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Abstract:

Photoemission measurements in the spectral range from 4.leV(threshold) to 11.8eV have been obtained
from evaporated films of Mn. The nondirect transition model is used to obtain the optical density of
states . The filled d-like states have a prominent peak 0.9+0.2eV below the Fermi energy, a shoulder at
approximately 3.5e¢V below the Fermi energy, and an estimated width of 4.8eV. No structure was
observed in;Nc for energies above the vacuum level. The reflectance of Mn for angles of incidence of
12.5°, 40°, and 60° is measured from 2eV to 11.5eV, and is found to be structureless, except for a very
broad and weak peak centered about hv=7.0eV.
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ABSTRACT

Photoemission measurements in the spectral range from
4,levV(threshold) to 11.8eV have been obtained from evaporated
films of Mn. The nondirect transition model is used to obtain-:
the optlecal density of states. The filled d-like states have
a prominent peak 0.9%0.2eV below the Fermi energy, a shoulder
at approximately 3.5eV below the Fermi energy, and an esti-
mated width of 4.8eV. ©No structure was observed:in N, for
energies above the vacuum level.. The reflectance of Mn for
angles of incidence of 12.5°, 40°, and 60° is measured from
2eV to 1ll.5eV, and is found to be structureless,; except for a
very broad and weak peak centered about hv=7,0eV. ' '




I. INTRODUCTION

'Thg electronic structure studies of metals have been

subjects of both experimental and theoretical 1lnvestigations

for many years. Methods such as de Hass-van Alphen, cyclotron

resonance, and anomalous skin effects are.useful in studying
electronic properties near the Fermil surface of .the metals.
Photoemission measurements, however, have the attribute of

giving information about the electronic propertlies over wide

energy ranges centered. about the. Fermi level. And.in contrast

to other optical measurements, photoemission studies allow
one to measure the energ& of the electrons after excitation
and thus obtain information on the initial and final states.

The optical constants .which can.be determined from
reflectance measurements .are related.to the response of the
electrons iﬁtegréted over all .final states at a given photon
energy. As a result, only energy differences ﬁre determined
for the excitation process. lReflécténde measurements do,.
however, depend on a simpler physical process since electron
scattering in thevexcited states does not contributg to the
process, and information can be obtained for all photon |
energies. Thus determination of the oﬁfical constants does
provide a useful correlation with photqemission results
besides having its own dintrinsic wvalue:

The purpose of this work was to use. thé photoemission

Sy
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process to study the metal manganese. The photoemisgsion

technique has been used to study the first series trangition
metals Cu,'»? Ni,®»* Co,"s% and Fe."s® Lapeyre and Kress of

this laboxatoxy studied Cx."»7

Since Mn lies between Cr and

Fe on the periodiec chart, it was chosen for this investigation.
Section II will summarize thé photoemission theory

neéessary to interpret the data. Section III will present

the apparatus and procedure used, and Section IV will preseﬁf,'

interpret and summarize the results . of this study.




II. THEORY

The energy of the photoemilitted electrons, the quantum

yield, and the ref;ectance are the quantities measured in
this study. This chapter will show how these measurements’
léad to informatiqn:on the electronic structure of manganese.‘

The photoemissilon experiment involves the measurement
of the kinetic energy distribution of the electrons emitted
from a clean métal surface . when irradiated by a monochromatic
beam of photons. What must be established is the relation-
ship between the kinetic. energy distfigution of the emitted
‘electrons and the properties of the electronic states in the
metgl. |

The theory will show that the kinetic enetrgy distri-
bution of the electrons that.have escaped is proportional to
the product of the initial optical density of states (ODS)
and the final ODS of the electrons inside the metal. But
the crucial point is that the initial anq final ODS ﬁéve
different functional dependence which permits‘théir
characteristics t§ be separated.

