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ABSTRACT

Precession damping in metallic ferromagnets had been asktonesult from the spin-
orbit interaction. While several theories of spin-orbit gang had been postulated, no
convincing numerical comparisons to data existed. We t&demne promising theory and
performed first-principles numerical calculations of damgpfor bulk iron, cobalt, and
nickel. Comparison of minimal calculated and measured dagnpates demonstrated a
70 % agreement for nickel, 60 % for iron, and 40 % for cobalt.

We then relaxed the initial constraint of a universal elattiattice scattering rate by
allowing the scattering rate to be spin dependent. The spiemdent lifetime ratio was
equated to the ratio of the spin resolved density of statdsedtermi level. This modifica-
tion improved the agreement to 95 % for nickel, 70 % for iramg 47 % for cobalt.

With this level of agreement, we next constructed a simgiecate field explanation
for the damping process. As the magnetization rotates,ribegg of the spin system gets
pushed out of equilibrium and this excitation is quenchedlbgtron-lattice scattering. The
energy of the spin system changes by two mechanism: theieserfjthe states change
and transitions to excited states occur. The first mechahairpreviously been described
within the effective field picture as producing a breathirigh®e Fermi surface. As the
magnetization precesses, the spin-orbit energy of eatthdtanges leading to expansions
and contractions of the Fermi surface that are periodic thighprecession. To expand this
metaphor, we have dubbed the second effect of transitiomecited states as a bubbling of
the Fermi sea. In this picture, individual electrons actbhses-ermi surface undergo larger
excitations.

Finally, we investigated the dependence of the dampingoratae density of states and
the spin-orbit coupling parameter. We found that the dampe to the breathing effect
was roughly proportional to the density of states while diexgrom the bubbling terms
correlated strongly with the density of states squared. Bintuthe spin-orbit parameter
we found that the breathing terms were proportional to tive sgbit parameter cubed while
the bubbling terms went as the spin-orbit parameter squared



CHAPTER 1
TECHNOLOGICAL MOTIVATION

Magnetization dynamics has been an active area of researcteérly 100 years. In
addition to traditional applications such as electric $farmers, motors, and generators,
magnets have become fully ingrained into important and istipated technologies such
as computer memories and a wide variety of sensors. Theatntle played by magnets
and magnetization dynamics in modern technology has rigckeeén highlighted by the
awarding of the 2007 Nobel Prize in Physics for the discowéihe Giant Magnetoresis-
tance effect, which provided the most recent revolutionamputer hard drives.

Magnetic devices are dynamic elements that typically dpexpicosecond time scales.
What is most critical to many devices is the rate at which thgmeéization loses energy,
and the mechanism by which this energy is lost. A sore poititermagnetism community
has been the lack of a detailed understanding of magnetizdinamics generally and
damping in particular. This is most true for itinerant femragnets, which are universally
used in devices. Therefore, we set out to identify the ingrarioss mechanisms in simple
metallic ferromagnets and to quantify the damping rates.

Magnets are useful as information storage devices bechagecain be made to have
two stable configurations which can be easily discerned.mportant empirical observa-
tion is that it takes less energy to point the magnetizatiosome directions with respect
to the crystal axes than in other directions. This fact isidyzart to the shape of the mag-
net, which affects the dipole self-interaction, and alstheomagnetocrystalline anisotropy,
which originates in the spin-orbit interaction. A usefuué is that it is often easy to point
the magnetization of a material either direction along oasigular crystal axis, but hard

to point the magnetization perpendicular to this easy &ee;Fig. (1.1). Because of the en-



Figure 1.1: Uni-axial magnetocrystalline anisotropy audl. Energy surface for pointing
the magnetization in a particular direction with respedh®crystal axes. Uni-axial mate-
rials have one low energy axis along which it is easy to pdiatrhagnetization. The two
directions along the easy axis are separated by an enenggrbarthe perpendicular plane.
ergy barrier between the two low energy directions thesenmitiagsystems are very stable
against decay. Such magnets are useful for storage of himfarynation.

Storing information also requires reversing bits, thatotating the magnetization from
one direction along the easy axis, over the energy barndri@the opposite direction along
the easy axis. This is typically accomplished by applying=ternal field in the direction
opposite to the magnetization. The external field adds a Zeeemergy such that the
initial magnetization direction becomes a higher energiesind the final direction a lower
energy state. Any misalignment between the magnetizatrecttbn and the applied field
will result in a torque on the magnetization that causesjirexess about the applied field.
This precession will not cause the magnetization to rever$e fact that the precession

dynamics are damped, and the magnetization loses enertg/éavironment, allows the



magnetization to switch from the high energy direction @ lbw energy direction.
Magnetization dynamics and damping are fundamentally mapo to the computer
hardware industry. Companies such as Hitachi [1] and Se4dghtevote considerable
resources and effort toward constantly improving the perémce of their magnetic media
recording devices. In this introductory chapter we willyeriefly discuss a few instances
in which controlling magnetization dynamics are criticalthe performance of memory
elements. Additionally, since dissipation and fluctuagiare intimately related through the
fluctuation-dissipation theorem, understanding the dagpf magnetization dynamics is

also essential to improving the performance of conventioragnetic sensors.

