<')rtion for thé .
neighboring perturbed sites. The large radius of the Nd** and Pr** ions may cause them to
have a preferred distribution toward these perturbed sites, hence_ the defect percentages
are larger. .

More arguments for the defect forming mechanisms will be provided in Chapter 3

when the defects of Pr3+:‘Y3A15012 are studied using ODNMR techniques.
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No. of 4f electrons

Figure 28. lonic radii of the lanthanides with coordination number = 6.
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Radii of RE3+ (angstrom)

Figure 29. Percentage of R3+ions in defect sites for R3*YgAIsOn crystals.
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CHAPTER 3
HYPERFINE INTERACTIONS AND NONLINEAR SPECTROSCOPY
Introduction

Many techniques with increased spectral resolution have been introduced with the
goal of providing a much better understanding of the hyperfine interacti;m. Techniques
such as spectrai holeburning, optically detected nuclear magnetic resonance (ODNMR),
Raman heterodyne detection of NMR, optical free induction decay (FID), photon echo,
and photon echo nuclear double resonance (PENDOR) can o\vercome the resolution limit
imposed by inhomogeneous broadeﬁi'ng. - The wvarious methods _ﬁave provided
complementgry pieces of information, allowing a relatively detailed picture of the
hyperfine structure and dynamics‘ of the Pr**:Y3AlsOq, system to be put together. For
details, readers are referred to the review article by Macfarlané and Shelby.1

Nonlinear spectroscopy can be used to determine the nuclear quadrupole
hyperfine interaction parameters and. principal axis orientations. It provides symr:nétry
information for defects in the rare earth doped garnet crystals, and that helps in
characterizing the structure of these defect. sites.

We start this chapter with the study of the intrinsic site of Pr3+:Y3A15012, Several

nonlinear spectroscopic techniques were applied to the intrinsic- site first and then to one
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of the defect sites. The Pr’* ion is easier to study than Nd>* but the similarity of its ionic

radius and defect behavior make any results relevant to the popular Nd3+:Y3A15012 laser

system.

Experimental Results for Pr** in the Intrinsic Site of Y3Als012

Introduction

Considerable attention has been given to the study of the hyperfine interaction of
Pr** ions in single crysta.ls.1 Because the 3H4 > 1D2 transition of Pr>* ion lies within the
tuning range .of Rhodamine 6G dye lasers, it has been studied in great detail. In addition,
‘ the Pr3+ ion in the intrinsic site of Y3AlsO;; has an enhanced ground state nuclear
magnetic moment due to the coupling of the ground state singlet with other low-lying
eléctronic states (within tens of wavenumbers), so it is very sensitive to the magnetic
field. A low-field Helmholtz coil (<500 G) can be used to observe the Zeeman splittings
of the hyperfine levels. Zeeman experiments with full angular .rotation have been carried
out previously on Pr'*:YA1O;"* and Pr**:LaF;>!%* These studies yielded informafion on
the principal axis direction of the pseudo quadrupole interaction. Most of thé interest in
the Y3AlsO1; crystal has been in its application as a host material for rare-earth ion lasers
and more recently for optical memory. Despite all of the technological applications and
investigations of rare-earth-doped Y3AlsO;2, only a few papers have been published about
the pseudo quadrupole interaction.!’™ This is probably due to the complexity of the

crystal structure of Y3Als012, where the Y ions of interest occupy six magnetically
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inequ}valent sites with D, symmetry. When rare earth ions are substituted into these sites,
~ the Zeeman spectrum can be very difficult to resolve. Nevertheless, due to the importance
of Y3Als501, it is still worth investigating the Zeeman spectrum of rare earth ion doped
Y3Al501; crystals.
- Various double-resonance techrﬁques have proved. to be powerful probes of
hyperfine structure. These include electron-nuclear double resonance (ENDOR),'*

photon-echo-nuclear double resonance (PENDOR),!>6

and optically detected nuclear
magnetic resonance (ODNMR).!”’ Milynek et al.? introduced Raman heterodyne
spectroscopy to the study of the hyperfine interaction of Pr**:YAlOs. Raman heterodyne
spectroscopy is a sensitive optical-RF double-resonance technique and has wide
applicability.” Because of its high sensitivity, it can bé used to obtain a large amount of
data in a short period of time. In this work, we used Raman heterodyne d;tection of NMR
and ODNMR in the investigation of the hyperfine interaction of the ground 3I‘-I4(1) state
and the excited 'Dy(1) state of Pr** in Y3AlsO1s.

We start with a brief review of the tﬁeory of the Pr’* hyperfine'interaction and of
Raman heterodyne detection of NMR. The experimental apparatus and experimental
results will then be presented. The results are analyzed and the hyperfine parameters and

principal axes of Pr’* hyperfine interaction are determined from the angle-dependent

Raman heterodyne data.
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Theory

' The "'Pr nucleus, the only natural isotope, has spin I = 5/2. For all singlét states
of a non-Kramers ion, the average electronic angular momentum is zero and the first-
order magnetic hyperfine interaction IoJ vanishes. The pseudo-quadruple hyperfine
interaction expressed in terms of an effective spin 5/2 contains two contributions: (1) the
interaction between the electric field gradient and the quadrupole moment of the nucleus; -
(2) the second-order hyperfine interaction between the nuclear magnetic moment and the
magnetic field produced by the electrons of the ion. The latter is called the pseudo-
quadrupole.interaction because its effective-spin Hamiltonian has thev same form as the
electric ;]uadmpole interaction. Thus the effective-spin Hamiltonian in zero applied

magnetic field can be w/rittén with respect to the principal axes of the ground state as,
ﬁ:P[12-11(1+1)+1n(1 2—12)} ) ' G.1)
3 I '

wh;re P is the pseudo-quadrupole interaction constant and 1 is the asymmetry factor. The
principal axes (x, y, z) are determined by the crystal field and electronic charge
distribution and are therefore dependent on the electronic state and may be constrained by
the symmetry of the ion site. Since the hyperfine Hamiltonian is quadratic in the I’s
(i=x,y,z), the (21 + 1)-fold degeneracy is partially lifted for half-integral spin I, giving a
series of doublets. For I=5/2, there are three doubly degenerate hyperfine levels described

by linear combinations of my = * 5/2, + 3/2, and £1/2 at Zero magnetic field. The mixing

between the levels depends on the asymmetry factor.
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In a magnetic field Hy, the effective spin Hamiltonian is:18

H= P[Iz2 - %I(I +1)+ % n(Ixz — 1;)} ~hH, (}_’,Ix sin@cos @ +7,1, sin fsin ¢ +y,I, cos 0)

| ' (3:2)
The enhanced nuclear gyromagnetic ratio is given by
Y= (gNBN"*' 2gBAﬁ)/ha,i =X%Y,Z . ‘ ' (3.3)
| Al(oj n) |
with Ay =Y ———, | (3.4)

n#0 8u - 80

where &, is the energy of electronic level In) and A; is the hyperfine constant for the given

J state. The static external magnetic field Hy is along (8,¢) in spherical coordinates with

respect to the priricipal axes of the psudoquadrupole tensor.

Raman Heterodyne Detection of NMR -

Raman heterodyne detection involves the simultaneous excitation of a three-level
quantum system by two coherent fields, as shown in Figure 30. An RF field of frequency

® excites a NMR transition |1) —|2), and an optical field of frequency Q resonantly

excites an electronic transition |2)—|3). The resonant Raman process generates a

coherent anti-Stokes optical field at the sum frequency Q’ = Q + ®. This in turn beats
with the driving field €2, producing a difference frequency ® = IQ’ - Q! in the light field.
By observing fhis beating signal, nuclear magnetic resonances, and spin coherent-

transients or continuous-wave signals, can be monitored with great sensitivity.
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PraxYAG

I+ 5/2>
1+ 3/2>

I+ 1/2>

I+ 5/2>

3H4 I+ 3/2>

I+ /2>

Figure 30. Zeeman-split hyperfme level diagram for the Pr3+ 3H4(1) <» IDi(l)
transition of Pr3*=YgAlsOii, showing the coherent Raman process (not to scale).
The dashed line shows the RF field cfor driving the|l)-»|2) transition. The solid

line Q represents the optical driving field for the 12) —1B) transition. The solid line
O’ is the anti-Stokes field.
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The Raman heterodyne signal® *°
S oe Wiy ysbls (3.5)
depends on the triple product of the three matrix elements [i; connecting fhese states.

Since each matrix element is phase dependent and appears linearly, interference can occur

between different sites.*

Assuming the quantum system of Figure 30, appropriate for the Pr’* ion, the

Raman heterodyne beat signal S for the three states indicated obeys the relationship,”

S = alE,| [Hrsl(03, — P Re[W[%ﬂ X M[W[u]e] 36

E 6H

2 T
. 'k LN
with  a= ;];ﬁ Highbosha; »

Here, wy is the RF or hete,rodync; beat frequency, |

u.12u23u31 is the transition-matrix pr'oduci,

Eo and Hyt are the optical and RF field amplitudes,

kg is the optical wave vector,

. L is the sample length, N is the impurity-ion number density,
pS, —p?, is the ground-state population differenge,

ZE and A, are the laser .fr\equency and RF offsets from th'e center freéuencies of the
inhomogeneously broadened transitions |2) —|3) and |1) — |2), respectively,

og and oy are the corresponding inhomogeneous linewidths: and vy, is the RF

homogeneous linewidth,
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and the line-shape function is

. _t2

1 p+~e  dt
w(z)=—

T~ Z2—1t

, Imz > 0.

When Raman heterodyne detection of NMR had insufficient intensity, such as in a

zero field measurement, ODNMR was applied as a complementary method. The detection

scheme used the change of fluorescence signal to monitor RF resonances. When the laser
(linewidth of ~ 2 MHz) was resonant with the transition, only one of the three doubly
degenerate ground-state hyperfine levels was pumped. The upi)er level might relax back
to the other two unpumped ground hyperfine levels. Due to slow spin-lattice relaxation
(several seconds), excess population builds up for the two unpumped ground hyperfine
levels, causing fewer ions to participate in the pumping cycle and hence produce less
fluorescence i.e. a'spectral hole. When a RF field was tuned to resonance with a hyperfme
splitting, it tended to equalize the population between hyperfine levels, causing the

fluorescence intensity to increase.

Apparatus and Experiment

The top portion of Figure 31 shows a schematic diagram of the apparatus for.
Raman heterodyne detection of the hyperfine transitions as a function of magnetic field

amplitude and direction.

A 0.018% Pr’*:Y;ALsO, crystal was cut to 1 x 3 x 5 mm with (111), (110) and

(11_2_) faces, and was mounted on a holder that could rotate the crystal around a

horizontal axis. In this work, the rotation axis'was chosen to be the (11 0) direction. The

static magnetic field was arranged to be perpendicular to this axis. Consequently, as the
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external
power amplifier 50 Q load
tracking generator
spectrum analyzer laser
amplifier  Photodiode
dewar
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power amplifier 50 Q load
frequency
© synthesizer
dewar
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color filter
PMT
computer

A/D converter

amplifier

Figure 3 1. Schematic of apparatus CD is for the Raman heterodyne detection of NMR
and ® is for the ODNMR.
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crystai rotated, the magnetic field rotated in a plane containing the (001), (111) and (110)
directions.

The sample rotating system included a protractor, a long rod, a vertical axis gear,
a 90 degree gear to translate the vertical rotation to horizontal rotation, and a shaft to hold
the sample. To test the precision of the angle reading, a sheet polarizer was mounted
vertically.on the shaft. A laser beam was sent through a Glan-laser polarizing prism to
purify its polarization. It was then sent through the polarizer mounted on the shaft and
detected by a photo diode. The laser intensity was plotted via the rotation angle read from
the protractor on top of the sample holder. The data shown in Figure 32 were fit to a sine
squared function. The angular resetting accuracy and the backlash -of the rotating system

were determined to be 0.5 and 1.1 degree, respectively.

The H vector of the RF field was along (110) and was produced by a 5-mm
radius, 8-turn solenoid of magnet wire around the crystal. Four capacitors of 20 pF were
used between alternating turns of the solenoid and the ground of the coax to produce a
reasonably uniform transmission line for the frequency range 0-100 MHz.

The Coherent 599-21 dye laser had a ~2 MHz linewidth and ~ 20 mW 'output
power. The laser beam passed through the crystal along the (1 10) direction which was
perpendicular to the static magnetic field and parallel to the H vector of the'RF field. A

M2 waveplate was used to rotate the polarization of the laser to enhance signals for

specific sites.
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Sample holder rotating gear test:
- Ffeset accuracy is 0.5 degree
Backlash is 1.1 degree

A ccw
O cw reset
----- fittocw

Protractor angle (degree)

Figure 32. The transmitted laser beam intensity versus the protractor angle 6. The open
triangles mark the data when the protractor was rotated clockwise. The solid triangles mark
the data when the protractor was rotated counter-clockwise. The circles were data when the
protractor was reset clockwise. The clockwise data was fit to a*sin2(9-b).
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The laser beam was focused on the cfystal- with a 33 cm lens, and the beam
transmitted through the cr&stal was focused on an EG&G FND-100 photodiode. The RF
field was generated by a Hewlett-Packard 8444A tracking .‘generator. The ac component
of the detected laser transmission signal was amplified and proces‘séd by a Hewlett-
Packard 8554B spectrum analyzer set to a bandwidth of 10 kHz and sévept synchronously
with thé tracking generator. A suitable sweep speed (IOMHz/second) was chosen, as too
fast a speed tended to broaden the lines. .

The apparatus for the conventional ODNMR experiment is SilOWH at the bottom
of Figure 31 @. The RF signal was ge_nerated with a computer-controlled PTSSOO

synthesizer. As the RF frequency was scanned, the fluorescence signal of the D, —» *H;
and 'D, — *Hg transitions was detected by a PMT. A color filter was used to block the

scattered laser light. The fluorescence signal was sent to an analog-to-digital converter
and averaged.

The 0.018% Pr**:Y3Als0, crystal was immersed in liquid helium at terﬁperatures
down to 1.4K. The laser was tuned to 609.587 nm, corresponding to the transition
between the lowést Stark levels of the 'Dy(1) and >Hy(1) electronic states of
Pr’*:Y3Als05,. The inhomogeneous vlinewidth was determined from absorption
measurements to be 1.7 cm™. At 1.4 K the population ié initially all in the lowest Stark
level *Hy(1), the nearest excited Stark level 3H4.(2) béing 18 cm’™ away.

For the measurement of hyperfine structure versus the direction of an applied
magnetic field, "Raman heterodyne detection of NMR was used. Since the

|£1/2) <> |+ 3/2) transitions are narrower than other transitions, the majority of the
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spectra were taken in this region for better resolution. The |—3/2) <> |+3/2) transitions

were also observed, but in a much lower frequency region (0-10 MHz).