To establish the basic relationships, phétoemiasion ig

1,8  The first step involves

considered a three step process.
the photoexcitation of the eléctrons. . In.the second step
the electrons migrate to the surface and may suffer energy

losses due to gcattering. In the third step, éleé;rons with
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sufficient kinetic energy and the proper momentum escape into
the vacuum, |

' The data in this study show no optical selection rules
excapt enexrgy conservation. When this.occurs the optical
excltations are called nondirect.®* The internal énergy
distribution of the excited electrons prodﬁced in the first

step of the photoemission process, is given by?®
M2N¢ (E)N, (E~hv) , (1)

where M is the matrix element for the transitién,-Nc(E).is
the optical density of empty final states (conduction band)
and Ny (E-hv) is the optical density of filled initial states
(valence band). Since the experiment measures the kineﬁic
energy (KE) of the electron after it is emitted, the variable
E is referenced to the vacuum level, ThéAvacuum level is
the minimum energy required for an electron to escape;
The matrix element M.is taken to be constant because
the data in this investigation show M has no strong energy
dependence. This has been frequently observed .in other
transition metal studies.ld
In the second step of the ﬁhotoemission_propesé the

photoexcited electrons migfate“to the surfac¢e. . During ‘this

process a large fraction of the electrons are emitted with

*En some solids.the Bloch state wave vector is comnserved in
the optical transition and the transition is called direct,
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no energy loss., However, some of the electrons suffer in-
elastic collisions and produce two effects.’ First, electroﬁs
are scattered out of the staté E and second, the'scaﬁtered“
electrons may .-have sufficient enérgy.tq egcape. The latter
are called secondary electrons.

The energy distributions of the photoexcited electrons
ingside and outside the metal ;re now different. A simple
model can be used to correct Eq.. (1) for thé electronsg
gcattered .out of the internal énergy distributions. Taking
the probabilility for an.electron .escaping fréﬁ the mefal with-
out losing energy to be.given by e~X/L(E) the correction

factor is found to bell

S(E,V) = 13&—5\()\))1)11(,2) (2)
where a(Vv) is the optical absorption coefficiént and L(E) is
the escape depth.

In the third step of the photoemission process the
electrons leave the surface of the metal. But the excilted
electrons must have the proper momentum component perpendicu=-
lar to the surface if they are to escape. This eséape func—.
tion or threshold function T(E) is in general a complicated
function.! 1In the simplest case where one assumes the phéto-‘
excited electrons are descriﬁed by plane waves and the |

surface is atomically clean, the thresholdlfﬁnction is!.




T(E)

it

%(1—£§) i1f P>P. (3)

T(E)

]

0 if P<P, | BN CO I

where P, is the critical minimum momen tum of the electron,
and the vacuum level is taken as the zero of enmergy. Whether
this free electron model for the thresholﬂ functilon 1s valid .
or not, two things are true. The maximum value of T(E) is 5
because electrons éxpitgd with a momentum component away
from the surface cannot escape. Also T(E) is .a monotonically
increasing function of E and zero for energies less than the
vacuum level,

Combining the above.three steps thg expression for the

energy distribution curve (EDC) becomes
n'(E)y, = M2T(E)S(E, V)N, (E)N, (E-hv). (5)

Upon normalizing the EDCs to the number of -photons -
observed, Eq. (5) becomes
. M2T(E)S(E,Vv)N,(E)N, (E-hv)
n(E)y, = {EF+hv

Ey

. , (6)
M2Ng (E)N,, (E-hVv)dE

since the denominator gives the total number of trangitions.
The quantum yield (Y) ié'defiﬁed;as'the'toﬁai‘number of

photoemitted electrons divided by the number of absorbed
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photons. The relation between .the energy.distribution curves
and the quantum yield is

Y(v) =

Ex+hv ‘
B (E) ydE - 7

EF+¢

where ¢ is the work function.

Since it is mnot practical to measure the light flux
Auring EDC measurements the.yield is measured by a separate
experiment. In measuring the yield only the incident light
flux can be measured. Thus the reflectaﬁée hés to be deter-
mined in order to calculate the number of absorbed photons.