Hard Disk Devices

Figure (1.2) shows a schematic representation of a typiegnetic hard drive and
read/write head. Magnetization dynamics play a critica rim several aspects of the
read/write process. The magnetic core of the write-head beuappropriately magnetized
(clock-wise or counter-clock-wise) by application of aywshort current pulse through the
coil set. The bit to be written must undergo a reversal. Thgmatacally soft (low magne-
tocrystalline anisotropy) underlayer of the media muspoesl to the applied field so that
the field lines can reconnect at the other pole face of the etadie bits underneath the
trailing pole face, which are in the field reconnection patiguld not undergo a reversal.

The read-head consists of a magnetoresistive (MR) stack. ghataresistive element
is a material or composite material for which the electrresistance through the element
depends on its magnetic configuration. There are severatiea of magnetoresistance.
The anisotropic magnetoresistance (AMR) was one of theesaMR phenomena discov-
ered. In this case, the resistance of a ferromagnetic matiEpends on the direction which

the current is sent through the ferromagnetic with respetheé magnetization direction.



Later, a much larger effect was discovered, the giant magesistance (GMR). When two
ferromagnetic films are separated by a non-magnetic spadex eurrent is driven perpen-
dicular to the films the resistance observed depends syramgihe relative orientation of
the magnetizations of the two ferromagnetic layers. THexcgfs strong enough to be used
as a room temperature sensor for detecting the magnetizditiection of materials, such
as hard drive bits. The newest magnetoresistive discogeynneling magnetoresistance
(TMR). A TMR device is very similar to a GMR device, but the spacs now a tunnel
barrier material. The first popular barrier was amorphouy®Alor its ubiquity as a cap-
ping layer and ease of growth. However, researchers arengtwicrystalline MgO for the
superior bias in selectively tunneling only certain states

The read element in a hard drive is a stack of several thin filmscollectively form
either a GMR or TMR sensor. There are two ferromagnetic kyéth uni-axial magnetic
anisotropy. The easy axes of the two layers are typicalnalil perpendicularly to each
other, and in the film planes. Since the aligned and antiraligstates translate into low and
high resistance states, the perpendicular configuratioraigmally sensitive to changes in
the alignment of the two films. One of the ferromagnetic layisreferred to as the 'free’
layer while the other is the ’fixed’ layer. The magnetizatmithe fixed layer does not
rotate, its orientation is fixed through exchange bias dogpb an adjacent antiferromag-
netic layer. The free layer can be rotated by an external fieddhe read-head passes over
a magnetic bit in the hard drive, the stray field from the bisamn the free layer in the
GMR/TMR element, causing the free layer to partially aligmhathe bit it is passing over.
A current is then driven through the MR stack to measure thevislRe. The result of this
resistance measurement — high resistance or low resistandécates the direction of the
magnetization of the bit (its state). All of these procegsest presently occur in under
one nanosecond.

Conventional recording media consists of granularly depdsoft magnetic material.



GMR read
element

Dynamics & Damping

Figure 1.2: Schematic of hard drive read/write head in thipgradicular recording config-
uration. Arrows indicate some of the many instances of migateon dynamics occurring
during the operation of the read/write head.



Bits consist of a group of granules, roughly 100. Bits consgstf fewer granules become
poorly defined and errors ensue. Until a few years ago remgrichniques wrote bits
in-plane, that is, the magnetization of the bits was in tleelof the media. This method
of operation became problematic as bit and granule sizeedthged. The granules are not
completely stable against thermally induced reversaldadh as the size of the granules
decreases their stability against thermal reversals dsegerapidly. Thus, companies ran
into the problem that as they attempted to reduce bit sizeke wiaintaining the needed
number of granules-to-bit, the granules had to be made sb thratthey became unstable
against thermal reversals, the media became useless. sTki®wn as the superparam-
agnetic limit problem. To get around this difficulty and dooe to reduce aerial density,
industry made a fundamental shift, turning the bits ouplaiie and introducing what is
known as perpendicular media (shown schematically in Ri)J [3, 4]. Perpendicular
recording was able to reduce aerial densities while maiimgibit and granule size by
turning the bit direction out-of-plane. While a bit still caiated of the same number of
grains they took up less surface area of the media. Howehisrigchnique too has now
reached the superparamagnetic limit.

To continue the trend of increasing bit densities the théstadility of the bits must be
increased. This is typically accomplished by increasimgahergy barrier between the two
states. There are two options for increasing the energyebafirst, the superparamagnetic
limit may be extended by switching to materials with higheisatropies. The difficulty
with this avenue is that these materials would require langge fields. To circumvent the
larger write fields, industry is investigating the possipibf selectively softening the media
very locally and on very short time scales by optical heaf]g This approach is often
referred to as heat assisted magnetic reversal. This tpohimtroduces the very serious
challenge of understanding how ultrafast heating (norilibgum and non steady-state)

affects the damping rate of a material.



The second option is bit-patterned media. In such mediabitiseconsist of a single
patterned grain rather than a collection of randomly formedns [6]. These grains could,
for example, be lithographically patterned either by sgadgbhotolithography or the newer
nano-imprint lithography technique. The challenge in tase is to make the switching
fields of all the bits very uniform. The switching fields of thié&s depend sensitively on the
damping rates, which can in turn be affected by lithograghimmperfections, particularly
along the bit edges.