Analysis

At zero magnetic field, since the interference between different sites caused the
Raman heterodyne signal _to'vanish,' the ODNMR technique was used.-The ODNMR
spectrum of Figure 33 shows ground state hyperfine splittings of 33.33 (FWHM = 0.37),
41.86(0.71), and 75.22(0.72) MHz, where thc sum of the first two equals the third as
expected. When the RF field resonates with the splittings, the fluorescence intensity -
increases by a factor of 1.3 to 2.5. The hyperfine parameters P and n are determined by
substituting trial values of these parameters in the grounci—state Hamiltonians of Eq. (3.1)
for the splittings measured. The values P = 11.36 MHz and 1 = 0.733 agree with Shelby
et al.!

From Eq. (3.1), the composition of the eigenstates |+ m) == ay Wi with i and m =
+1/2,; +3/2, +5/2 could be calculated, where ;’s are the pure nuclear épin projection
states. The |i— m) eigenstates are not pure but labeled by dominant pure component. The

results are shown in Table 14.
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Fluorescence Intensity (A L)

RF frequency (MHz)

Figure 33. Optically-detected NMR spectrum of the 3H4(1)” 1D2(1) transition in a
Pr3+tIY3AI50i2 crystal showing the [+1/2) <>|£3/2), |+3/2) <>|+5/2) and
|£1/2) <>|£ 5/2) resonances at zero magnetic field.
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The crystal structure of yttrium aluminum garnet (Y3Al50;,) has been described in

Chapter 1. The Pr’* ions that substitute for Y?* ions on the dodecahedral sites experience

a crystal field of D, symmetry, and the coordinates of local sites are shown in Figure 2.

There are six magnetically inequivalént orientations of these sites in the crystal. For one

of the Pr’* ion sites, the local x, y, and z axes are oriented along the (110), (ITO), and

(001) crystal axes with the z axis coinciding with the (001) axis by convention. The axes

for other sites are obtained by using (Ia3d) space group symmetry appropriate to the

garnet structure.

Table 14. Compositions of eigenstates |+ m) = = ajy, y; with i and m = +1/2, +3/2,

+5/2
eigenstates l+52) | [+3/2) |[+¥2) ||-¥2) |]-32) ||-5/2)
eigenvalues(MHz) | 38.86 | -2.72 -36.14 -36.14° | -2.72 38.86
W52y 10.99054 |0 -0.11009 |0 -0.0819 |0
Yy 0 0.92387 |0 -0.38119 |0 0.03402
Vi 0.13293 |0 0.91792 " |0 0.37384 |0
Vi) 0 0.37384 |0 091792 |0 0.13293
¥ 0.03402 |0 -0.38119 |0 0.92387 |0
Vi 0 -0.0819 |0 -0.11009 |0 0.99054

In general, the nuclear axes for ground (*H,) and excited ('D,) electronic states

may be incongruent and the gyromagnetic ratios Yxy, and the quadrupole parameters P

and 1 for these two electronic states may differ also. For the intrinsic site, however, the
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local D, symmetry should‘ constrain the three principal nuclear axes -to the three Cz'
symmetry axes (110), (110), and (001).
For Pr** (I = 5/2), the matrices ’of the nuclear spin projection operators in the basis

of the pure y; basis states are

0 J5 0 0o o0 o]

V5 0 48 0 0 o0 .
;10 V8 0 3 0 0|
200 0 3 0 48 0

0 0 0 8 0 45

0 0 0o o0 5 o]

[0 -5 0 0 0 0

V5 0 -v8 0 0 o0
Iy:lo V8 0 -3 0 o0 ’

200 0 3 0 -8 0

0 0 0 8 0 =45

(0 0 0 0 5 o0 |

500 0 0 0]

o 30 0 0 o
,_ljoo1 0 0 0
72000 -1 0 0

000 0 -3 0

000 0 0 -5

Introducing a variable k = -1/2 % Hy, and ky = kyxsinOcosq, ky‘= ky,sin6sing, and k, =
ky,cos0, the hyperfine and Zeeman Hamiltonian of Eq. (3.2) could be written in the

matrix form:?% 2!
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[_139P+5kz 5k, @P 0 0 0
5k,  -2p+3k, 22k, +2Pn 0 0
@P Wak,  -Sps k, 3%k V2Pp 0
ReH = 3 8 Jio ,
| 0 2Py 3k, -3 Pk, 22k, =P
0 0 - 2Pp 242k, -% ~3k, 5k,
0 0 0 -JI——OPn. ik,  Yp_s
} : 3 .3 i
and
[0 V5, 0 0 0 0 ]
-5, 0 22k, 0 0 0
0 -2J2k, 0 3%k,. 0
ImH = V2k, , Y o1 3.7)
0 0 =3k, 0 22k, 0
0 0 0 -2v2k, 0 43,
0 0 0 0 -5, o0

From Figure 2, if the static magnetic field is constrained to the plane containing (001) and
(111), the number of inequivalent sites are reduced from 6 to 4. Sites 3 and 4 are

equivalent to sites 5 and 6 respectively. Figure 34 shows the angle dependent Raman

heterodyne NMR spectra of |+1/2) <> [+3/2) transitions in a 190 G magnetic field.

Generally there are 16 lines because each site has 4 lines for the |£1/2) <> |+3/2)
transitions. There are some extra weak lines that are due to the upper |£3/2) <> |£5/2)

transitions. When the magnetic field is in the (111) direction,
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a (angle between field and 001) (degrees)

Figure 34. Zeeman splittings are mapped for the |£1/2) <» |+£3/2) transitions in a 190-G magnetic

field rotating in a plane perpendicular to (110). a is the angle between the magnetic field and (001).
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the number of inequivalent sites is further reduced to two, resulting in eight lines total. A
nonlinear fitting program was used to diagonalize the Hamiltonian of Eq. (3.7) and search

for tﬁe least-squares fit to the data. The fitting results for the gyromagnetic ratios are Ay =

léiO.B, nyy = 1.620.2, and Ay, = 30.3+£0.6 kHz/Gauss. The data were also fitted with a
program that determines the directions of the principal axes. The fitted fesults for these
directions are within + 2 degrees of the expected directions constrained by D, symmetry.

Comparing values of the gyromagnetic ratio with those of Pr** ions in other hosts
(YAIQ3, LaF3), these values are relatively large. Table 15 showé the comparison between
these three crystals. Authors in Ref. 4 did not measure the energy of the *Hy(2) electronic
state.

Table 15. The gyromagnetic ratios for Pr'* doped crystals.

Y3Al50;2 YAIO;"® YAIO;* LaFs'°
71y (KHzZ/G) 13 3.881 2.43 4.98
h vy (kHz/G) 1.6 2.50 2.43 2.53
h vy, (KHz/G) 30.3 11.648 11.785 10.16
SH4(2) em’! 19 5178 57%

We also observéd some transitions in the 2 - 10 MHz region with a 140-Gauss
field. Figure 35 shows the angle dependent NMR spectra using Raman heterodyne
detection. These transitions converge to 0 MHz as the magnetic field decreases to zero.

They are assigned to the |—3/2) <> |+3/2) transitions. From the zero field eigenfunction

composition of Table 14, we know these transitions are allowed by the selection rules




103
Am=0, *1. There are four lines due to the four iﬁequix}alent sites. The |-1/2) > |+1/2)
transitions are ‘al‘so possible and are calculated to be < 1 MHz for the 140-Gauss field.
Due to the laser frequency’ jittqr (~ 2 MHz), they were not observed.

For these |—3/2) <> |+3/2) transitions, a simple perturbation analysis could be
~used prqvided that the magngtic field was not too large. It provided a p‘reliminary method
to obtain an insight into the experimental data before comi)léx matrix ﬁtting was used to
obtain a more precise solution. Treating the Zeeman interaction as a perturbation on the -
Zero ﬁeld quadrupoler eigenstates, the |i 3/ 2) levels were considered as isolated
degenerate states. The Zeeman-induced frequency shift of these two levels wés

Ou32= + (7 Ho/2)[ (Y, Acos0)? + (,BsinBsing)” + (y,Csinbcos@)’]" (3.8)
where A = 5a5/22 + a1/22 - 3a3/22, | |

B=2(5)" asp a3 -4 (2)"? ayp az + 3 ays’, and 4

C=2(5)"aspasn+4 (2" ayp a3p +3 ay,?

The a; coefficients were calculated in Table 14, with asp = —0.0819, azp = 0.92387, a.ip =
0.37384, for |i3/2> levels, giving

A= -23873, B=-1.8729, C=2.0347
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®® ®®

a (angle between field and 001) (degrees)

Figure 35. Zeeman splittings are mapped for the |-3/2) <>|+3/2) transitions in a 140-G

magnetic field rotating in a plane perpendicular to (ITO). a is the angle between the
magnetic field and (001). The data points with crossed centers for angles between 60° and
120° are assigned to excited state hyperfme splittings.
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Fitting Eq. (3.8) to detail in Figure 35, we have &y, = 11.5 kHz/G; nyy = 3.3
kHz/G; 7y, = 30.0 kHz/G. Due to the vanishing signal for site 1 and 2 when the magnetic
field is near perpendicular to the (001) axis, the % Y, and % 7Yy are not well determined. The
value 7 v, is consistent with the experimental result for the li 1/ 2) & li 3/ 2) transitions.

As discussed earlier, the axes for these fits are very close to the expected
directions constrained by D, symmetry. In Figure 35, there are some extra points with
crossed centers for angles between 60° and 120° whose intensities are Il‘nuch weaker than
the I-3/2>¢>+3/2> transitions. These transitions converge to nonzero energy values as the

magnetic field decreases to zero so they could not arise from Fhe transition considered
here; they were assigned to an excited state hyperfine splitting as discussed in the next
section. Raman heterodyne ODNMR signal intensities also showed very strong
dependence on the laser polarization and RF field direcion. This can be attributed to the
fact that the Raman heterodyne signal expressed in Eq. (3.5) depends on the triple product
of the three‘polarization dependent matrix elements connecting the groﬁnd state hyperfine

states and the 1D2 excited state.

Excited State

The hyperfine splittings of 'Dy(1) in a magnetic field were observed with Raman

heterodyne ODNMR. When the magnetic field was along (110) and the laser polarization
was perpendicular to (110), the signal was the strongest. There was no signal at zero field
due to site interference. The zero field hyperfine splittings were obtained by extrapolating

the Zeeman spectrum to zero magnetic field. The splittings of 6.41 and 8.32 MHz agree
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with the _val-ues‘ 6.49 aﬁd 8.29 MHz reported by Shélby et al.!! However these values dc; -
- not agree with the 3.42 and 5.96 MHz reported by Kim et al.!® obtained from their
measured photon echo modulation pattern. That photon echo modulation data!® indicated
that the site symmetry of the Pr>* ions was lowered to C, from the D, symmetry of Y3+
ions. The excited state hyperfine splittings they measured are also cii-fferent from the
values measured here usiné Raman heterodjne ODNMR and by Shelby et al." using
holeburning and Quantum beat FID (Free Induction Decay). The result obtained here do
not support the suggested lowering of symmetry to Cs, but rather are consistent with D,
symmetry.

The fluorescence lifetime of the 'D,(1) level wés found to be T; = éSO us. The
dephasing time T> = 20 [1s was measured from photon echo decay with 1 s laser pulses.
This value agrees with the value measured by Shelby et al.!! Some important optical and‘
hyperfine parameters of the 3H4(1) & 1D2(1) transition of Pr3+:Y3AI5012 at 1.4 K are

listed in Table 16.

Conclusibﬂ . ~

The hyperfine interaction of the intrinsic site of Pt (4]2) in Y3Als0 crystals was
studied using optical‘l\}.f-detected nucl‘ear-maénetic—resohance (ODNMR) in both
fluorescence and Raman- heterodyne detection schemes. The hyperfine interaction
parameters and principal axes of the grouﬁd quadrupole tensor for the Hy(1) state were
determined from measurements in a 190 G magnetic field. Six magnetically inequivalent

sites were observed for magnetic fields constrained to the (110) plane. The measured
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NMR frequencies are functions of fhe angles between.. the principal axes and magnetic-
field. The frequency vs. angle spectra show that the principal axes of the quadrupole
interaction are parallel to the -axes of local D, symmetry of the Y3+Hions which confirms
‘ +with high precisiori that Pr’* jons substitute for Y>* jons and preserve the D, symmetry.
Using a pseudoquadrupole spin Hamiltonian, a satisfactory fit was obtained with
gyromégneﬁc ratios 2 yx = 13, i Yy = 1.6, and 7 v, = 30.3 kHz/G.

Table 16. Optical and hyperfine pararneters of the *Hu(1) <> 'Dy(1) transition of
Pr3+:Y3A15012 at 1.4 K. Parameters noted by * were also measured by Shelby et alll ‘

Ao 609.587 nanometer in air (16400.0 cm™)
i ' 1.3 cm™
Ty 230 ps
T, , . 20ps”
osc. str. () ~10
H, . 'D,

. (172 & 13/2) (MHz) 33.33" ' 6.41"
(+3/2 & +5/2) (MHz) ' 41.86" - . 832"
P (MHz) 11.36 224
1 0.733 0.696
Y« (kHz/gauss) 13 —

Yy (kHz/gauss) 1.6 —

Y. (kHz/gauss) 30.3 —_

The expected Raman heterodyne signal interference between different sites was
observed as a variation in the signal intensity with the laser polarization direction. This
interference is closely related to the site orientation. Full improvement of the fitting

program should include the signal intensity as a variable.
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Experimental Results for Pr** in Defect Sites of Y3Al5012

Introduction

. The full angle-dependent ODNMR data can be exploited to extract information on
the hyperfine interaqtion parameters. The local D, symmetry of the intrinsic site was -
confirmed in th_e analysis of the previous section. In this section, one defect site will be
studied with the same method except that there is no predetermined structural information
for these defect sites. We want to find the directions of the defect principal axes in the
crystal coordinates. From this information and other results, a hypothesis for the oriéin of
these defects will be presented.

In conventional spgctrqscopy, the selection rules and group theory have been used
to extract structural informatio;l on the crystal from the polarized absorption and
fluorescence data. In the Y3AlsO;, system, because of its isotropic structure, only a few
papers have been published on polarized spectroscopy of the intrinsic site for
’I‘b:Y3A1501223 'Ho:Y3A1‘501224 and Eu:Y3A1501225’26. From the polarizled spectroscopy,
R>* ions in the intrinsic site were found to have a local D, symmetry as expected. For the
defects, due to théir lower local symmetry, normally C;, it becomes almost impossible té
obtain a polarized spectrum.

. Full angle-dependent ODNMR directly probes the local structural information of
the defect sites with high sensifivity and resolution. This method was introduced in .£his
laboratory by Sun®® for the EuVO, system. This thesis will study the Y3AlsO;, system,

which has a different crystal symmetry and more magnetically inequivalent sites than
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EuVO,. We will start by describing the defect structure and its relation with the Y3Al5012

structure.