The denominator in Eq. (6) is directly related to the
imaginary paft of the dielectric conﬁtant‘ez by the.relationls2

Egp+hv

ea (V) = M2N, (E)N, (E-hv)dE. (8)

B
v2 Ep

The constant B is given‘by

2 | , . ,
B = 3 &0 (9)
. m . '

where e and m are the eleéctron charge and mass respectively,

and h is Planck's constant. . Thus Eq. (6) can be written

BM2T(E)S(E,V) N (E)Ny (E=hv)

(E)y,, =
i h\) \)282(\’>-

A (10)
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Typical values for the transitioh‘ﬁetals of a‘lmlﬁﬁz
and L(8eV)N1@R are quoted in the literaturel? go aLnvO L,
When uL<<i, Eq.'(z) reduces Ed,S(E,v)ﬁu(v)ﬁ(E) and Eér (10)

becomes
n(E)py = BM2C(VIN eff(EYN, (E-hv) =~ = (11)
where

vZe, (V) (12

and
N (E) = T(R)L (BN (B). (13)

Eq. (11) is valid for primary electrons, that is, those
that escape without being inelastically scattered, The
emission of secondary electrons, that 1s those which suffer
inelastic collisions but still escape, makes an additive
contribution to Eq. (11) and distorts the EDCs.'!’!%® Most of
the secondaries do not have sufficiegt energy to escape the
surface barrier. As the photon energ& increases, however,
increasing numbers of secondaries have sufficient energy to
escape, The energy distribution-of 5éc§nd§ries is a moﬁo—
tonieally decreasing function of the electron energy. Based
on other studies the secondaries éontribute on thé order of.

20 to 40 per cent at hv = 11,0ev.'s* Certain models have been
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used in the literature’s>!® to account for the contribution of
these secondary electrons to the EDCs but they-Were not
utilized dn this study.beéause significant informatiﬁn was
obtailned without.them.

The important point to mnote about Eq. (11) is the.
functional dependence of Nceff.énd NV' The energ& position
of the structure found in the. EDCs originatiﬁg_from N, has

E-hv dependence. Structure with E dependence is due to Nceff.

Letting P, and Py be the kinetic energy values of the peaks

in N, and Ny respectively, the above properties -can be

represented by the .equation

AP, (hv) Anhv - (15a)

AP, (hv)

0. - (15b)

The spectral reflectance (R) is measured in this work
and as noted above .is used in the yield study. Furthermore,
the spéctral reflectance data.can'be used to obtailn the
optical constants, eg. o and £5. Two methods are available.
One, using the Kramers—Kronig feiations to reduce normal
incidence feflectance data, requires that the reflectance
data extend essentially ovér the whole spectral range. The
second method, making use.of the Fresnel eduations, requires
the reflectance at two #ng1es, preferabiy more, for each |

energy at which the optical .constants are desired.
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The optical constatits will not be determined in this
study but either of the methods above could be used to

analyze the data,




III. APPARATUS AND PROCEDURE

If Mn samples were prepared and studied in low vacuums,
many impurities would adhere to the surface chemically or
otherwise. Also impurities would be ttapped in the sample
during the.evaporation itself. In parti;ular Mn forms'many
stable oxide compoundss

The impurities have the effect of changing the spectral
reflectance, especiallylin'the ultraviolet region. Also
almost all of the photoemitted electrons from a metal surface
covered with impurities are scattered by the impurities. The
typical EDCs obtained from a badly contaminated sample consist
of one lgrge peak at low energies. The intrinsic structure
resulting from the properties of metal.is no longer apparent.

To avoid such impurities, since the electronic structure
of pure Mn is desired, the Mn samples were brepared and
studied in ultra high vacuum systems. AThe samples were
prepared by vapor deposition.

The Mn samples used for.all the measurements were of
ultra~-high purity.* The main impur¥ty was 250 parts per
million of sulphur. |

Mn has four crystal structures in the solid state.!® The’

room temperature structure for bulk.saﬁpleS'is the o form

*Manganese was purchased from- Electronic Space Products, Inc.,
Los Angeles, Califormnia.
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which 1is a complex cubic structure.

An X~ray diffraction
analysis of a Mn film deposited at 0“4 to 1075 Torr on a
glass slide by heating a tungsten basket containing the

source material showed .predominately Mn o present., If Mn

B or vy wete“present the lines were not distinct enough, to be

identified. Other investigations have obtained similar
results for evaporated f£ilms of Mn.1!®

The kinetic énergy distributions of the photoemitted
electrons (EDCs) aﬁd quantum yileld measurements are
dascribed in Section A. 1In Section B the apparatus and’
procedure to measure the spectral reflectance is’described,‘
Existing photoemission instrumentation was useo in this
studyr The construction of the reflectometer was part of

this thesis work and is therefore described in detadl.