Both of these routes toward increased thermal stability f@akiest of significant dif-
ficulties. One difficulty they share in common is a greatlyr@ased likelihood for write
errors. The error rate depends sensitively on variatiorth@idamping rates of the bits.
Therefore it is advantageous to understand the dampinggsan detail.

For completeness, it is worth mentioning that the thernaisty of bits depends not
only on the energy barrier between the two states, but alsb@damping rate. Bits are
unstable because they experience fluctuations and theyeoietigese fluctuations can be
comparable to the energy barrier. The fluctuations are phenologically described in
terms of a reversal attempt frequency. Using the fluctuadiseipation theorem, it can
be shown that the stability of bits depend exponentiallyrendttempt frequency and that
the attempt frequency is linearly proportional to the dargpiate, to lowest order in the
damping rate [7-9]. Thus, the stability of bits could be @aged by decreasing the damping

rate. However, this approach is flawed because fast regerdglon large damping rates.

Magnetic Random Access Memory

Conventional capacitor based random access memory (RAMWuredrawbacks: it is
volatile, and it is inefficient in power consumption. Eachmuey bit is stored in the charge

of a capacitor: an uncharged state represents a "0" while r@gethaapacitor represents



MRAM
stack
non-magnet
- / antiferromagnet
é fixed layer
. +—————— barrier
\ — free layer
/ word line \ non-magnet

bit line

Figure 1.3: Schematic of a MRAM device. The figure on the lefighthe lattice architec-

ture. Bits consist of a MR stack — shown at the right — which #aieed at each intersection
point. Arrows indicate the read-out current path.

a "1". The tiny capacitors used in RAM devices are very leaky &edcharge dissipates
rapidly when the potential is removed. Therefore, to kee@p@acitor in the "1" state

requires the constant application of a current, which istefasbecause energy is being
consumed but information is not changing. Further, wherctmaputer is shut down and
current is removed from all capacitors in the "1" state thgydigt decay to the "0" state

and all information stored in RAM is lost.

Magnetic memory is preferable to capacitive memory becduisenon-volatile and
much more energy efficient. In the conventional hard disknffanagnetic memory is also
very inexpensive relative to RAM. The problem with magneaechdisk memory is that it
is slow. For a long time there has been a hope that a fast, d@mdénexpensive magnetic
memory system could be developed. There is finally a posyiltiilat this hope may be
realized. Magnetic random access memory (MRAM) currentligtex but it is not yet
replacing conventional capacitive RAM. A simple MRAM devisadiepicted in Fig. (1.3).
The frame of the device consists of a crossed lattice of inewires. A magnetoresistive
element is placed at each intersection and serves as a bit.

To read the state of a bit (one stack) a current pulse is semt doe appropriate bit
line, travels up through the stack, and then proceeds almngppropriate word line. The

resistance, which depends on the magnetic configuratidmeastack, is measured. For ex-



ample, the resistance may be low when the magnetizatioraigned and high when they
are anti-aligned, but for some systems the opposite wilfle. tin either case, measuring
the resistance of the stack reveals whether it is in the "Qe sththe "1" state. For more

details on the physics of this process see [10].

Writing the bits is more challenging. Two schemes exist foitiag bits. In the first
approach, a current pulse is sent down one bit line and one hma&. As the current pulses
travel down the wires they generate Ampere fields. These atagields are too weak to
switch the magnetic layers on their own. However, the pudsegimed to simultaneously
reach the bit that is to be written. As the pulses pass eaeh atthe selected bit, their fields
add and become strong enough to reverse the magnetic lalleesfixed layer does not
switch because its magnetization is pinned by coupling teightoring antiferromagnetic
layer. The free layer does undergo a reversal.

As difficult as that bit writing process sounds, it has beement work. There is
a significant drawback, though. Increasing the aerial bitsig requires scaling down
the wire dimensions. As the wire cross section decreasesutiient density required to
produce an adequate switching field rapidly increases. mdsslts in device burn-out.
Therefore, a second write technique has been proposed. tdghisique uses only one
current pulse, in the same configuration as the read cuseatig. (1.3). The current pulse
is sent down a bit line, through the selected stack, and outgathe corresponding word
line. As the electrons travel through the fixed magneticidlyey become spin polarized.
When these spin polarized electrons hit the free magneter ldney exert a torque on the
magnetization. This torque can be sufficient to switch tmedtiion of the free layer, thus
reversing the alignment of the bit. To estimate what kindsusfent densities are required
to achieve switching is is necessary to understand how muoelge is lost during the

reversal process. For more details on the physics of thistspnsfer torque see [11-13].
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Magnetic Sensors

Superconducting quantum interference devices (SQUIDRenextremely sensitive
magnetic field detectors. However, they have certain dralsharo be effective they must
be kept at cryogenic temperatures, which makes them exgermilky, and immobile. It
is desirable to have the same sensitivity in an inexpensiwall, and mobile device.