Symmetry Considerations
Y3Al501, has cubic symmetry On'® (Ta3d) as explained in Chapter 1. When Pr’*
ions are doped into the crystal, the majority of Pr** ions go to the intrinsic Y** site which

has D, local symmetry. Some of them go to defect sites which most probably have C,

local symmetry. In order to describe the orientation of the defect site coordinates relative -

to the crystal coordinates, Euler angles o, 3, and vy are used. The quantum mechanical
convention for defining these angles was used previously? and is followed here. Starting
from a defect coordinate system overlapped with the crystal coordinates (x, y, z), the

defect site axis is rotated by angle o around the z-axis. After that, the defect site axis is
rotated by angle [ around its new (intermediate) y-axis to orient its z-axis pointing at the
final direction. Finally, the defect axis is rotated by angle vy around the defect z-axis to

reach the final position.” All the angles are measured counter-clockwise while looking
down the axes towards the origin. -
For a C; symmetry local site, the Oy'? transformations of the host lattice generate

48 sites with different orientations as illustrated by the stereographic projection®® in

t

Figure 36. The stereographic diagram projects the z directions of these 48 defect sites
onto a sphere. The dots represent 24 of these sites projected onto the top hemisphere, and
the circles are the other 24 sites projected onto the bottom hemisphere. Two faces of a

cube are shown in Figure 37 and Figure 38 with 8 sites per face. Figure 37 and Figure 38
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Figure 36. Stereographic projection2 of the Ohl0 group. There are 48 elements in this
group. They include C4, Cs, and C: rotations and mirror reflections. Twenty-four
elements are projected onto the top hemisphere as the dots, and the other 24 elements are
projected onto the bottom hemisphere as the circles.
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Figure 37. The site orientations of defect sites on surface Z (001). The magnetic field
rotates from (001) to (111) to (HO) as indicated by the dash line. The un-numbered sites
are mirror images of the numbered ones relative the mirror plane (1-10). They are
equivalent in our experimental geometry.
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Figure 38. The site orientations of defect sites on surface X (100). The orientations on X
(100) are expressed relative to a new coordinate system which is formed by rotating the
original coordinates 90° counter-clockwise about the Y (010) axis.
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do not represent the physical locations of the defect sites. but their relative orientations.
Tﬁere is an inversion symmetry in the ‘crystal so only 24 rhagnetically—ineqﬁivalenf sites
exist in an arbitrary rnagnetjc field.

A magnetic field "appliedﬂ in an ﬁbitrmy diréction in the crystal will have a -
different orientation in éach of the magnetically-inequivalent sites, but the orientations
are related by simple transformations. A cube has 6 faces i.e. X (100), Y (010), Z (001),
X’ (100), Y’ (010), and Z’' (00T). X, Y, and Z are equivalent to X’ ,Y’, and z by.
inversion symmetry. X, Y, ‘and Z are related by a 3-fold rotation about (111) direction.

The arbitrary defect site orientations on Z (001) shown in Figure 37 are:

@B, oy, (n/2+euBy), (w/2-0uB-y), (whouBy), (-m-0uB,-y), (W/2+0B,y), and

(71:/2-00,8,-7), which are connected by Cy4 and vertical mirror reflections. The orientations

containing -y are obtained by mirror reflections.

The site orientations on the X (100) face shown in Figure 38 can be obtained from
the Z (001) face by a 3-fold rotation around tﬁe (111) direction. But the expressions for
the site orientation relative to fhe‘ original 'cryst'al coordinates are very complex. The
orientations on X (100) can be re-expressed relative to a new cpord-inate system which is
formed by fotating the original rcolordinateé 90° counter-clockwise along the Y (010) axis.
The expressions in this new coordinate system are then the same as ‘tho_se on the Z (001)

face in the old coordinate system.

The experiments were carried out with the magnetic field rotating from (001) to

(111) to (110). Since this is a mirror plane, the 24 ma;gnetically—inequivalent sites are
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reduced to 12 sites as labeled on Figure 37 and Figure 38. If the experiments were done

so that the magnetic field rotated from (001) to (101) to (100), which.is another mirror

. plane, the number of magnetically-inequivalent éites would also be 12.

When the magnetic field is along (001), only three inequivalent sites will be seen;

namely (1, 2, 3, and 4), (5, 6, 9, and 10), and (7, 8, 11, and 12). With the magnetic field

rotated to be along (111), four inequivalent sites will be seen, namely (1, 6, and 7), (2, 5,

and 8), (3, 9; and 12) and (4, 10, and 11). When the magnetic field is along (110), si‘x‘

inequivalent sites will be seen, they are (1 and 4), (2 and 3), (5 and 12), (6 and 9), (7 and
8), and (11 and 12).

The nonlinear fitting program written by Sun® for a Dy crystal was modified for
the Y3AlsO1; crystal with éubic synuneﬁy with éssistmce frém Sun. This program will fit
the angle-dependent ODNMR dafa as a function of magnetic field angles. There are six
fitting parameters, namely, three gyromagnetic ratios 'yx,' Yy Y- and three angleé (o.,B,y) for
local site principal axis orientation.

To use the fitting program, we have to assign the measured frequencies to the
correct sites and to the correct transitions. It is ‘not always obvious how to assign the dapa
to particular sites and if the. assignment is wrong the fitting result is wrohg too. This is
trial and error. A fitting program was written to automatically make exfery‘i)ossible curve
assignment in turn for the ﬁtting. Generally one or two curves were selected to start with.
Good ﬁt‘s‘ may be found for somel of the assignments after 8 hours of continuous fitting
for pairs of curves. A personal computer with a 200 MHz Pentium processor was used in

[4

the computation. The assignments related by the Op'° transformations are equivalent and
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give the same fit. Because there are crossings between those curves and there are sections
where signal intensity decreases to zero, it is difficult to identify a whole curve without
. doubt. Portions of curves were used in the fitting when necessary.

A plotting program was written for a PC to plot the angle dependent spectra
generated with a drawing progrélm. The drawing program uses the parameters from the
fitting program to generate the spectra. All these programs are jdined together with a
batch file. The genqrated spectra are compared with the real data to see how good the fit

iS.

Zero Field ODNMR Results

The zero field ODNMR spectra for defect sites are shown in Figure 39. Figure 40
shows zero field ODNMR spectrum on an expanded scale for the defect site whose 'Dy(1)
transition occurs at 16342.2 cm™. The zero field hyperfine frequencies of: intrinsic and
perturbed sites are summarized in Table 17. The corresponding optical absorption-lines

are shown in Figure 4.

Table 17. Optical and hyperfine parameters of the 'Dy(1) o SHu(1) transmons for the
intrinsic (in bold) and perturbed sites of Pt 1 Y3Als05 at 1.4 K.

D,(1) (cm™) 16342.2 | 16391.6 | 16392.4 | 16395.6 | 16399.6 | 16400.0 | 16406.0
'Dy(2) (cm™) - | 16415.6 | 16419.4 | 16404.4 | 16416.8 | 16410.0 --
*H,(2) (cm™) 26.8 256 20.8. 11.5 20.4 18.0 16.8
*H,(3) (cm™) 78.2 39.2 493 | . 474 524 - 50.8 52.0
*H(1) (hyperfine) | ‘
(£1/2 > +3/2) (MHz) 23.68 | 2239| 3133| 47.17| 33.07| 3326| 35.11
(#3/2 <>+5/2) MHz) | 3297 | 2943| 3506| 76.09| 4094 | 4146| 47.76
P (MHz) 8773 | 7916| 9725 19.721 1114 1126 | 12.76
n 0.6172| 0.682| 0.8653 | 0.4457 | 0.7495| 0.7417 | 0.6434
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Figure 39. Zero field ODNMR spectra of defect sites in Pr3*YgAIsOn for different 1Da(l)
energies. Solid arrows mark the |£1/2) |£3/2) resonances, dashed arrows mark

|+ 3/2) <» |+ 5/2) resonances and dotted arrows mark|+ 1/2) |+ 5/2) resonances.
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Figure 40. Zero field ODNMR spectrum of a defect site in Pra*YsAlsOn, with ~ (1) at
16342.2cm™1, showing the |+ 1/2) |£3/2),|£3/2) <>|£5/2) and |xl/2> |x5/2>
resonances at 23.68, 32.97, and 56.73 MHz.
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According to the hyperfine interaction theory reviewed earlier in this chapter from
Eq. (3.1) to Eq. (3.4), the pseudoquadrupole Hamiltonian.consists of a sum of quadrupole
terms and second order magnetic hyperfine coupling. For i’r3+:Y3A15012, the following
analysis iﬁdicates that the enhanced nuclear Zeeman and second order magnetic hyperfine
coupling are much larger than the nuclear Zee;man and electric quadrupole interactions.
The second order magnetic hyperfine contribution to the parameter P is ;;roportional toa
produét of two matrix elements and an energy denominator 1/(E;-Eg) where E; is the first
excited component’s energy. A plot of P vs. 1/(Ey-Eo) for each defect site is given in
Figure 41. The clear linear relation tells ‘us the second order magnetic hyperfine
interaction is a maj or factor in thlS system. This is not true for fhe EuVOy system,zo wheére -

both real and pseudo quadrupole interactions need to be considered.




119

I/(E1-EQ) (cm)

Figure 41. The quadrupole interaction parameter P is plotted vs. !/(Ei-Eqg for each defect
site. The straight line is a fit to the function P = ¢/( ErEQ).
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Angle-dependent ODNMR Results
‘As shown in Figure 4, the defect site with 1D2(1) at 16342.2cm'_1 is relatively
isolated from the iﬁtrinsic and other defect lines, hence 1;t was chosen for vstudy by the fuil
angle-dependent ODNMR method. The other defect lines are so close to the intrinsic line
that it is difficult to seleét a single site without exciting the intrinsic site or anothor defect

site.

Figﬁre 42 is an example of the. 161 Gauss spectra of the Pr>* Iil/Z) < |+3/2)
transitions with the field direction 37.4° from (001) in the (110) plane with the laser
polarization parallei and perpendicular to the magnetic field direction. Figufe 43 and
Figure 44 are the 161.Gauss field-split spectra of the P |£1/2) > ]£3/2) transition
with the field direction along (111) and (110) respectively. The RF scanning range ’was
from 18.5 to 28.5 MHz. The magnetic ﬁ(_ald and RF scanning range were chosen to split
the |+1/2) > |+ 3/2) transitions as much as possible while avoiding overlap with the

|£3/2) <3|+ 5/2) transitions.

Since there are 12 inequivalent sites and the |+1/2) < |+ 3/2) transition of each

site splits into 4 transitions in a field, the total number of transitions is 48. In experiments
not all of these were seen all the time, presumably due to the variations in transition
intensity, overlap of lines, site interference, and noise. Different laser polarizations were
B |

-used to increase certain transition probabilities, and hence the number of observable

transitions.
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Field of 161 Gauss along 37.4° from (001)
--------- Laser polarization // H
——————— Laser polarization LH

Fluorescence Intensity (A U.)

RF frequency (MHz)

Figure 42. The 161 Gauss field-split spectrum of the Pr3+ |+£1/2) <>|+3/2) transition with
the field direction at 37.4° from (001).
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Field of 161 Gauss along (111)

Laser polarization // H
---------- Laser polarization LH
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Figure 43. The 161 Gauss field-split spectrum of the Pr3+ |£1/2) <>|+3/2) transition with
the field direction along (111).
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Figure 44. The 161 Gauss field-split spectrum of the Pr3+ |+ 1/2) |+ 3/2) transition with
the field direction along (110).
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Hyperfine transition frequencies measured frdm the ODNMR spectra with the
magnetic field rotating in a plane perpendicular to (110) are shown in Figure 45. ‘The fit
to the experimental data yielded the following six parameters: gyromagnetic ratios ¥x =
5.87 kHz/G,. v, =1.81 kHz/G, v, = '23.5 kHz/G and angies (0=10°, B=21°, ¥=50°) for local -
site principal axis orientation. Generally it is a good fit. Some small deviations are
probably due to the crystal rﬁisalignment with the magnetic field. The maximum
misalignment is less than 2 degrees according to a numerical study on the effect of the
misalignment to the intrinsic site results. The misalignment can cause the maxima of the

curves to move and the curves to become unsymmetric.

Discussion

In order to discuss the fitting of the experimental ODNMR results for the defect
site, local crystallographic structures for the intrinsic site and the defect site need to be

described. As indicated in

Table 1, Y?* ions are normally in the c¢ site, which we refer to as the intrinsip site and'
which has D, symmetry; the intrinsic Y** ion site is surrounded by four AI** jons that are
located in a sites. With an Y>* jon at (0, 1/4, 1/8) in the unit cell, the AI** ion locations
are (0, 0, 0), (0, 1/2, 0), (1/4, 1/4, 1/4); and'(-1/4,'1/4, 1/4). The 3 Cz axes for the Y>* ion
| are along (110), (1-10) and (001) as shown in Figure 46. When a Pr’* ion substitutes for
an Y>* ion in the c site, the principal axes of the Pr°* Hamiltonian aré constrained to these

’

directions. These principal axes were measured with Raman heterodyne ODNMR in this
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chapter to within + 2 degrees of the expected directions, an accuracy within experimental
error. This confirms, with precision far exceeding that of other optical experiments, that

most Pr** ions substitute for Y>* ions in sites with D, symmetry.
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30 60 90 120
a (angle between field and 001) (degrees)

Figure 45. Zeeman splittings are mapped for the |x1/2)<-»|+£3/2) transitions for a 161-G

magnetic field rotating in a plane perpendicular to (110). a is the angle between the
magnetic field and (001). The circles are data points while the curves are theoretical fits.
Curves of the same line type arise from a single site orientation.
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Intrinsic site with D2 Defect site with Ci
symmetry symmetry
C2 Ci

Figure 46. The intrinsic Y 3+ site has D2 symmetry and is surrounded by four Al3L'ions
and four O2'ions. When an excess Y 3+ion replaces one of the four Al3Tions which are
near neighbors to a Pr3t+ion, the local symmetry of the c site reduces from D2 to Cl.

Now we consider possible defect site structures that are consistent with the
observations for the defect site studied here. Earlier investigation shows that, as a
consequence of high temperature growth, Y3AIlsOi2 crystals have a slight deviation from
the expected stoichiometric composition, and this deviation can be specified by the
formula Y 3(Alo.gssY 0.0i5)2A130 ,2.2™ If an excess Y 3Tion replaces one of the four Al3T'ions
described above, the local symmetry of the Y3+ ion c site is reduced from D2 to Ci as

shown in Figure 42. When a Pr3+ion is doped into this perturbed Y 3+site, there will be no
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special direction to constrain the orientation of the principal axes of the the Pr’* ion
Hamiltonian.

That situation is compatible with the fitting results presented in tﬁe last section for
the defect site. The principal axis orientation for the hyperfine interaction for the defect
experimentally studied here is specified by (0=10°, f=21°, ¥=50°) and is not along any Cj;
C3., or C; symmetry axié of the crystal.

The presence of the excess Y defect is also supported by conventional
spectroscopy in Chapter 2. The high resolution white light absorption meéisured the
percentage of Pr** ions in defect sites. The observed percentage could be attributed to 1%
of the Y** jons substituting for neighboring AI** ions.