A Photoemission

Most of the photoémission and quantum yield data wera
taken in an all metal ultra-high vaooum system puﬁped.by ao{
800 L/s Orb-ion pump. The system contained a LiF window for
transmission of the exciting radiation which permitted
photon energiea up to 11.8eV (10334) to be utilized. A
tungsten basket containing the aource material was
resistively heated until evapordtion was accomplished. Base
pressure of the system was typically ‘in the 10-10 Torr range

while evaporation brought the.pressure ip to the.lower 10-8
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Torr range. These pressures Wére measured by an ion gauge.

The primary light source used for all the measurements
was a one-meter McPherson model 225 vacuum ultraviolet
monochromator which i3 equipped with a'Hinteregger type, DC
discharge lamp.

The photodiode geometry used has been described in the
literature.'®»17 Basicaily it consists of a cylindrical
collector and a flat polishéd.cathode~which is approximately
one inch in diameter. Both were made of stainless steel.

The cathode could be moved out of the collector for sample
preparation.

The electronics used to measure the EDCs for the elec-
trons photoemitted from the cathode has been fully described
in the literature.!® Basically, for a dicde of the above
design the current as a function of the retarding bias is an
integral energy distribution. The energy'distribution 15
thus obtaiﬁed by differentiation. A retarding potential
varying linearly with time was applied. to the collectof while ’
photons of fixed energy impinged on,the caghode.‘ The electron. .
current from the cathode to the collector was monitored by a
Cary Model 401 vibrating reed élechmmefer. The electro@eter
output was differentiated by\an gperational amplifier |
differentiator. |

v

To determine the gquantum yield the total electron
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emission was measured with an electrometer and the phofon
flui was detected by a sodium.salicyiate coated EMI 95148
photomultiplier tube., The fluorescence from the sodium_
salicylate permitted detectidon of the photon flux at energies
above the transmission cut off of the tube's glass en#elope.
The spectral response of fresh.sodium gsalicylate is con-
sidered constént. . Since the response did vary with age; at
the complétion of - an experiment the sodium salicylate film
was compared with é.ffeshly prepared film so that appropriate
corrections could be made. The maximum variations were on
the order of 10 per.cent.

A second mefhod used fo study the.quantum yield of Mn.
was to deposit a Au film inside the collector and on the
cathode. The quanfum yield of Au is reported ip the litera-

ture.2

Therefore.by measuring the photoemittéd electrons
versus incident photon frequency for both a.Mn‘and a Au
sample, the shape of the Mn yield curve could be determined
and the calibration.also madé.

The deposited Au films had other uses. By depositing
a film of .a metal of known work fﬁnctiop.on the co;lector, the
shifts to expect in the EDCs due. to qontactﬁpotéﬁtial effecté
was determined. .The Au deposited on the céthode‘between the |

Mn films retarded.peeling‘of the Mn films and also indicated

when an adequate depth of Mn had been déposited for the
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photoemission studies.

B. Reflectance

The optical reflectance R(v) is the number of réflected
photons divided by tﬁe number of incidgnt photons. The ultra~
high vacuum reflectometer used to make this measuremént is
shown in Fig..(l). 1Its design permits.the reflectance to be
measured at angles of incidence from 10° to 70° so.either
method of analysis described in.Chaptgr II could be used . to
determine the optical constants.

The reflectometer consisted of a 10-inch stainless steel
chamber with a LiF window. A Varian e-Gun evaporation source.
was used to form thHe thin film: to bé studied.

As illustrated in Fig. (1), both the substrate, on which
the sample was .deposited, 'and the detecéér, could be rotated,
The .substrate was mechanically coupled to an Ultek direct-
drive rotary motion feedthrough. The detector was connected
to a 6-inch ring gear. A permanent magnet oﬁtside the system
was magnetically coupled fo a permanent magnet inside the
system which was.connected by a shaff‘and.pinion gear to the
6-inch ring gea%. About. .050 inch of stainless steel
separated. the two magnets ﬁhich rotated egsily on balll
bearings. The number of teeth in the pinion and ring gears
were such that 6.9 revolutions of tﬁe external magnet ﬁoved

the detector through on'e_ revolution. The desdign allowed .the



































