The signal-to-noise ratio of a SQUID is about three ordermagnitude better than
that of a magnetic sensor made from conventional ferromagmaterials. There are two
ways to increase the signal-to-noise ratio of conventideslces: increase the signal, and
decrease the noise. Noise occurs in sensors because ttierelgans are not completely
decoupled from the electron orbits and the lattice. Thispting of the spin system to
the environment allows energy to flow into and out of the systé herefore, the spins
will experience occasional energy fluctuations that appsaroise in a measurement. This
coupling to the environment will also bring the spin systero iequilibrium with the en-
vironment, should the spins be excited to a higher temperaihan the lattice. Therefore,
the same environmental coupling that is responsible fosioguluctuations (noise) in the
magnetization will also dissipate energy from the systeimceésnoise and damping are two
manifestations of environmental coupling we can learn loretluce noise in the magnetic

system by studying how the excitations of the spins are ddmpe
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CHAPTER 2
PROBING MAGNETIZATION DYNAMICS

Magnetization precession damping is a complicated irstler process that is roughly
the angular analog to frictional or viscous damping of lmaamentum. Just as damping of
linear momentum is typically described by some phenomeicdd damping term, several
phenomenological expressions have been postulated talieestagnetization dynamics.

These expressions all take the form

M=—]y|(MxH)+D. (2.1)

Each equation has the termy|(M x H) which describes the undamped precession of the
magnetizatiotM about the effective fielll. + is the gyromagnetic ratio. This term follows
from basic quantum mechanics and is not simply phenomeiwalogrhe second term in
each equation, generically label®)] describes the damping of the precession. Several
common damping expressions are listed in Table (2.1) alatigthe resonance linewidth
AH that they predict.

The Landau-Lifshitz and Gilbert equations are equivalerihe limit of small damping
(e« <« 1) and are known collectively as the Landau-Lifshitz-Gilb@i G) equation. «
is the dimensionless Gilbert damping constant anslthe Landau-Lifshitz damping rate.
The respective damping rates can be related by vM,« to first order ina. The LLG
equation has become the equation of choice for describirggetaation dynamics in part
because it can accurately model the results of a variety asorements, but also due to
the familiar viscous form of the damping term and the coreoe of the unitless damping
parameter. For these reasons, we will use the LLG equation exclusivellye remainder

of this chapter; for more details on the Bloch-Bloembergen@alien equations see [14].
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Table 2.1: Commonly used phenomenological precession degxpressions. The sec-
ond column gives the damping term to be added to Eq. (2.1) tairolbhe equation of
motion. The third column is the resonance linewidth prextidity the damping term.

Researcher(s) Damping Term AH
Landau A 2H,
Lifshitz 1% —3rM < (M x H) g A
Bloch [16, 17] 9
-Bloembergen —Mey/T>  and  —(M. — M,)/Ty T2

Gilbert [18,19] 2 M x M 2Hya

- ()\()k-i-)\og) Hextx(l\;[XHext)
Callen [20] ? Hexu oo
+ |:)\lc0'(M0 - M) + (MHQX}{:'}(\:I'HQ“> /\Oai| g:::

Figure (2.1) shows an example trajectory of a magnetizatewtor subject to LLG
dynamics. In Fig. (2.2a) we plot the projection of the magaion onto the transverse
axis versus time to show clearly that the magnetizatiorofel the classic "ring-down" of
a damped oscillator. This damped oscillation is Fouriendfarmed to frequency space in
Fig. (2.2b) resulting in a Lorentzian. The center of the Inbzé&an is the resonant frequency
of the magnetization while the Lorentzian width gives thengang rate as listed in the last
column of Table (2.1).

Historically, magnetization dynamics have primarily bgeobed in the frequency do-
main by the ferromagnetic resonance technique. Howeveheasapabilities of ultrafast
electronic circuits, pulse generators, and oscillosctes improved, newer time domain
techniques such as pulsed inductive microwave magnetgnne&gneto-optic Kerr effect,
and X-ray magnetic circular dichroism have become moregbeet. In this chapter we

will outline some of these measurement techniques and themation they provide.
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Figure 2.1: Magnetization trajectory dictated by the LLGuatipn. As the magnetization
vector precesses about the equilibrium direction it losesgy and spirals in.
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Figure 2.2: Magnetization dynamics in (a) the time domaid @) the frequency domain.
(a) shows the projection of a transverse component of thenetegtion as a function of
time. The transverse component undergoes a decayingadscill In (b) the time domain
signal is Fourier transformed to the frequency domain tegin a Lorentzian lineshape.
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Figure 2.3: Schematic of resonance condition. Images aersin time steps ofl'/4
whereT' is the precession period. When the magnetization precefsignency matches
the ac field frequency the torque on the magnetization dueetad field always pushes the
magnetization out of equilibrium.

Ferromagnetic Resonance

During a typical ferromagnetic resonance (FMR) experimanthin film sample is
mounted on top of a wave guide or inside a cavity resonatoigiwis centered between
Helmholtz coils. The sample is subjected to both a strongedd, fivhich typically deter-
mines the equilibrium direction, and a weak ac field, usuadliwveen 1 and 100 GHz. The
uniform precession mode of the sample has a natural fregudatermined in part by the
applied dc field. As the dc field strength is swept the natuegjdency of the sample comes
into resonance with the applied ac field. At resonance the@kaabsorbs significant power
from the ac field (see Fig. (2.3)).