We can be sure that the defect studied by Zeemaq ODNMR is definitely not
caused by an excess of Y>* ions substituting for AI** iI”l d sites. Our results show the
defect site has C symmetry, but this substitution could only reduce the D, symmetry of
nearést-neighbor c sites to C, with the symmetry axis along (001).

Oxygen vacancies or anionic impurities suéh as OH' can also reduce the D,
symmetry of a ¢ site to C;. However there is not yet enough spectroscopic data to
determine the effect of such impurities on the defects.

To further sltudy the defects, additional experiments need to be done. One future
project is to study ErsAlsOq2. A small percentage of Er’* jons may substitute f)or A** ions
in a sites. Since the a site (Cs; symmetry) has inversion symmetry, electric dipole
transitions are forbiddén and the magnetic dipole transitic;ns are weakly allowed only

when AJ =0,x1. Preliminary absorption spectra were taken in a sample of this compound.
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In the “Ss region shown in .Figure 47, the expected electric-dipole-allowed intrinsic site
electronic transitions and associated vibronic transitions were observed for the intrinsic
site Brr* ions, but in addition, some weak vibronic transitions were observed without an
electronic transition beside them. These weak vibronic transitions extend for about 500
cm™ above the zero-phonon line and have the same pattern as the vibronic transitions for
the intrinsic Er’” site; this may indicate that these vibronic transitions originate from Er**
in a sites (Cs symmetry). Further experiments could be done by observing the
fluorescence while pumping these anomalous 483/2‘ vibronic transitions. Magnetic-dipole-

allowed infrared absorption for the 4115/2 <—>4113/2 transitions may provide information on

the extent of Er’* ions substituting for AI** jons. Other techniqﬁes,, such as applying a dc
electric field to destroy the inversion symmetry of the a sites may induce some new
electronic transitions in 483/2 region, allowing the electronic origin transiton to be .
observed. Since the centrosymmetric Cs; symmetry defect sites would have a ldng lifetime

of the “Ij32 multiplet, time-resolved fluorescence at 1.5 pum also could be adequate to

separate the centrosymmetric site from the intrinsic sites.

Conclusion

Using ODNMR, we have studied the defect sites of Pr3+:Y3A15012 for which we
have no predetermined structural information. From thf; Zeeman ODNMR spectra wé
were able to determine the principal directions of the hyperfine tensor and the
gyromagnetic ratios for one defect site. The local symmetry of the defect site was

determined to be C;. The mechanism proposed for the defect center studied is that a few
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percent of excess Y' jons substitute for AT’ ions in a sites, but confirmation of that

assignment requires further study.
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Er3AI50i2 13-75 mml Absorption

in Liquid Helium
*  Vibronic transitions of 4Si2 (1)
a Vibronic transitions of 4S 12 (2)

i Vibnonic transitions of B3f at Cg site.

18000 18500 19000

Energy (cm'l)

Figure 47. Absorption spectrum of 4S32 of Er3Al50i2 at 1.4 K. The two solid arrows
indicate two allowed electronic transitions to 4S3z2(1) and 4S532(2) of Er31at the intrinsic D2
site. They are saturated. The solid and open triangles mark the vibronic transitions
accompanying the two electronic transitions. The dashed arrow indicates the possible
energy level position of Er3+ at a C3 site. The vertical bars are the vibronic transitions of
Er3Tat the CJ site.
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CHAPTER 4
OPTICAL DEPHASING MECHANISMS IN Tm’*: Y5Si,0;
_ Introduction

Demonstrations of practical optical signal processing and optically-addressed data

storage'!! have stimulated a search for new materials with better capabilities. Several

limits on material performance are a) the inhomogeneous linewidth, which limits the data
bandwidth, b) the theoretical storage density per pixel given by the ratio of the

inhomogeneous to homogenous linewidths I'iyn/Th, and c) the optical coherence time T, =

1/(71:1_'11),- which limits the length of data pulse trains.'? There is particular interest in Tm>*

doped materiafs, since the *Hg (1) = 3H,4 (1) transition of Tm*" occurs in the 790 nm
wavelength region accessible by GaAlAs semiconductor lasers. Recently, Tm>*:Y3Al501,

has been shown'® to be a suitable material with a ratio Tio/Th ~ 107, and it has been used

in demonstrations of both signal processing and time domain data s’toiage.ll. The silicate

material reported here opens a new region of parameter space with potentially much

higher data rates, since the Tm>* *Hg (1) — 3Hy (1) transition has an inhomogeneous

linewidth a factor of five larger than Y3AlsO;, while preserving the large ratio Tigp/Th, ~

10’
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Rare-earth ions with an even number of 4f Qlectrons have non-magnetic singlet
electronic states when doped into crystalline sites of less than axial symmetry and are thus
relatively insensitive to homogeneous broadening by fluctuating local magnetic fields
arising from mutual nuclear spin flips of host lattice nuclei or- électronic spin flips of
other ions.'* The Tm>* ion (4f'?) is therefore a good candidate for long optical coherence i
times at low temperatures. Since Tm>* has nuclear spin I = 1/2, it has the further
advantage that there are no zero-field hslperﬁne splittings to contribute modulation in
optical coherent transients with short—puise ,excitaﬁon or to create a complicatgd pattern
of sideholes and antiholes in a hole burning spectrum. The storage time in Tm>* materials
is limited to ~10 ms, the population lifetime of the 3F4 metastable levels; nevertheless,
there are potential appiications in signal processors and cache memories.

- Yttrium silicates are desirable host maiterials since the nuclear magnetic moment
of 190 is zero, that of ¥y is very small, and 2Si has low isotopic abundance. This
minimization of the effect of nuclear spins should result in | narrow homoge_:néous
linewidths for even-electron dopa'n.t ions. The expected narrow homogeneous linewidths
have been verified for Pr**:Y,Si0s and Eu’*:Y,8i05,™ 7 !¢ so. Tm**:Y,Si0s" and
Tm3+:YZSi207 are particularly interesting candidétes for optical memory ‘and signal‘
processing applications.

In solids doped with rare-earth ions liké Tm**, the homogeneous linewidth T}, may

be written as a sum of contributions,

3

Ih= I-‘pop + I'tm-Tm + D Tm-host + 1-‘phonon- (4 1)
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The natural linewidth Ipop = 1/(21T) arises from the exéited' statetlifetime T;. The second
t@rm I'tm-tm arises from Tm-Tm interactions and can be minimized by using a low
concentration of dopant‘ions such as 0._1% and by using low excitation intensity to reduce
instantaneous spectral diffusion effe_cts.lg'20 The I'tmnost term. is due to the interaction of
the dopant ions with fluctuating spins of the host lattice, and as nqted above, it can be
minimized by chodsing an ai)propriate host crystal that has constituent ions with zero or
small nuclear magneti'c moments. The Tphonon contriBution can usually be suppressed by
working at temperatures below 2 K; however, for Tm>":Y,Si,O; the loyvest excited
component of the ground *Hg multiplet is only 6 cm™ above the ground state, and the

TIshonon contribution continues to decrease down to 1.2 K.

Experiment and Results

Single crystals of yttrium disilicate doped with 0.1% thulium were provided by K.
W. Godfrey and F. R. Wondre at Clarendon Labbratory, Urﬁversity of Oxford, United
Kingdom. The crystals were grown by sléw cooling at high tempera‘ture from a bismuth
oxide flux stabilized with Boron and vanadium oxides.?! The starting mateﬂals were

sealed into a platinum crucible and heated to 1240°C, soaked for 20 hours then cooled at
1.5°C/hr to 1120°C. After inverting the crucible, to separate the crystals from the flux, it

. was cooled to room temperature and the crystals were mechanically recovered. They were
identified by X-ray powder diffraction as type D yttrium disilicate, whichis monoclinic,

belonging to the P2;/a spacegroup.22
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Measurements are reported here for the transition from the lowest level of the Hg
ground state multiplet, *Hs (1), to the lowest level of the *H, excited state multiplet, *H,
(1), which is a metastable level of interest for long dephasing tim;es. The 3H (1) — *Hy
(1) transition at 790.427 nm (12651.4 cm™) had a peak absorption coefficient of ot = 0.4
cm’® for our unoriented sample; the crystaliwas 0.5 mm thick and had 2% absorpﬁon. The
inhomogeneous linewidth was 100 GHz, a value significantly larger than the 20 GHz we
have obtained for 0.1% Tm’*:Y3Als0;,. This larger value | of the inhomogeneous
linewidth for Tm3+:YZSizo7 translates into-‘ an important po'tential for higher system data

bandwidths in signal processing and cache storage applications. The fluorescence lifetime
of the *H, (1) level was foﬁnd to be T; = 68 + 3 s, making a contribution of Ipp=23=%
0.1 kHz to the homogeneous linewidth.

Two-pulse pho‘ton-echo measurements were made using a Coherent 899-21
single-mode cw Ti:sapphire laser and the apparatus described previously.16 The laser was
focused onto, the sample with a beam waist of radius wo = 75 um. Photon echoes were
excited using 0.5 Us pulses at a repetition rate of 7 Hz to allow ample time for population
relaxation of metastable multiplets such as *Fs. The sample was immersed in liquici
helium, and the temperature was regulated by controlling the helium vapor pressure.

Contributiqns to the homogeneous linewidth were characterized by recording
photon echo decays as a function of laser excitation intensity, temperature, and rﬁagnetic
field. Echo decays for the *Hg (1) — *H, (1) transition recorded at temperatures of 1.é4 K

and 2.17 K using a laser excitation intensity of 9.6 W/cm® are shown in Figure 48. These
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T2=23ns
F1= 14 kHz

T2=19gs
F. = 170 kHz
T=123 K
T=217 K

Figure 48. Photon echo decays for the 3H6(1) -> 3H4(1) transition OfTm3HY2Si207 recorded
at temperatures of 1.24 K and 2.17 K using an excitation power density of 9.6 W/cm2 and
excitation pulse widths of 0.5 Hs. These conditions yielded dephasing times of T2 = 23 gs
and T2 = 1.9 Hs corresponding to homogeneous linewidths of 14 kHz and 170 kHz
respectively.

conditions yielded dephasing times of T2=23 + 2 Hs and T2= 1.9 £ 0.2 Hs corresponding
to homogeneous linewidths of 14 + 2 kHz and 170 + 20 kHz respectively. Figure 49
shows the laser excitation intensity dependence of the homogeneous linewidth arising
from instantaneous spectral diffusion at 1.45 K. The instantaneous diffusion contribution

to the homogeneous linewidth is proportional to the number of ions N changing state

during the echo pulse sequence; this causes abrupt random shifts of the energy levels of
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Laser Excitation Intensity (W/cm?2)

Figure 49. Dependence of homogeneous linewidth on excitation power density recorded at
a temperature of 1.45 K showing the contribution from instantaneous spectral diffusion.
Both echo excitation pulses had the same intensity, and their intensities were varied
simultaneously. The solid line is afit to a simple rate equation model.

neighboring ions resulting in incomplete rephasing and an apparent broadening of the
homogeneous linewidth.1820 Since Ti » T24, the number of ions changing state due to
population decay during the echo measurement process is small, and thus the effects due

to the first pulse are negligible.18 The data in Figure 49 were extrapolated to zero

excitation intensity using a simple rate equation model that accounted for the onset of
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two-level saturation. This gave a zero-excitation-intensity homogeneous linewidth of I’y =
25.6+0.5kHz at 1.45K.

The extrapolated linewidth I'y = 25.6 kHz contains contributions from the ¥Y
nuclear spin fluctuations as well as signiﬁcé.nt phonon—induced‘ contributions. To explore
the effects of Y nuclear spin fluctuations, echo decays were recorded in an applied
magnetic ﬁeld of ~100 G. No measurable narrowing of the hcl>mogeneous lingawidth was
observed, a result that may bg explained by comparison with Pr3+:’f28i05 and
Eu3+:YZSi05, where contributions from **Y nuclear spin ﬂuctuations. were found to be ~.l‘
kHz, and ~100 Hz respectively.16 ‘The nuclear magnetic momen£ c;f Tm (-0.231 py) is
considerably smaller than that of Pr (4.09 uy), so the contribution for Tm from ¥y
mutual nuclear spin fluctuations is expected to be only several huﬁdréd Hz, whic;h is
within the experimental uncertainty of these measurements.

There was a strong température dependence of the homogenéous linewidth, even
below 2 K, as shown in Figure 50. For crystalline hosts, tﬁere are -two prima;y
mechanisms for phonon-induced contributions to-the ‘hofnogenec')us linewidth, a direct
pfocess and a two phonon Raman process.”? The direct process involving resonant-
phonon-induced tr.ansitio,ns between two Hadjacen't electronic ,stétes results in a
temperature dependence for the dephasing rate described byi3 |

L _ L ant | o 4.2)

where here T; is the spontaneous relaxation time of the second crystal field level of the

multiplet and A is the energy separation of the two levels. The temperature dependence
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observed for this material between 1.24 K and 2.17 K is well described by resonant
phonon interactions between the 3H; (1) ground state and the next higher crystal field
level °Hs (2). The data of Figure 50 were fitted to Eq. (4.2), yielding Ty =40ns and A =
6.7 cm’'. This crystal field splitting is in good agreement with the 6 £ 1 cm’! valué
measured in fluorescence experiments. The T = 0 K homogeneous linewidth of 6 + 2 kHz
obtained from the fit contains the contribution I'oop = 2.3 + 0.1 kHz plus a contribution
from instantaneous spectral diffusion that can be estimated from the data of Figure 49 to
be ~ 0.5 kHz. The residual 3.2 kHz is within the experimental and fitting uncertainties,
although some portion of this width is undoubtedly due to Y nuclear spin fluctuations.
There is also a small contribution from vanadium electron spin fluctuations; V* is
present as a consequence of flux growth at a concentration of 0.01% estimated from the
intensity of an eight-line °V* (I = 7/2) pseudo-S-state EPR spectrhm. These crystals also
had a broad absorption band starting at 410 nm extending beyond 300 nm which we

attribute to V*.
Conclusion

In conclusion, we have characterized the optical dephasing mechanisms for a new
material, Tm*":Y,Si,0;. These studies were motivated by a search for materials with a .
broad inho.mogeneous linewidth Ty and long optical dephasing time T, (narrow I},), as
these ﬁe advantages for optically-addressed data storage and signal processing. The broad

Tian of 100 GHz for the *Hs (1) — *Hy (1) transition of Tm®*:Y,Si,0; provides five times
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greater signal processing bandwidth than provided by previously known Tm®" materials;

furthermore, this transition at 790 nm is well suited for use with available semiconductor

diode-lasers. Our earlier studies of silicates'® !7 had indicated that Y,Si,07 should be a
good host for exceptionally long dephasing times on this transition; however, this was not
the case due to a strong temperature-dependent’ phonon-induced dephasing and a
relatively short fluorescence lifetirﬂe. The temperature dépendence .arose from an

“accidentally” small ground state crystal field splitting of 6 cm™. Even though I3 is

broader than expected, the theoretical storage density I'ipn/Th = 7 x 10° is competitive with

other known materials such .as Tm3+:Y3A15012. Some decrease in the homogeneous
linewidth might be achieved with material purity improvements that are under way. Other

“low nuclear magnetism” hosts remain to be investigated.

This work has been published in Optics Letters.2*
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2.3 kHz (T2 limit)

Temperature (K)

Figure 50. Temperature dependence of homogeneous linewidth of the 3H6 (I)
—>3H4 (1) transition of 0.1% Tm3Tin YiSizO?. The solid line is a fit to Eq. (4.2)
representing the direct phonon process. All measurements were obtained using
an excitation power density of 9.6 W/cm2.
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CHAPTER 5

SYMMETRY CONSIDERATIONS REGARDING LIGHT PROPAGATION AND
LIGHT POLARIZATION FOR COHERENT INTERACTION WITH IONS IN
CRYSTALS

Introduction

Coherent interactions of light beams with ions in crystals havc-e been studied
extensively.! Recently a number of new opto-electroni‘c'-d‘evices have been invented based
on the principles of optical coherent transients, spectral holeburning, and spatial-spectral
holdgraphy. Applications include time-domain optical data §toragé, reai—time optical
signal processing, and optical data routing in networks.>™® For a laser with arbitrary
propagation and polarization directions the differently oriented sites in a crystal cause the
coherent interaction of the laser and the ions to involve macroscopic material
polarizations oscillating at a number of different optical “Rabi” freq‘uencies; this
difference in optical Rabi frequencies generally reduces the effectiveness of the devices
as a result of opticalh interférehce and the associated complex transient' material
~ polarization behavior. For example, this interference can limit the system bandwidth
(time response and data handling capability) in all of the application areas listed above. It

can also reduce the diffraction efficiency (efficiency of signal selection or deflection) in
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an optical data router for optical communications networks and WaVelength-djvision
multiplexing system.

In this | chapter we provide a general | solution to this material polarization
interference problem for any crystal, resulting in a simple cooperative oscillation of all
actively oscillating ions in the material at a single optical Rabi frequency and a
consequent increase in the efﬁciency and bandwidth (speed-potential) of the optical
electronic devices. The existence of this general solution means that the material
polarization interference problem is no longer a constraint on the choice of active
materials for constructing the optical-electronic devices; previously, efficiency could be
optimized only for materials with orientationally equivalent sites.

Optical nutations have been used to study the coherent interaction. A detailed
theory for optical nutatioﬁ was pfovided by A. I Alekseev and A. M Basharov.!* Here
we give a brief introduction to optical ﬁutation and use the results derived by A. L
Alekseev et al. .

A perfect two-level system that is driven by a resonant, monochromatic ﬁela will
exhibit optical nutation. If an atom is initially in the lower level, the probability that it

will be in the upper state at t; after the field is switched on is
to .
P, = sinZI: [(uer h)dt], 5D
0
where L is the dipole transition strength and E is the optical electric field.

There are three groups of factors in a real system that can modify and damp the

sinusoidal oscillation. First, spontaneous decay and other dephasing mechanisms will
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change the phase and number of oscillating atoms, and consequently the nutation signal
will show reduced modulation depth with time. Sec;ond, the lasér frequency distribution |
and laser spatial distributions (transverse and longitudinal) over the sample will cause
different ensembles of atoms to have different nutation frequencies; signals fr‘om the‘
ensembles will beat with each other and damp the oscillation. Third, different sites in a
crystal usually have different nutation frequencies due to the different projectioné of E
along the local dipoles on orientationally-inequivalent sites. To observe the third effect,
we carefully chpse a' two-level systefn consisting of the *H,(1) and * Hg(1) electronic stétes
of 0.1% Tm3+:Y3Al5012. This crystal had Been studied™ and used for demonstrations in
several applications.'” It has a long spontaneous decay time (T; ~ 800 ps) and a long
dephasing time (T2 ~ 200 ps) at 1.4 K. In this system the- first group of factors has much
less effect than the second and the third. The second group of factors could significantly
damp the oscillation. After integrating the laser frequency distribution and laser spatial
distributions (transverse and longitudinal), for a square input laser ﬁul'se, the optical

nutation signal shown on the transmitted light intensity is

Lo (UEV£(ED, - (5:2)
where E is the electric field in the center of the ‘di'stribution_s, f is a damped oscillating
function with its shape dependent on 'the details of the distributions and its arhplitude
independent of E. For a crystal with different sites 'fhe third effect becomes importa.mt, and

the nutation signal is
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Lo Eil(/tE; Y f(LE;t), (5.3)

where E; is the projection of E along the local i dipole. Due to the béating between
different frequencies, the sunﬁ normally has a complicated irregular shape and smaller |
oscillation amplitude than expected in a single dipole situation. Similar effects have been
observed in atomic beam systems with magnetic substate degeneracy.!>®

An appropriately chosen E field direction in a crystal can make E; in Eq. (5.3) the
same for all excited dipoles and thus-give a simple nutation signal like that given in Eq.
(5.2) for a crystal with single dipole. Th¢ site structure and the selection rules for electric
and magnetic dipole transitions for R**:Y3A1501, were presented in Chapter 1. The
transition dipoles necessarily lie along either x, y, or z for different states. Since the local
X, ¥, z axes of the six sites are oriented differently from each other, even though the sites
are crystallographically-equivalent, the six classes of dipoles (arising from the six classes
of Y>* sites) may be oriented differently. The electric or magnetic ﬁel& vector generally
makes unequal angles with each of the six classes of dipoles, resulting in unequal
transition intensities for different sites and conséquently different nutz;tion frequencies.
However when the electric or magnetic field vector is along certain special directions, the
light field vector (light polarization) may have the same angles relative to all the excited
dipoles resulting in the identical transition intenéities. From the Y3Als0;, symmetry
structure, we predicted two polarizatioh directions applicable to the six transition dipoie,s

in garnet. They are (111), (001) and their equivalents.
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Experiment and Results

A0.1% Tm3+:Y3A15012 crystal was cut witﬁ (110) and (11 1) faces, 3.6 mm along
(110) and 5.3 mm along (11 i). The crystal was immersed in liquid helium at 1.4 K. The
*He(1) <> *Hy(1) transition (793.374 nm in vacuum) has a linewidth of 20 GHz, and an
absorption coefficient of 2.1 cm™ at the center of the transition.

The experimental setup is shown in Figure 51. A single mode cw ring Ti/sapphire
laser (Coherent 899) pumped by an argon ion laser (Coherent Sabre 20/4) was used in this
experiment. It has 1 MHz frequency jitFer. A laser power controller (Cambridge LPC)
maintained constant laser power on the crystal in different.experimental conditions. Two
A/O modulators were used to generate squaie pulses with 20 u's duration at 20 Hz
repetition rate. The laser was focused into the A/O modulators to produce pulses with a
fast rising edge of about 50 ns. An aperture was used to clip the edge of the collimated
laser beam to make the transverse laser intensity distribution more uniform, thus reducing
the damping of the nutation signal. Changing the laser polarization direction was

accomplished by rotating a A/2 retarder and a Glan-Taylor polarizing prism. An 8-cm lens
was used to focus the laser onto the crystal with 14 pm waist radius. The crystal was

oriented so that the laser propagated either along the (1 TO) or the (111) direction. The
transmitted light was measured by an EG&G FDN-100 photodiode and averaged with a

digitizing oscilloscope.
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A/O

Figure 51. Schematic of the experimental setup for optical nutation.
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Since 3H6(1) has I", symmetry and 3H4(1) ha§ I symmetry,20 the 3H6(1) > 3H4(1)
transition (793.374 nm in vacuum) is electric dipole allovs;ed, and the transition dipole
between these states is necessarily directed along the local y axis. When the electric field
vector of the laser is along any of the three-fold symmetry axes [(111) and its
equivalents], the laser induces transition at identical Rabi frequencies for 3 sites (# 1, 4, 6
in Figure 2) and has no interaction with the remaining three. Data are I;resented in Figure
52 for light propagating along the (110) direction, where the special single Rabi
frequency optical nutation behavior for light polarized along (111) is evident for the solid
trace. The dashed trace in Figure 52 shows another single Rabi frequency optical nutation
which occurs for polarization along any of the crystal’s four-fold symmetry axes [(001)
. and its equivalents], where the laser induces transitions at identical Rabi frequencies for 4
sites (# 3, 4, 5, 6 in Figure 2) and has no interaction with the remaining two. Using Eq.

. (5.3), the nutation signals for E along (111) and (001) are

2 ‘ . 2
2 2 o 1 1
Lo = 3C(\/;E) f( EEt) and Ty, = 4C[\/;E) f( EEt)'

From the above equations, we expect I 111y and Lgory to have the séme amplitudes and the
oscillation of I11) to be 15% faster than Loy under the same laser power. Both of these
are consistent witﬁ the nutation traces shown Figure 52. The damping of each trace is
mostly due to the laser spatiai intensity distributions. Clipping the edge of the laser beam
with an aperture improves the uniformity of the laser spatial intensity distributions and, in
turn decreases the dampihg. The optical nutation signal I11) was recorded as a function

of laser power. The laser power was adjusted from 0.3 to 800 mW. We found the nutation
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frequengies to be ‘pioporﬁoné.l to the laser elec.:triC field and nutation amplitudes
proportional to the laser intensity as shown in Figure 53. These are expected according to
Eq. (5.2).

The bottomvtrace of Figure 54 is an experimental nutation trace for B along a
typical (multiple Rai)i freciuency) direction which is 12° from (110) and 78° from (001).
Since Eis in the (110) plane, it induces three kinds of transitions from si£e 1, sites 3 and
5, and sites 4 and 6. These three single dipole components can be calculated from the
111y data by adjusting the amplitude and ‘horizontal scale a;:cording to the projection of

Eon the dipoles. These calculated signals are plotted in Figure 54 and their sum

according Eq. (5.3) is in good agreement with the real nutation data.
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Time (cg)
Figure 52. Observed nutation signal of the 3He(l) 3H4(1) transition of the 0.1%

Tm3Y 3AI50i2crystal for a laser propagating along the (I 10) direction. The solid trace is with
the light electric field polarized along (111), the dashed trace is with the light electric field

along (001).

The optical nutation for light propagating along the (111) direction was also
studied. As the electric field vector was rotated, the nutation signal was recorded. None of
them has a special single Rabi frequency optical nutation behavior since the electric field
vector does not have same projection on all the dipoles. We also observed that the

nutation traces repeat themselves as the E was rotated by 60°, since the (111) direction is

a three fold symmetry axis and the inversion symmetry of the electric dipoles.
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power dependence of nutation frequency
3H6(1) <==> 3H4(1) 0.1%Tm:YAG

squareroot of laser power ( mMW1/2)

Figure 53. The nutation frequencies vs. the laser electric field. The laser electric field
vector is along (111). The solid line is a linear fit through the origin.
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In summary, after carefully c‘onsidering the Y3Al50;; crystal symmetry, we found
two special polarization directions (111) and (001), for which all sites being excited by
the light have the same projection of the light field onto the transition dipoles. This was
verified by optiéal nutation signals for Tm®" in this host. In each of the “single-dipole”
cases, the crystal exhibits the desired cooperative properties under cohérent illumination.
The complicated irregular shape of some optical nutation signals for arbitrary polarization
directions is due to the beating of the different frequency signals from several sites in the
crystal.

For. arbitrary ci'ystal symmetry, a general. procedure for finding single Rabi
frequency directions for a crystal with m independént transition dipé‘le directions has been
developed: )

a) Find a direction with equal projections on a subset n of the m different local dipole

directions (n<m) where n is chosen to make this direction -perpendicular to the

remaining (m-n) dipoles.
b) Propagate the light beam perpendicular to the direction chosen in step a). |
c¢) Choose the light ‘polarizatic‘)n along the Airection chosen in stép a). |
This procedure was applied to Eu:Y203,21'26 Pr:LaF3,27'30 Pr:YAlO3‘,29'31'35 and
Eu:Y;Si05>%%® which have been extensively studied for optical céherent interactions..

Single Rabi frequency directions were predicted for each of them. The detailed results are

shown in Table 18.
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.......... Bin atypical direction

-------- Sum of all site components
......... gte 1 component

......... gte 3 and 5 components
------- site 4 and 6 components

Time (o)

Figure 54. Nutation signal of the 3He(l) FLt(I) transition of 0.1% Tm3HY3AIsOn for
a laser propagating along the (I 10) direction. The dotted trace is the experimental trace
with the electric field vector of the light polarized 12° from (110) and 78° from (00 I).
The three dashed traces are simulated nutation signals for the three kinds of dipoles
using the single Rabi frequency data. The sum of the three dashed traces according to
Eq. (3) is shown in the solid trace which is in good agreement with the experimental
nutation data (dotted trace), for that direction.
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Table 18. Single Rabi frequency directions for several important rare earth doped crystals.

Eu IY203

Tm:Y;AL0;, PriLaF, Pr:YAIO, Eu1Y,Si0;
Space Group Cubic Cubic Trigonal Orthorhombic Monoclinic
| Ja3d Ia3 P3cl Pbnm C2/c
Site Symmetry D, C, C, Cun C; for two
G5 inequivalent
nonactive) crystallograpic
sites
# of 6 6 3 2 2 for each
Orientationally- crystallographic
Inequivalent Sites - site
Transition SHe(0) "Fo>Do *H,0) *H(0) &D0) | Fer Dy
SH(O) -'Dy0) |
Dipole Nature and | ED // (110) and | ED//(001) | ED// local C; | ED L crystal ¢ NA
Directions its equivalenfs and its axes which are axis
equivalents. L crystal ¢
axis
Single Rabi /I (1 11), (601) /1 (111), 1 any local C; In ac or bc‘ | Intwo planes
Frequency and their | (001), (110) axis, most plane, most which bisect the
Directions | equivalents(™™* and their efficient when | efficient when // ‘ two dipole
work) equivalents | also 1 crystalc | @axisor//b moments
axis axis

Note: ED - Electric Dipole
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Conclusion

In conclusioﬁ, a general procedure is provided to select‘ a “single-dipole” in
crystals. It was applied to the garnet system and two special directions were confirmed
using optical nutation. In applications utilizing coherent interaction, this procedure solves
the ﬁaterial polarization interference problem, while allowing use of materials with

otherwise ideal properties that would have been rejected.
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CHAPTER 6

SUMMARY

A systematic study of defect and coﬁerent transient optical spectroscopy of rare
earth doped crystals has been presented.

In this' study, ‘the spectroscopic properties for R3* doped Y‘3A15012 crystals are
| related to the crystal structures. The ideal local symmetry of the Y** ions in Y3A15'012‘
crystal is D,. When the R** ions are doped into the Y3AlsO5 lcrysta.l, they will primarily
subétitute for the Y** ions,‘ and one expects the D, symmetry to be preserved. The
recorded transitions in wl;ite light absorption and fluorescence speétra of the R*" ions
were consistent with the transition selection rules of D, 'éymmetry, confirming this
expectation.

The R* ions in sites with D, symmetry have“‘ their nuclear principal axes
constrained to (001), (1-10), and (110). These directions were measured and confirmed té
within + 2 dégrecs with the Raman heterodyne ODNMR on Pr*:Y3A15s0,.