The measured quantity is the power absorbed versus dc freligsh at a fixed ac fre-
guency; this is the imaginary part of the ac susceptibilitiie absorbed power versus dc
field strength generally shows a Lorentzian lineshape,ghaumay also have a Voight
profile. The center of the Lorentzian gives the resonanukeeqy (energy) of the uniform
mode while the linewidth serves as a measure of the dampiedlif@time). The interpre-

tation of the measured linewidth in terms of the dampingsraedescribed in Table (2.1)
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is significantly complicated and is the subject of the nexpthr.

Pulsed Inductive Microwave Magnetometry

Pulsed inductive microwave magnetometry (PIMM) is a r@akttechnique for mea-
suring magnetization dynamics. The physical apparatu®fsiM is similar to that for
FMR, consisting of a thin strip-line wave guide and a perpeuldr set of bias-field coll
sets. The thin film sample is placed directly on top of the \gange, at the midpoint of the
coil sets. A large, short (1-10 ns) current pulse is sent dinerwave guide. The intensity
of the output pulse is measured at the opposite end of the guade. The presence of the
sample will modify the pulse so that the difference betwéennput and output pulses will
carry a signature of the magnetization dynamics.

The current pulse generates an Ampere field that is, for elarmaghogonal to the dc
field. This field pulse torques the magnetization, pushigiitof equilibrium and causing
it to begin precessing around the equilibrium direction. &ese the magnetization of the
sample is precessing, the magnetic field felt by the wavesguice is constantly changing.
By Faraday’s law, this changing magnetic field induces antrtefteld, which modulates
the current pulse already flowing through the wire. This setlicurrent either adds to or
subtracts from the current pulse, depending on the phasegirecession. If the current
pulse lasts 10 ns and the precession frequency of the sasripetiz the magnetization will
undergo about 10 oscillations during the pulse, which vap@ar as current oscillations in
the output signal. The magnitude of the induced current nidpen the deviation angle
of the magnetization from the equilibrium direction. Sirtbe precession damps out, the
magnitude of the induced current decays.

The induced current is separated from the pulse current biyasting the input cur-

rent pulse from the output current pulse. The differenceeappas a ring-down in the
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time domain, similar to Fig. (2.2a). Fourier transformifngstresult, the real part of the
frequency of the ring-down gives the precession frequemdtlgeomagnetization while the
imaginary part gives the damping rate. Results of PIMM messents on soft magnetic
materials match the behavior expected from the LLG equattor more details on the

PIMM technique see [21].

Magneto-Optical Kerr Effect

The Kerr effect is essentially the same as the Faraday effedhe Faraday effect, a
transparent paramagnetic sample is placed in a constdotmnnagnetic field. A linearly
polarized beam of light propagates through the sample irséimee direction as the field
lines. The outgoing light is still linearly polarized, butet polarization axis is slightly
rotated from that of the incoming beam.

As the light propagates through the material, the electeicl ftomponent causes the
electrons to oscillate linearly. However, in the presenica strong magnetic field along
the propagation direction the electrons will feel an addél component of the Lorentz
force due to the magnetic field. This will drive the electramsan elliptical orbit in a
right-handed fashion about the propagation direction eflight. The linearly polarized
light is equivalent to a superposition of right-circuladdeft-circular polarized light with
a particular phase difference. The right-handed circofatif the electrons causes a small
difference in the phase velocity of the right-handed andiahded components of the light.
The left-circular light lags the right-circular light in pee and the beam emerges from the
material with a somewhat different phase relation as it haohuentering the material.
This causes the polarization of the outgoing beam to betgfightated with respect to the
polarization of the incoming beam.

The Kerr effect captures the same physics, but for a refldstadch. Metals reflect opti-
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Figure 2.4: Magneto-optical Kerr effect geometries. MOKEasurements are typically
made in either the longitudinal, transverse, or polar geoese For the longitudinal case,
the magnetization is in the sample plane and parallel to ldrgepof incidence of the light.
The transverse case similarly has the magnetization inaimple plane, but perpendicular
to the plane of incidence. The polar geometry has the magatein perpendicular to the
sample plane.
cal radiation, but this radiation does penetrate thesermakgvithin their skin depth. Thus,
even the reflected beam travels through the material to somted extent. For magnetized
metals, this very short path length is still sufficient to a@ measurable rotation of the
polarization axis of the light. The Kerr effect is usual sivied into polar, longitudinal,
and transverse geometries, shown in Fig. (2.4). In addibahe polarization axis of the
outgoing beam being rotated with respect to the incomingrpation axis, the outgoing
beam will generally be elliptically polarized rather thamelarly polarized.