The D, symmetry was _also éonﬁnned in optical nutation measurements on
Tm3+:Y3A15012. According to the lécal D, symmetry and garnet’s cubic crystal symmetry,
the optical nutation will show single Rabi frequency behavior, when a laser polarization

is along one of the two special directions. These directions were experimentally verified
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- as along (111) and (001). A general procedure was provided to find single Rabi frequency
directions for other crystals based on symmetry considerations.

Within + 60 cm™ of th intrinsic site optical transitions, weak satellite transitions
were observed in white light absorption spectra. They are transitions of the R** ions in
slightly perturbed Y3+ sites. A quantitative study of the absorption intensities indiﬂcates
that 4-7% of the dopant§ appeared in the defect sites for the Eu**, Ho>*, Er'3+ and Tm>*
doped Y3Al50;; crystals, and 15-21% of the dopants appeared in the defect sites for Pr-*
and Nd* doped Y3Al501, crystals. These percentages of the defect concentrations were
found to be independent of the dopant conceptration. It was known that during Y3A1501,
crystal growth at high temperature, a 1% excess of Y** ions substitute for AI** ions
causing the compositidn to deviate slightly from stoichiometry. These excess Y>* ions can
perturb a certain small percentage of the normal Y** sites. When R*" jons are doped into
the crystal, some R** ions appear at these perturbed sites and possibly resulting in the
weak satellite transitions mentioned above.

| The struc;:ure and symmetry of defect sites for Pr3+:Y3A15012 crystal were
investigated using Raman heterodyne ODNMR data. One defect site was determined to
have C; symmetry. The defect site could be attributed to a perturbed Y>* site with one of
~ its nearest neighboring AP** jon substituted by an excess Y>* ion. This substitution would
‘reduce the local site symmetry from D, to C;. |

Further defect study on Er;AlsO;; has been proposed. In addition to Er’t ions in

sites with D, symmetry, some excess Er’* ions are expected to substitute fc;r AI** jons in

Cj; sites. Although the electric dipole transition of Er** in a 'Cj; site is forbidden, some
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magnetic dipole transitions are allowed. _A preliminary white light absorption
measurement showed a set of vibronic transitions which might originate from the Er** in
Cs; sites. More experiments for these magnetic dipole transition could provide new
insigh}.s into defect site structure in garnets.

Optical dépilasing measurements for Tm3+:Y2S[izO7 have also been presented. The
optical dephasing for Tm’*:Y,Si,O7 has a strong tempe;raturé dependence that is due to
phonon coﬁpiing bétween the closely spaced states *Hg(1) and *Hg(2). A homogeneous

linewidth of 14 kHz was measured at 1.24 k for the *Hg(1) —3Hy(1) transition via photon

echo meésurements. The inhomogeneous linewidth of 100 GHz was measured via white
light absorption. This relatively broad inhomogeneous linewidth combined with the
narrow homogeneous linewidth, a transition wavelength suitable for GaAlAs
semiconductor lasers, and the absence of hyperfine structure hole burning make this
material an interesting candidate for time-domain signal‘ processing and transient

optically-addressed data storage.
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APPENDIX
Programs for Angle Dependent ODNMR Data Analysis in Y;Al;0,, Crystals

Batch File for Combining the Fitting, Drawing, and Plotting Programs with Data Files

REM all files to to "c:\users\guangming\program\fortran\datayag\defect"
CD c:\users\guangming\program\fortran\datayag\defect\
c:\users\guangming\program\fortran\angle yg\angle yg.exe
c:\users\guangming\program\fortran\drawyag\drawyag.exe

start c:\users\guangming\program\fortran\plotyag\plotyag.exe
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Program: angle vye.for -

PROGRAM angle_yg
CC Revised from angle_fit for YAG crystal ﬁttmg
CC Nov. 1, 1996 by Guangming Wang

¢]

O 0000000606000

CcC

CC The units are: MHz, ,Gauss, degree degree,degree,degree kHz/g kHz/g kHz/g:

replace 16 with 48 X
this program need to link with the program fdf_yag .
a fitting program to get the directions of the nuclear quadrupole
axes from angular dependent odnr zeeman data
X,y represent the data pairs
a holds the parameters to be fitted
b is the zeemian field at input and used as the measure of the
splittings later on
sig records the standard dev1at10ns for individual data points
chisq tells how good is the fit. chi squared
fdf_yag is the function to calculate the function fitting into y and its
jacobian. See numerical recipes for the uses of the subroutines
typed in capital letters

implicit none

integer i,j,k,l,ma,lista(20),mfit,ndata(48)

real x(48,100),y(48,100),x1,a(20),b,xxx,p,eta,z,test

real sig(48,100),covar(20,20), alpha(20 20) chisq,alamda
real alp,beta,gamma

charactertitle*20

external fdf_yag

total 8 parameters dependent, 6 are to be fitted
mfit=6 :
ma=6

xl is the conversion factor between degree and radian, pi/180
x1=0.01745329

input the parameters from ’param1.dat’
open(unit=4,status="old’,file="param1.dat’)

read(4,*) p
read(4,*) eta

‘read(4,%) z

read(4,*) xxx
read(4,*) a(l)
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read(4,*) a(2)
read(4,*) a(3)
read(4,*) a(4)
read(4,*) a(5)
read(4,*) a(6)
close(unit=4)

debug used
write(*,*) p
write(*,*) eta
write(*,*) z
write(*,*) xxx
write(*,*) a(l)
write(*,*) a(2)
write(*,*) a(3)
write(*,*) a(4)
write(*,*) a(5)
write(*,*) a(6)

initialize the list of the parameters to be fitted
do 1001 i=1,mfit
lista(i)=i

1001 continue

Cc

input of the data
a fake standard deviation of each data point.
Better if we have them and read them in
namelist is the file that contains all the filenames of the
different lines in the spectrum

open(unit=2,status="old’,file="namelist.dat’)

do1111i=1,48

read(2,1112)title

read(2,1112)title

if (title .eq. 'none’) then

ndata(i)=0

goto 1111

end if

open(unit=3,status="old’ file=title)

write(*,*)title

do 1113 k=1,100

read(3,*,end=1115)x(i,k),y(i,k)
write(*,*)x(i,k),y(i,k)

x(1,k)=(x(i,k)-xxx)*x1

1113 continue
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1115 ndata(i)=k-1
close(unit=3)
1111 continue
- 1112 format(a20)
C 1114 format(2f13.6)
close(unit=2)
do 3001 j=1,48
do 3002 k=1,100
sig(j,k)=0.04
3002 continue
3001 continue

_C 1.0559 MHz/KG for 151Eu nuclei.
-a(1)=a(1)*xl

a(2)=a(2)*x1

a(3)=a(3)*xl

a(4)=a(4)*z/1000

a(5)=a(5)*z/1000

a(6)=a(6)*z/1000

¢ a(4-6) correspond to betas now

¢ required alamda < O to initialize the program
alamda=-0.1
test=0
do 1002 j=1,100
write (*,*) start looping’
call mrqmin(x,y,sig,ndata,a,ma,lista,mfit,
& covar,alpha,mfit,chisq,fdf yag,alamda)
write (*,*) ’end looping’

¢  converting back to what we like to see
write (*,*) ’Iteration number =’, j
write(*,*)a(1)/x1,a(2)/x1,a(3)/x1
write(*,%)1000*a(4)/z,1000%*a(5)/z,1000*a(6)/z
write(*,*) *chisq=",chisq ’
test=abs(test~chisq)
write(*,*) "test=",test
if( test .1t. 0.0001*chisq ) then

write(*,*); give a one digit number to continue, 2 digit to stop’
read(*,*)k '
if(k .It. 10) goto 1002
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alamda=0.

call mrgmin(x,y,sig,ndata,a,ma,lista,mfit,
& . covar,alpha,mfit,chisq,fdf yag,alamda)
write(*,%¥)a(1)/xL,a(2)/x1,a(3)/x!
write(*,*)1000*a(4)/z,1000*a(5)/z,1000*a(6)/z
write(*,*)chisq

CC  Output the parameters to paraml.dat’
open(unit=4,status="old’ ,file="param1.dat’)
. write(4,*) p
write(4,*) eta
write(4,*) z
write(4,*) xxx
write(4,*) a(1)/xl
write(4,*) a(2)/xl
write(4,*) "a(3)/xl
write(4,*) 1000*a(4)/z
write(4,*) 1000*a(5)/z
write(4,*) 1000*a(6)/z
close(unit=4) f
goto 1014
else
test=chisq
end if
1002 continue

1014 write(*,*)’done’
end

¢  These routines are copied from Numerical recipes
SUBROUTINE MRQMIN(x,y,SIG,NDATA,A,MA,LISTA , MFIT,
. * COVAR,ALPHA NCA,CHISQ,FUNCS,ALAMDA) ‘
PARAMETER (MMAX=20)
DIMENSION X(48,100),Y(48,100),SIG(48,100),A(MA),LISTA(MA),
ES

COVAR(NCA,NCA),ALPHA(NCA,NCA),ATRY(MMAX),BETA(MMAX),DA(MMA ‘
X) : : ‘ .
D[MENSION NDATA((48)
external funcs




171

real alamda
IF(ALAMDA .LT. 0)THEN
- KK=MFIT+1
DO 12 J=1,MA
HIT=0
DO 11 K=1,MFIT
IF(LISTA(K).EQ.J)IHIT=IHIT+1
11 CONTINUE
IF (IHIT.EQ.0) THEN
LISTAXK)=J
KK=KK+1
ELSE IF (IHIT.GT.1) THEN
PAUSE ’Improper permutation in LISTA’
ENDIF

12 CONTINUE
IF (KK.NE.(MA+1)) PAUSE ’Improper permutatlon in LISTA’
ALAMDA=0.001
CALL "

MRQCOF(X,Y,SIG,NDATA,A,MA,LISTA,MFIT,ALPHA,BETA,NCA,CHISQ,
& FUNCS)

OCHISQ=CHISQ
DO 13 J=1,MA
ATRY(J)=AQ)

13 CONTINUE
ENDIF
DO 15 J=1,MFIT
DO 14 K=1 MFIT

COVAR(J,K)=ALPHA(J,K)

14 CONTINUE
COVAR(J,J)=ALPHA(J,J)*(1.+ALAMDA)
DA@J)=BETA(QJ)

15 CONTINUE .
CALL GAUSSJ(COVAR,MFIT,NCA,DA,1,1)
IF(ALAMDA .EQ.0.)THEN

. CALL COVSRT(COVAR,NCAMA,LISTA MEFIT)
RETURN
ENDIF
DO 16 J=1, MFIT
ATRY(LISTA(M)=AIISTAI))+DA(J)

16 CONTINUE |
CALL

MRQCOF(X,Y,SIG,NDATA,ATRY MA,LISTA ,MFIT, COVAR DA,NCA ,CHISQ,
& funcs)
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IF(CHISQ.LT.OCHISQ)THEN

ALAMDA=0.1*ALAMDA

OCHISQ=CHISQ

DO 18 J=1,MFIT

DO 17 K=1,MFIT
ALPHA(J,K)=COVAR(J,K)
CONTINUE

BETA())=DA(J)

ALISTAQ))=ATRY(LISTA()))
CONTINUE

ELSE

ALAMDA=10.*ALAMDA

CHISQ=0CHISQ

ENDIF

RETURN

END

called by mrqmin
SUBROUTINE MRQCOF(X,Y,SIG,ndata, A, MA,LISTA, MFIT, ALPHA ,BETA,
* NALP,CHISQ,FUNCS) |
PARAMETER (MMAX=20)
DIMENSION X(48,100),Y(48,100),S1G(48,100), ALPHA(NALP NALP), .
* BETA(MA),DYDA(MMAX),LISTA(MFIT),A(MA),ndata(48)
DO 12 J=1 MFIT
DO 11 K=1J

ALPHA(J,K)=0.

CONTINUE

BETA®J)=0.

CONTINUE
CHISQ=0.
DO 151 JJ=1,48 o
IF(NDATA(JJ) .LE. 1) GOTO 151
DO 15 I=1,NDATA(JJ)
CALL FUNCS(X(JJ,1),A,YMOD,DYDA ,MA,JJ)
SIG2I=1./(SIG(J,1)*SIG(J,1))
DY=Y({JJ,)-YMOD
DO 14 J=1 MFIT

WT=DYDA(LISTA(J))*SIG2I

. DO 13K=1,J

ALPHA(J,K)=ALPHA(J, K)+WT*DYDA(LISTA(K)),
CONTINUE
BETA(J)=BETA(J)+DY*WT
CONTINUE
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CHISQ=CHISQ+DY*DY*SIG2I
15 CONTINUE
151 CONTINUE
DO 17 J=2, MFIT
DO 16 K=1,J-1
ALPHA(K,J))=ALPHA(J, K)
16 CONTINUE
17 CONTINUE
-RETURN
END

c called by Mrgmin
SUBROUTINE COVSRT(COVAR,NCVM,MA,LISTA,MFIT)
DIMENSION COVAR(NCVM, NCVM) LISTA(MFIT)
DO 12 J=1,MA-1
DO 11 I=J+1,MA
COVAR(,1)=0.
11 CONTINUE
12 CONTINUE
DO 14 I=1,MFIT-1
DO 13 J=I+1, MFIT
IF(LISTA(J).GT.LISTA(I)) THEN
COVAR(LISTA()) LISTA(I)):COVAR(I 1))
ELSE
COVAR(LISTAQ), LISTA(J)) COVAR())
ENDIF :
13 CONTINUE
14 CONTINUE
SWAP=COVAR(1,1)
DO 157=1,MA
COVAR(1,))=COVAR(.))
. COVAR(J,)=0.
15 CONTINUE
COVAR(LISTA(1), LISTA(I)) SWAP
DO 16 J=2,MFIT
COVAR(LISTA(J),LISTA(J))=COVAR(1 J)
16 CONTINUE
DO 18 J=2,MA
DO 17 I=1,J-1
COVAR(I,))=COVAR(,D)
17 CONTINUE
18 CONTINUE
RETURN
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END
¢ called by mrqcof
SUBROUTINE GAUSSJ(A,N,NP,B,M,MP)
PARAMETER (NMAX=50)
DIMENSION
A(NP,NP),B(NP,MP), ]PIV(NMAX) INDXR(NMAX), INDXC(NMAX)
DO 11J=1,N
IPIV()=0
11 CONTINUE
DO 22 1=1,N
BIG=0.
DO 13 J=1;,N
IF(IPIV({J).NE.1)THEN
DO 12 K=1,N
IF (IPIV(K).EQ.0) THEN
IF (ABS(A(J,K)).GE.BIG)THEN
BIG=ABS(A(J,K))
IROW=J
ICOL=K
ENDIF
ELSE IF (IPIV(K).GT.1) THEN
PAUSE ’Singular matrix’
ENDIF
12 CONTINUE
ENDIF
13 CONTINUE
IPIV(ICOL)=IPIVICOL)+1
IF (IROW.NE.ICOL) THEN
DO 14 L=1,N
DUM=A(IROW,L)
AJROW,L)=A(ICOL,L)
A(JICOL,L)=DUM
14 CONTINUE
DO 15L=1M
DUM=B(IROW,L)
B(IROW,L)=B(ICOL,L)
B(ICOL,L)=DUM
15 CONTINUE
ENDIF
INDXR(I)=IROW -
INDXC(I)=ICOL
IF (A(JCOL,ICOL).EQ.0.) PAUSE Smgular matrix.’
PIVINV=1./A(ICOL,ICOL)
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A(ICOL,ICOL)=1.
DO 16 L=1,N
A(ICOL,L)=A(ICOL,L)*PIVINV
16 CONTINUE
DO 17L=1M
B(ICOL,L)=B(ICOL,L)*PIVINV
17 CONTINUE
DO 21 LL=1,N
IF(LL.NE.ICOL)THEN
DUM=A(LL,ICOL)
A(LL,ICOL)=0.
DO 18 L=1N
A(LL,L)=A(LL,L)-A(ICOL,L)*DUM
18 CONTINUE :
DO 19 L=1.M
B(LL,L)=B(LL,L)-B(ICOL,L)*DUM
19 CONTINUE
ENDIF
21 CONTINUE
22 CONTINUE
DO 24 L=N,1,-1
IF(INDXR(L).NE.INDXC(L))THEN
DO 23 K=1,N
DUM=A(K,INDXR(L))
A(K,INDXR(L))=A(K,INDXC(L))
A(K,INDXC())=DUM -
23  CONTINUE
ENDIF
24 CONTINUE
RETURN
END
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Program: fdf vag.for

CC Revised from fdf for YAG crystal fitting

CC Nov. 1, 1996 by Guangming Wang

c this is a subroutine to be used by the angle_yg program

it calculates eigenvalues of the nuclear quadruple hamiltonian and
the difference between certain two sets of the eigenvalue.

At the same time, it will calculate the jacobian relative to the
parameters '

X is the angle data and y is the frequency data

a in the order of alpha,beta,gamma,bx,by,bz

O 000060

subroutine fdf_yag(x,a,y,dyda,na,label)

dimension a(na),dyda(na),b(8)
y=f(a,x,label)
do 11i=l,na
b(i)=a(i)+0.0001
dyda(i)=(f(b,x,label)-y)/0.0001
b(i)=a(i)

11 continue
return
end

depending which curve we are fitting to,the arguments of d should be
changed, lup is the upper level
llo is the lower level of the transition
lal tells where we are looking
1----closest to the c-a plane
2 and 3 looking through ca’ plane
4---- farthest.
function f(para,x,label)
real para(8),x,a(12,12),d(12),v(12,12),eta d1r(3) eul(3,3), hp1,ph1
integer nrot,n,np,label,labell,upper,lower
integer s
real coord(12,3)
external jacobi
n=12
np=12
‘¢ intrinsic site 11.36,0.733 defect 8.773, 0. 6172
p=11.36
- ¢ eta=0.733

O 0000060

(¢]
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p=8.773
eta=0.6172

twelve sites under cubic symmetry
label1=mod(label,4)
if(labell .eq. 1) then
upper= 5
lower=11
else if(labell .eq. 2) then
upper=5
lower=9
else if(labell .eq. 3) then
upper= 7 ‘
lower=11
else
upper= 7
lower=9
end if

s=int((label-1)/4)+1
coord(s,1)=(-1)**(s+1)*para(1)-1.5707963*(int((s+1)/2)-1)
coord(s,2)=para(2)

coord(s,3)=(-1)**(s+1)*para(3)

call euler(coord(s,1), coord(s,2), coord(s,3),eul)

field direction rotate from 001 to 110
the 4 top sites and the 8 side sites have different views
if (s .LE. 4) then

dir(1)=sin(x)/2**0.5
dir(2)=sin(x)/2**0.5

dir(3)=cos(x)
else

dir(1)=-cos(x)

dir(2)=sin(x)/2**0.5
dir(3)=sin(x)/2**0.5
end if

call trans(eul,dir)

call matrix(a,p,eta,dir,para)
call jacobi(a,n,np,d,v,nrot)
call eigsrt(d,v,n,np)
f=d(upper)-d(lower)

return

end
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subroutine matrix(a,p,eta,dir,para)

dimension a(12,12),a1(6,6),b(6,6),para(6)

real eta,dir(3),p,bx,by,bz,x,y,z,xi,xi0

integer i,j,k
¢ this is to create a hamiltonian matrix for nuclear quadruple and
nuclear zeeman interaction, accordmg to p.8.5 of Hansen thes1s
c real part of the matrix,symmetric

bx=para(4)

by=para(5)

bz=para(6) ~

do 1100 i=1,12

do 1200 j=1,12

a(i,j)=0.
1200 continue
1100 continue

(¢]

do 10i=1,6
do20j=1,i
al(i,j)=0.

20" continue

10  continue
x=dir(3)*bz
y=dir(1)*bx
al(1,1)=10.*%p/3.+2.5%x
al(2,1)=sqrt(5.)/2.*y
al(3,1)=sqrt(10.)*eta*p/3.
al(2,2)=-2.*p/3.+1.5*x
al(3,2)=sqrt(2.)*y
al(4,2)=sqrt(2.)*eta*p

© al(3,3)=-8.*%p/3.+x/2.

al(4,3)=1.5%y
al(5,3)=al(4,2)
al(4,4)=-8./3.*p-x/2.
al(5,4)=al(3,2)
al(6,4)=al(3,1)
al(5,5)=-2.%p/3.-1.5%x |
al(6,5)=al(2,1)
al(6,6)=10.*p/3.-2. 5*x
do 30i=1,6
do 40 j=i1,6
al(i,j)=al(j, 1)

40 continue




30

CcC

60
50

80
70

cC
cC
cC
CcC
C

100
110

120
130

140

continue

imaginary part, b(i,j)=-b(j,i)

only three independent quatities

x=by*dir(2) -
y=sqrt(2.)*x
z=1.5%x
x=sqrt(5.)/2.*x
do 50i=1,6
do 60 j=1,i
b(i,j)=0.
continue
continue
b(2,1)=x
b(3,2)=y
b(4,3)=z
b(5,4)=y
b(6,5)=x
do 70i=1,6
do 80 j=i,6
b(i,j)=-b(j,1)
continue
continue

completed

need to put these two together .
lal -bl ‘
b all

this is a symmetric matrix

do 110 i=1,6
do 100 j=1,6
a(i,j)=al(ij)
continue
continue

do 130 i=1,6
do 120 j=7,12
a(i’j)="b(i’j'6)
continue
continue

do 150i=7,12
do 140 j=1,6
a(i,))=b(i-6,))
continue

179 -
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150 continue
do 170i=7,12
do 160 j=7,12
a(i,j)=al(i-6,j-6)

160 continue

170  continue

return
end

¢ copied from numerical recipes, eigsrt puts eigenvalues in order
¢ according to the magnitude B
SUBROUTINE EIGSRT(D,V,N,NP)
DIMENSION D(NP),V(NP,NP)
DO 13 I=1,N-1
K=l
P=D()
DO 11 J=I+1,N q
IF(D@J).GE.P)THEN
- K=J
P=D(J)
ENDIF
11 CONTINUE
IF(K.NE.)THEN
D(K)=D(I)
DD)=P
DO 12 J=1,N
P=V(.I)
V({J,.D)=V({J.K)
V({J.,K)=P
12 -CONTINUE
ENDIF
13 CONTINUE
RETURN
END

¢ Jocobi method to find the eigenvalues of a matrix
SUBROUTINE JACOBI(A,N,NP,D,V,NROT)
PARAMETER (NMAX=100) ¢
DIMENSION A(NP,NP),D(NP),V(NP, NP), B(NMAX) Z(NMAX)
DO 12 1P=1,N
DO 11 1Q=1,N
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V(IP,JQ)=0.
11 CONTINUE
V(IP,IP)=1.
12 ‘CONTINUE
DO 13 IP=1,N
B(IP)=A(IP,IP)
D(IP)=B(IP)
Z(IP)=0.
13 CONTINUE
NROT=0
DO 24 I=1,50
SM=0.
DO 15 IP=1,N-1
DO 14 IQ=IP+1,N
SM=SM+ABS(A(IP,IQ))
14  CONTINUE
15 CONTINUE
IF(SM.EQ.0.)RETURN
. IF(LLT.4)THEN
TRESH=0.2*SM/N#**2
ELSE
TRESH=0.
ENDIF
DO 22 IP=1,N-1
DO 21 IQ=IP+1,N
G=100.*ABS(A(IP,IQ))
IF((L.GT.4).AND.(ABS(D(IP))+G.EQ.ABS(D(IP)))
*  AND.(ABS(D(IQ))+G.EQ.ABS(D(IQ))))THEN
A(IP,IQ)=0. -
ELSE IF(ABS(A(IP,IQ)).GT.TRESH)THEN
.H=D{IQ)-D(IP)
IF(ABS(H)+G.EQ.ABS(H))THEN
T=A(IP,JQ/H '
ELSE
THETA=0.5*H/A(IP,IQ)
T=1./(ABS(THETA)+SQRT(1.+THETA**2)). -
IF(THETA LT. 0.)T=-T
ENDIF -
C=1./SQRT(1+T**2)
S=T*C
TAU=S/(1.+C)
. H=T*A(IP,IQ)
Z(IP)=Z(IP)-H
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Z(IQ)=Z(IQ)+H
D(IP)=D(IP)-H
D(IQ)=D(IQ)+H
A(IP,IQ)=0.
DO 16 J=1,IP-1
'G=A({J,IP)
H=A(J,IQ)
A(J,IP)=G-S*(H+G*TAU)
A(1,IQ)=H+S*(G-H*TAU)
CONTINUE
DO 17 J=IP+1,1Q-1
G=A(IP,J)
H=A(J,IQ).
A(IP,J)=G-S*(H+G*TAU)
A, JQ)=H+S*(G-H*TAU)
CONTINUE
DO 18 J=IQ+1,N
G=A(IP,)
H=A(IQ,J)
A(IP,])=G-S*(H+G*TAU)
A(IQ,))=H+S*(G-H*TAU)
CONTINUE
DO 19 J=1,N
G=V({J,IP)
H=V(J,IQ) |
V(J,IP)=G-S*(H+G*TAU)
V(1,IQ)=H+S*(G-H*TAU)

- CONTINUE

NROT=NROT+1
ENDIF

21 CONTINUE
22 CONTINUE
DO 23 IP=1,N
B{P)=B(IP)+ZP)
D(IP)=B(IP)
. Z(IP)=0.
23 CONTINUE
24 CONTINUE
PAUSE ’50 iterations should nev
RETURN
END

c the following gives the transformation matrix by euler angles

er happen’ -

2

¢  make sure the input for angles are in radians
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subroutine  euler(alp,bet,gam,eul)

real alp,bet,gam,eul(3,3)
eul(1,1)=-sin(alp)*sin(gam)+cos(alp)*cos(bet)*cos(gam)
eul(1,2)=cos(alp)*sin(gam)+sin(alp)*cos(bet)*cos(gam)
eul(1,3)=-sin(bet)*cos(gam)
eul(2,1)=-sin(alp)*cos(gam)-cos(alp)*cos(bet)*sin(gam)
eul(2,2)=cos(alp)*cos(gam)- s1n(a1p)*cos(bet)*sm(gam)
eul(2,3)=sin(bet)*sin(gam)

eul(3,1)=cos(alp)*sin(bet)

eul(3,2)=sin(alp)*sin(bet)

eul(3,3)=cos(bet)

return

end

subroutine trans(eul,dir)
c thos routine transforms the lab coordinates into the local
c coordinates for the defects
real eul(3,3),dir(3),x,y
x=eul(1,1)*dir(1)+eul(1,2)*dir(2)+eul(1,3)*dir(3)
y=eul(2,1)*dir(1)+eul(2,2)*dir(2)+eul(2,3)*dir(3)
dir(3)=eul(3,1)*dir(1)+eul(3,2)*dir(2)+eul(3,3)*dir(3)
dir(1)=x
dir(2)=y
return
end
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Program: drawvag.for

c The method listed in séction 11.4 in NR is used for the calculation of
¢ the eigenvalues of the Hermitian matrix

cc  driver for routines of eigenvalue calculation
CC Oct 29, 1996
CC Revise from draw.for for YAG cubic symmetry
CC 16s5sites :
¢ , implicit none -
a is the working matrix and also output the eigenvectors
d will output the eigenvalues
e is working array for nondiagonal elements. no useful output
real a(12,12),d(12),e(12),v(12,12),dir(3)
c lines(sites, transitions,angles)
real 1(12, 8, 100) '
real p,eta,theta,phi,beta,x(200),y,z,bx,by,bz,xi,xi0
¢ coordinates (sites, angles)
real alp,bet,gam, coord(12,3)
real eul(3,3),dat1(2048),dat2(2048)
integer i,j,k,n,np,nrot,m '
integer s,t
n=12
np=12 .
write(*,*)’input of p,eta’
read(*,*)p,eta
p=5.77
eta=0.0001

QO OO0

o0 o0 o

CC input the parameters from ’param1i.dat’
open(unit=4,status="old’ file="param1.dat’)
read(4,*) p
read(4,*) eta
read(4,*) z
read(4,*) xi0
read(4,*) alp
read(4,*) bet
read(4,*) gam
read(4,*) bx
read(4,*) by
read(4,*) bz
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close(unit=4)

p=11.36
eta=0.733

bx=0.78

by=0.78

bz=0.78
dpi=0.017453292
alp=alp*dpi
bet=bet*dpi
gam=gam*dpi

twelve sites under cubic symmetry
Do S=1, 12
coord(s,1)=(-1)**(s+1)*alp-1.5707963*(int((S+1)/2)-1)
coord(s,2)=bet
coord(s,3)=(-1)**(s+1)*gam
write(*,*) coord(s,1), coord(s,2), coord(s,3)
END DO

bx= bx*z/1000

by= by*z/1000

bz=bz*z/1000 o
open(unit=2,status="old’ file="datal.dat’)