The Kerr effect is typically employed as a pump-probe teghaiin the time domain.
The sample is subjected to a field pulse to push the magnetizauit of equilibrium, be-
ginning precession. The magnetization is then probed wittrameasurement after some

short delay time (a few hundred fs to a few ns). By repeatingrtbasurement with a range

of delay times the dynamics can be mapped.
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X-ray Magnetic Circular Dichroism

X-ray absorption spectroscopy is a synchrotron based tga@rior probing the elec-
tronic structure of a material. X-rays of a few hundred eV ased to promote core level
electrons to the Fermi level of a material. The x-ray enesggwept and the absorption of
the x-rays is measured, often by collecting electrons ptethto the vacuum level. For a
given material, if the x-rays are insufficient to promote tlee electrons to the Fermi level
the x-rays do not get absorbed. For metals, when the x-ragggmeatches the binding
energy of the electrons there is a large absorption of xd@gause there are many empty
states available just above the Fermi level. At higher xeagrgies the absorption drops
off because there are fewer final states above the Fermi I&v&lrther reduction of ab-
sorption occurs at higher energies due to the strong eneqggritience of the light-electron
matrix elements. The large spikes in the x-ray absorptidyp@ccur when the x-ray energy
closely matches the binding energy of the electrons, githigtechnique strong elemental
specificity. X-rays of a particular energy may be absorbeshgliy by one element, but not
by its neighbors on the periodic table.

Since the magnitude of the absorption peak depends not artlyeodensity of states at
the Fermilevel, but also on the photon absorption selectitas, this technique can be used
to probe the magnetization of a material. This is accomptidby using circular polarized
x-rays. For example, right circular polarized x-rays witlpbe absorbed by electrons that
transition to a spin-up final state, and left circular x-rayis only be absorbed by electrons
transitioning to a spin-down final state. Therefore, by rewve the circular polarization
of light between right-handed and left-handed one can meake ratio of the spin-up to
spin-down density of states at the Fermi level, and, effeltj the magnetization [22]. This
technique is known as X-ray Magnetic Circular Dichroism (XMCD

Recent efforts have made it possible to make XMCD measurerardsub nanosec-
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ond time scale. Therefore, the trajectory of the transvpregction of the magnetization
can be followed (as in Fig. (2.2a)). This has been an excaiclgevement because for
alloy systems, such as NiFe, the trajectories of each elemay be individually mapped.

It has been shown that for the case of NiFe the Ni moments gsangphase with the Fe
moments [23]. It was not obvious that this would be the casalee the magnetization of

the ground state of NiFe is somewhat non-collinear.
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CHAPTER 3
OVERVIEW OF PRECESSION DAMPING

A very important aspect of magnetization dynamics is the aatvhich energy is dissi-
pated. Magnetic damping occurs because the magnetic mbdesystem (predominantly
the electron spins) couple to the non-magnetic modes ofygters (the electron orbits and
lattice vibrations), allowing energy to be transfered baokl-forth. Since the magnetic
modes are typically excited to a higher temperature tharother modes of the system,
energy predominantly flows from the magnetic modes to themagnetic modes. As we
discussed in the previous chapter, ferromagnetic resend@MR) probes this decay rate
of the uniform precession mode.

Understanding the many coupling mechanisms and quardifyiair contributions to
damping has been a perennial problem for decades. It ismabkoto claim that re-
searchers have been working on this problem at least sinogalieand Lifshitz published
their phenomenological equation of motion in 1935 [15]. WHhis chapter provides a
brief overview of some of the many damping mechanisms tha baen studied, this field
is far too rich and expansive to do it any real justice here. tRose seeking more detail
on magnetism in general, | recommend the texts by Rado andButd4, 25] and the se-
ries edited by Bland and Heinrich [26—29]. For more specifscdssions of magnetization
dynamics | defer to several review papers [30-32].

In the previous chapter we investigated some of the manyrempetal techniques used
to probe magnetization dynamics and damping. For this ehaptparticular, and the re-
mainder of this document generally, we will restrict thecdission to ferromagnetic reso-
nance experiments. Several good general texts on thiscsxist [14, 33]. One objective

of a FMR experiment is to quantify the damping rate of the amif mode of a material by
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measuring the resonance linewidth. For parallel (magagbiz and field in the plane of a
thin film sample) and perpendicular (magnetization and feidof-plane) configurations,
the Landau-Lifshitz equation predicts that the peak-takpnewidth AH and damping

ratea should be related by
_ 2awp

V3]

wherew is the resonant frequency, ands the gyromagnetic ratio. Since the experimental

(3.1)

apparatus applies an oscillating field uniformly acrossstmaple it overwhelmingly cou-
ples to, and excites, the uniform precession mode of the lgarperefore, the linewidth
of this resonance measures the decay rate of the uniform.mode

Contributions to the measured linewidth are logically brokiewn intoextrinsic ef-
fects that are due to sample imperfections and inhomogeseindintrinsic effects that
originate from the interactions between the magnetic amdmagnetic modes of a system
that are intrinsic to the material. Extrinsic effects arenntally avoidable and would be
absent in a perfect sample, but intrinsic effects are unlaade and operate even within a
perfect sample. Extrinsic effects arise through samplenmbgeneities that can lead to a
broadening of the resonance peak through various meanslingl producing a distribu-
tion of local resonance fields across the sample, couplagniform mode to non-uniform
mode magnons, and coupling to the phonon field. Intrinsicpdageffects stem primar-
ily from fundamental and unavoidable interactions betwthenmagnons and the electron
orbits. These interactions include generation of eddyetusrand spin-orbit coupling. Ad-
ditionally, damping also occurs through direct magnonfahoscattering and a very minor
intrinsic damping contribution exists through couplingtieé uniform precession with the
radiation field.