DO 300 S=1, 12
call euler(coord(s,1), coord(s,2), coord(s,3), eul)
do 200 k=1,91
x(k)=float(2*k-2)
xi=dpi*x(k)

field direction rotate from 001 to 110

the 4 top sites and the 8 side sites have different views
if (s .LE. 4) then

dir(1)=sin(xi)/2**0.5

dir(2)=sin(xi)/2%¥*0.5

dir(3)=cos(x1)
else * °

dir(1)=-cos(xi)

dir(2)=sin(xi)/2**0.5

dir(3)=sin(x1)/2**0.5
end if
call trans(eul,dir)
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call matrix(a,p,eta,dir,bx,by,bz)
call jacobi(a,n,np,d,v,nrot)
call eigsrt(d,a,n,np)
. C  output transitions 3/2-5/2 and 1/2-3/2 to arrays
1(s,1,k)=d(1)-d(7)
1(s,2,k)=d(1)-d(5)
1(s,3,k)=d(3)-d(7)
I(s,4,k)=d(3)-d(5)
1(s,5,k)=d(5)-d(11)
1(s,6,k)=d(5)-d(9)
1(s,7,k)=d(7)-d(11)
1(s,8,k)=d(7)-d(9)
200 continue
300 continue
C  output transitions 3/2-5/2 and 1/2-3/2 to file
do 400 k=1,91 .
write(2,111) 2*k-2,(I(s,1,k),
&I(s,2,k),1(s,3,k),1(s,4,k), s=1, 12),
&(1(s,5,k),1(s,6,k),1(s,7,k),1(s,8,k),s=1, 12)
400 continue
write(*,*) "finished"
111 format(I3,” ’,9616.2)
stop
end

subroutine matrix(a,p,eta,dir,bx,by,bz)

dimension a(12,12),a1(6;6),b(6,6)

real eta,dir(3),p,bx,by,bz,x,y,z,xi,xi0

integer i,j,k
¢  thisis to create a hamiltonian matrix for nuclear quadruple and
nuclear zeeman interaction, according to p.8.5 of Hansen thesis.
c  real part of the matrix,symmetric

do 1100 i=1,12

do 1200 j=1,12

a(1,j)=0.
1200 - continue
1100 continue °

(e}

do 10i=1,6

do 20 j=1,i

al(i,j)=0.
20  continue
10  continue




x=dir(3)*bz
y=dir(1)*bx
al(1,1)=10.*p/3.42.5*%x
al(2,1)=sqrt(5.)/2.*y

al(3,1)=sqrt(10.)*eta*p/3.

al(2,2)=-2.*p/3.+1.5*x
al(3,2)=sqrt(2.)*y
al(4,2)=sqrt(2.)*eta*p
al(3,3)=-8.*p/3.+x/2.
al(4,3)=1.5*y

al(5,3)=al(4,2)

al(4,4)=-8./3.%p-x/2.
al(5,4)=al(3,2)
al(6,4)=al(3,1)
al(5,5)=-2.*p/3.-1.5%x
al(6,5)=al(2,1)
al(6,6)=10.%p/3.-2.5%x

- do 30i=1,6

40
30

cC

60
50

80

do 40 j=i,6

al(i,j)=al(j,i)
continue
continue

imaginary part, b(i,j)=-b(j,i)
only three independent quatities

x=by*dir(2)
y=sqrt(2.)*x
z=1.5*%x
x=sqrt(5.)/2.*¥x
do 50i=1,6
do 60 j=1,i
b(i,j)=0.
continue
continue
b(2,1)=x
b(3,2)=y
b(4,3)=z
b(5,4)=y
b(6,5)=x
do 70 i=1,6
do 80 j=i,6
b(L,j)=-b(,1)
continue
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70  continue

cc  completed

cc  need to put these two together

cc lal -bl

cc Ib all .

c this is a symmetric matrix
do 110 i=1,6
do 100 j=1,6
a(i,j)=al(i,j)

100 continue

110 continue
do 130 i=1,6
do 120.j=7,12
a(1,j)=-b(i,j-6)

120 continue

130 continue
do 150i=7,12
do 140 j=1,6
a(1,)=b(i-6,)

140 continue

150 continue
do 170i=7,12
do 160 j=7,12
a(i,j)=al(i-6,j-6)

160 continue

170 continue

return
end

SUBROUTINE EIGSRT(D,V,N,NP) -
DIMENSION D(NP),V(NP,NP)
DO 13 I=1,N-1
K=I
P=D(])
DO 11 J=I+1,N
IF(D(J).GE.P)THEN
K=J
P=D(J)
ENDIF
11 CONTINUE
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IF(K.NE.)THEN
D(K)=D(I)
D(I)=P |
DO 12 J=1,N

P=V(J.])

V({J.D=V(J.X)

V({J.K)=P
CONTINUE

ENDIF
CONTINUE

RETURN

END

SUBROUTINE JACOBI(A,N,NPD,V,NROT)

PARAMETER (NMAX=100)

DIMENSION A(NP,NP),D(NP),V(NP,NP),B(NMAX),Z(NMAX)

DO 12 IP=1,N
DO 11 1Q=1,N
V{IP,1Q)=0.

- CONTINUE

V{IP,IP)=1.
CONTINUE

‘DO 131P=1,N

B(IP)=A(IP,IP)
D(IP)=B(IP)
Z(IP)=0.
CONTINUE
NROT=0
DO 24 =1,50
SM=0.
DO 15 IP=1,N-1
DO 14 IQ=IP+1,N :
SM=SM+ABS(A(IP,IQ))
CONTINUE
CONTINUE
IF(SM.EQ.0.)RETURN
IF(LLT.4)THEN
TRESH=0.2*SM/N**2 -
ELSE
TRESH=0.
ENDIF
DO 22 IP=1,N-1
DO 21 IQ=IP+1,N
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G=100.*ABS(A(IP,IQ))
IF((L.GT.4).AND.(ABS(D(IP))+G.EQ.ABS(D(IP)))
.AND.(ABS(D(IQ))+G.EQ.ABS(D(IQ)))) THEN
A(IP,IQ)=0.

ELSE IF(ABS(A(IP,]Q)).GT.TRESH)THEN
H=D(IQ)-D(IP)
IF(ABS(H)+G.EQ.ABS(H))THEN
T=A(IP,IQ)/H
ELSE
THETA=0.5*H/A(IP,IQ)
T=1/(ABS(THETA)+SQRT(1+THETA**2))
IF(THETA.LT.0.)T=-T S
ENDIF

- C=1./SQRT(1+T**2)

S=T*C ‘ |

TAU=S/(1.+C)

H=T*A(IP,IQ)

Z(IP)=Z(IP)-H

Z(IQ)=Z(1Q)+H

D(IP)=D(IP)-H

DIQ)=D(IQ)+H

A(IP,1Q)=0.

DO 16 J=1,IP-1

G=A(J,IP)

H=A(J,IQ)

A(J,IP)=G-S*(H+G*TAU)

A(J,JQ)=H+S*(G-H*TAU)
CONTINUE

DO 17 J=IP+1,1Q-1

G=A(P,J)

H=A(J,IQ) |

A(IP,J)=G-S*(H+G*TAU)

- AJLIQ)=H+S*(G-H*TAU)

CONTINUE
DO 18 J=IQ+1,N
G=A(P.)

' H=A®IQ,J)
A(IP,))=G-S*(H+G*TAU)
A(IQ,))=H+S*(G-H*TAU)

CONTINUE
DO 19 J=1,.N
G=V({J,IP)

H=V(J.,]Q)
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V({J,IP)=G-S*(H+G*TAU)
V(I,IQ)=H+S*(G-H*TAU)
CONTINUE
NROT=NROT+1
ENDIF
CONTINUE
CONTINUE
DO 23 TP=1,N
B(IP)=B(IP)+Z(IP)
D(IP)=B(IP)
Z(IP)=0.
CONTINUE

24 CONTINUE

PAUSE ’50 iterations should never happen’
RETURN
END
subroutine trans(eul,dir)
thos routine transforms the lab coordinates into the local
coordinates for the defects
real eul(3,3),dir(3),x,y
x=eul(1,1)*dir(1)+eul(1,2)*dir(2)+eul(1,3)*dir(3)
y=eul(2,1)*dir(1)+eul(2,2)*dir(2)+eul(2,3)*dir(3)
dir(3)=eul(3,1)*dir(1)+eul(3,2)*dir(2)+eul(3,3)*dir(3)
dir(1)=x o
dir(2)=y -
return
end

the following gives the transformation matrix by euler angles
make sure the input for angles are in radians
subroutine  euler(alp,bet,gam,eul)
real alp,bet,gam,eul(3,3)
eul(1,1)=-sin(alp)*sin(gam)+cos(alp)*cos(bet)*cos(gam)
eul(1,2)=cos(alp)*sin(gam)+sin(alp)*cos(bet)*cos(gam)
eul(1,3)=-sin(bet)*cos(gam) :
eul(2,1)=-sin(alp)*cos(gam)-cos(alp)*cos(bet)*sin(gam)
eul(2,2)=cos(alp)*cos(gam)-sin(alp)*cos(bet)*sin(gam)
eul(2,3)=sin(bet)*sin(gam) _ | .
eul(3,1)=cos(alp)*sin(bet)
eul(3,2)=sin(alp)*sin(bet)
eul(3,3)=cos(bet)
return
end
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Program: plotwin.for

CC plotwin.FOR

CC some freq. used functions in this program
CC O black 7 white 1 blue

CC status = setcolor(color)

CC status = settextcolor(color)

CC call settextposition (12,10,curpos)

CC call outtext("HELLO WORLD!”)

CC CALL SETLINESTYLE()

CC CALL moveto_w( X,y,Xy )

CC status = LINETO_w( x ,y)

cC

INCLUDE "FGRAPH.FI’
INCLUDE °FGRAPH.FD’

INTEGER*2 i, j.k, s,ndp
INTEGER*2 status, X,y

c - datay(sites, transitions,angles)
DOUBLE PRECISION datax(100), datay(12,8 100)
real rawx(2000), rawy(2000)
DOUBLE PRECISION minx, miny, maxx, maxy, stepx, stepy, x, ry
character title*20
real p, eta, z, xi0, alp, bet, gam, bx, by, bz

¥

RECORD / wxycoord / Xy
RECORD / xycoord/ curpos
RECORD / videoconfig / ve

CC Find graphics mode.

CALL GETVIDEOCONFIG( vc )
X = vc.numxpixels
y = ve.numypixels
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"CC open file or (datal.dat) for inputting data

write(*,*) "Draw 1/2 <-> 3/2 lines for’
write(*,*) "datal.dat’
ndp=0
OPEN (UNIT = 12, FILE
&=’datal.dat’)
DO 100 i=1; 100 ,
read(12,*,end=101) datax(i),(datay(s,1,i),datay(s,2,1),
&datay(s,3,i),datay(s,4,1), s=1,12),(datay(s,5,1),datay(s,6,1),
&datay(s,7,i),datay(s,8,i),s=1,12)
ndp=ndp+1 ‘

C write (*,*) datax(i), datay(i)

100 continue

. CC find the min, max for setting up the plotting window

101 minx=datax(1)
miny=datay(1,5,1)
maxx=datax(1)
maxy=datay(1,5,1)
DO i=1, ndp
if (minx .GT. datax(i)) minx=datax(i)
if (maxx .LT. datax(i)) maxx=datax(i) .
END DO
DO i=1, ndp

¢ only 1/2 <-> 3/2 lines : j=5,8
DO j=5, 8
DO s=1, 12
if (miny .GT. datay(s,j,i)) miny=datay(s,j,i)
if (maxy .L'T. datay(s,j,i)) maxy=datay(s,j,i)
END DO '
END DO

. END DO
. CC extend 5% to each end of the axes

minx=minx-(maxx-minx)/20
maxx=maxx-+(maxx-minx)/20
miny=miny-(maxy-miny)/20
maxy=maxy-+(maxy-miny)/20

C CALL CLEARSCREEN( $GVIEWPORT )
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CALL SETVIEWPORT( 220, 0, x, y-70)
status = SETWINDOW( .TRUE., minx, miny, maxx, maxy)
status = SETCOLOR(15) .
status = RECTANGLE_W( $GBORDER, minx, miny, Mmaxx, maxy )
' CC Draw some labels and some ticks ‘
_stepx=(maxx-minx)/60
stepy=(maxy-miny)/60
DOi=0,9
call settextposition(62,int(25+13.3*i),curpos)
write (*,200) (minx+stepx*i*6)
call settextposition(int(60-5.9*i),21,curpos)
write (¥,200) (miny+stepy*i*6)
200 format (F8.2)

CALL moveto_w( minx-+stepx*i*6,miny, xy )

status = LINETO_w(minx+stepx*i*6,miny+stepy)
CALL moveto_w( minx,miny+stepy*i*6, xy )

status = LINETO_w(minx-+stepx,miny+stepy*i*6)
CALL moveto_w( minx-+stepx*i*6,maxy, Xy )

status = LINETO_w(minx+stepx*i*6,maxy-stepy)
CALL moveto_w( maxx,miny-+stepy*i*6, xy ) '
status = LINETO_w(maxx-stepx,miny-+stepy*i*6)
END DO

CC plotting the datal.dat (the resulting file from draw.exe)

DO j=5,8
DO s=1, 12
if (s .eq. 1) then
status = setcolor(14)
else '
status = setcolor(15)
end if ,
CALL moveto w( datax(1),datay(s,j,1), xy )
DO i=2, ndp
status = LINETO_w(datax(i),datay(s,j,i))
END DO .
END DO
END DO '
CC plotting the data (the real data files in "namelist.dat")
rx=stepx/5.0
ry=stepy/5.0
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call settextposition(4,0,curpos)
write(*,*) *Plotting points for files in’
write(*,*) ’namelist.dat’
open(unit=2,status=’old’,file="namelist. dat )
status = setcolor(14)
do1111i=1,48
read(2,1112) title
read(2,1112) title
if (title .eq. 'none’) then
write(*,*) "none’
goto 1111
end if
open(unit=3,status="0ld’ file=title)
write(*,*) title
do 1113 k=1,100
read(3,*,end=1115) datax(k),datay(1,i,k)
status = ellipse_ w($GFILLINTERIOR, datax(k)-rx, datay(1,i k)+ry,
+ datax(k)+rx, datay(1,i k)-ry)
c  x(,k)=x(i,k)-xxx
1113 . continue
1115 close(unit=3)
1111 continue
close(unit=2)
1112 format(a20)
1114 format(2£8.3)

CC input the parameters from ’paraml.dat’
open(unit=4,status="o0ld’,file="param1.dat”)
read(4,*) p
read(4,*) eta
read(4,*) z
read(4,*) xi0
read(4,*) alp
read(4,*) bet
read(4,*) gam
read(4,*) bx
read(4,*) by
read(4,*) bz
close(unit=4)

CC write the parameters to screen
write(*, 1116)’p )
write(*,1116) ’eta ’, eta
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write(*,1116) ’z ’Z
write(*,1116) ’xi0  ’, xi0
write(*,1116) alp ’°, alp
write(*,1116) ’beta ’, bet
write(*,1116) ’gam ’, gam
write(*,1116) ’bx  ’, bx
write(*,1116) 'by  ’, by
write(*,1116) bz ’, bz

1116 format(a9, £8.3)

CC plotting the "raw.dat"

Cc
Cc

rx=rx/2.0
ry=ry/2.0 .
open(unit=2,status="old’ file="raw.dat’)
status = setcolor(7)
do 2113 k=1,2000
read(2,*,end=2115) rawx(k),rawy(k)

" status = ellipse_ w($GBORDER, rawx(k)-rx, rawy(k)+ry,

+ rawx(k)+rx, rawy(k)-ry)

2113 continue
21 15 close(unit=2)

READ (*,*) ! Wait for ENTER to be pressed

- CALL CLEARSCREEN( $GVIEWPORT )

END