This work will focus solely on intrinsic damping caused by pin-orbit interaction.

However, since the measured linewidth reflects all intdreid extrinsic contributions it
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is advisable to understand the basics of the other dampihanesms and how to experi-

mentally separate the intrinsic effects we are interestébm the extrinsic ones.

Extrinsic Effects

Extrinsic damping results from sample inhomogeneitiesesehinhomogeneities in-
clude differences in the magnetocrystalline anisotropyjations in surface anisotropies
associated with step edges, local defects, and deviatigeasmple thickness, magnetostric-
tion paired with variable strains due to substrate impeides, and other possibilities. An
exact treatment of the effect of sample inhomogeneitiesvisrg complicated problem,
but it is informative to consider the limiting cases of sganhomogeneities (when the
inhomogeneous fields are large compared to the intrinsicagge and dipole fields) and
weak inhomogeneities (when the inhomogeneous field is wealpared to the exchange
and dipole fields). In the strong inhomogeneity limit, diéfat areas of the sample in-
teract negligibly with each other and the sample appearste h large number of local
resonance fields; this is the local resonance scenario. ©otlter hand, when inhomo-
geneities are weak the magnetization of the sample masmtang range order and pre-
cesses nearly uniformly. The inhomogeneities induce rgixihthe uniform mode with
the non-uniform modes, causing a decoherence of the unifoode. This limit is referred
to as two-magnon scattering because the uniform mode madgways into non-uniform
mode magnons. McMichaet al. have treated the local resonance limit [34], two-magnon

scattering [35—-37], and recently bridged these two limits\& mean field analysis [38].

Local Resonance

The limiting case to which the local resonance model appdiesr ensemble of non-

interacting magnetic grains that are measured simultatgolvery grain feels the same
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external field applied in thé direction. However, each grain feels a slightly different
effective field due to variation in the orientations of theiystallographic axes, variations
in the strength of their magnetocrystalline anisotropikfgerences in defect structures and
surface interactions, and other effects. Essentiallyyyegrain feels a random contribution
to its effective field, and, thus, has a unique resonance. figlderefore, even if every
resonance was perfect — a delta function response withaegpthe applied frequency —
these local resonances would still be dispersed about saae resonance field, producing
an effective broadening of the measured resonance.
At a simple level, when the applied field is aligned with theigélgrium magnetization

direction, the effect of these local resonances on the medd$unewidth is given by

20wy
AH =AHy+ ——. (3.2)
EIRT

The linewidth is predicted to vary linearly with the resoh&iequency, but also to have a
non-zero intercept. The zero frequency interc&pi, has nothing to do with the damping
of the uniform precession, but is a measure of the spreacddtial resonance fields due to
whatever inhomogeneities are present in the system. Tharlincrease of this linewidth
with the resonant frequency would give the additional beralg due to real damping.

This linear behavior of the linewidth, with non-zero intept, is often observed [39].

Two-Magnon Scattering

The magnetic moments of a ferromagnetic system interagt steongly at short dis-
tances through the exchange interaction, which perfealiphalignment, and at longer
distances through the dipole interaction, which encowgaggiparallel alignment. The
competition of these two interactions leads to the forrmatibdomains. At short distances

the exchange force is stronger and spins align with theghmrs forming a ferromagnetic
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Figure 3.1: FMR sample geometry. The wavevedtaemains in-plane, but the applied
field H and magnetizatioM may be out-of-plane.
domain. At longer length scales the dipole interaction d@tes and produces a domain
wall between domains with differing magnetic orientations

These strong interactions lead to correlations and longearder in the system. In
the present discussion we consider a single domain sampaniple can be forced into a
single domain state by application of a strong external fidhdie to the strong interactions
between spins, the magnetic excitations of the system diectee excitations of many
particles rather than simple excitations of single pagticlThese excitations are the normal
modes of the magnetic system and are known as magnons. Ifeatstem the magnons
can be described simply in k-space due to the periodicityhefdrystal. The magnetic

energy of the system is given as a sum over these normal modes

Har = hwobobl + 1> wq bl - (3.3)
q
Here we usey to designate the wavevector of the magnons. The unifornepstacn mode
is aq = 0 magnon and we have separated it from the summation to gipecia emphasis.
The magnons are created and destroyed byi;hmdbq operators.

Magnetic resonance experiments are typically performethionfilm samples that ap-
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proximate 2-dimensional systems. The sample magnetizationiform through the film
thickness and the magnon wavevectors are restricted ta tieei sample plane. The ap-
plied field, and also the sample magnetization, may be @tkeint any direction in three
dimensions (see figure 3.1). The energy of the modes as adoneavevector and mag-
netization direction is given in [36, 40]. The magnon enesggctrum is plotted versus
the magnetization direction in Fig. (3.2). The importaninpdo note is that for a range
of geometries there exist non-uniform modes that are degenwith the uniform mode.
This degeneracy is a necessary condition for scatteringcardetween the uniform and
non-uniform modes.

Degeneracy of modes is not sufficient to allow scatteringvbeh modes. The Hamil-
tonian in Eq. (3.3) does not contain any interactions, iiagdnal inq and, thus, does not
allow scattering. This Hamiltonian is for an ideal uniforgsgeem. Real systems will have
imperfections that produce inhomogeneities in the effecfield. This inhomogeneous

field adds off-diagonal terms to the Hamiltonian

Har = hwo bobl + 1> wy babl + Y [Mapblibp + Mpbhbg] (3.4)

qp P
q qp

which do allow scattering between the modes. The new normodeare superpositions
of the old normal modes. Fermi’s golden rule gives the ttarsirate out of a particular
modeq as

27
Wa =~ > [ Mep*6(hwg — huwy) . (3.5)
1

In particular, the line broadening due to two-magnon sdates given by the decay rate
of the uniform mode

21
Aw = g | Mop |*0(hwo — hwp) - (3.6)

The matrix elements\/y,|? depend on the strength of the Fourier components of the inho-
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Figure 3.2: Magnon manifold versus magnetization directibhe magnon manifold was
calculated for a 10 nm think NjFe,, film for the magnetization (a) in plane, (b) 45 degrees
out-of-plane, and (c) perpendicular to the plane. Courté®. d/icMichael [40].
mogeneity. The delta function enforces the requiremendégieneracy.

Two-magnon scattering is less a scattering process thaphadig process. The uni-
form mode is no longer an eigenstate of the system when ingen®ities are present.
Rather, it is a superposition of new eigenmodes. These moillefephase with each other
and the uniform mode will dissolve into non-uniform modesefiefore, the two-magnon
process does not actually damp the magnetization. No ereaggs the magnetic sys-
tem, energy is simply transfered from the uniform mode to-noifiorm modes. However,
since FMR probes only the uniform mode, this dephasing doesibute to the measured
linewidth.

Figure (3.2) demonstrates that the number and wavevedttire degenerate modes can
be changed by varying the out-of-plane angle of the dc aghfigdd. Specifically, above
some critical angle there are no degenerate modes, so tlasuneenent of the linewidth
at these angles are free from two-magnon contributions.refbee, measurement of the
linewidth as a function of the out-of-plane field angle canused to quantify the two-
magnon contribution to the linewidth, and hence subtraemén for in-plane geometries.

Such measurements are shown in Fig. (3.3).
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Figure 3.3: FMR linewidth versus out-of-plane magnetmatangle. The resonance
linewidth of a 10 nm NjyFey, film on NiO (open symbols) and Ta (closed symbols) is plot-
ted versus the out-of-plane magnetization angle. The sakk gives the two-magnon pre-
diction for the linewidth. As the magnetization angle irages fewer modes are degenerate
with the uniform mode and the linewidth decreases. Figuugtesy of R. McMichael [40].

Phonon-Magnon Scattering

Phonons are correlated deviations of the atomic nuclei filoar equilibrium posi-
tions and are present in every system. These deviationsaiuhblei introduce inhomo-
geneities into the magnetocrystalline anisotropy field.e Tsplacements of the nuclei
alter the Coulomb energy of the electron states, enablimgittans between states. Such
scattering events, which annihilate a phonon and creatdeatr@n-hole pair, must con-
serve angular momentum. In the absence of spin-orbit cogyadhis means that the orbital
moments of the initial and final electron states must be idahsince the interaction does
not couple to the spin. However, in systems with spin-orbitaing, angular momentum
is shared between the orbital and spin degrees of freeddireritbecomes possible that a
phonon-electron scattering event can change the orbitedenbof the electron, and also
flip the spin of the electron.

These spin flip scattering events are a damping mechanisaubethey remove energy

and momentum from the spins. Such scattering events occartiome scale of approxi-



28

matelyr/(Ag)? [41] whereT is the ordinary (non-spin flip) scattering time ang is the
deviation of the Landé g factor from 2. For iron, cobalt, amnckel — the materials we
investigate in this document — this means that the spin-figitsring time is about 25 to
100 times longer than the ordinary scattering time. Becatdesdong spin-flip scattering
time this damping mechanism is very weak.

Phonon-magnon scattering is an intrinsic damping mechrahecause it relies on in-
homogeneities produced by phonons, rather than extriasnpke defects. However, the
phonon-magnon coupling can be enhanced by extrinsic ingen®ities. In the presence
of extrinsic inhomogeneities, the uniform mode dephases mon-uniform modes, and
these non-uniform modes can couple more strongly to thegi®nThe coupling of the
non-uniform modes is stronger because it is easier to cemisear momentum in phonon-
magnon scattering events when the magnon carries momeirstaontuniform). However,

magnon-phonon scattering is still a weak source of dampimgatallic systems [42].

Intrinsic Effects

Intrinsic effects cause damping even in crystallograglyigeerfect samples. Even in
perfect crystals the magnetization is not isolated fromrést of the sample. There are
unavoidable interactions between the magnetization amdttier degrees of freedom and
this coupling allows energy to leak from the magnetic systerthe other systems. The
spins couple to magnetic fields, such as those created kyalesddy currents and atomic
orbits (the spin-orbit interaction). Also, the lattice isver cystallographically perfect be-
cause phonons are always present as just discussed. aadti magnetization precesses

at gigahertz frequency the sample acts like an antenna dratea energy as photons.
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Eddy Currents

During a FMR measurement the magnetization, which is siganifi for ferromagnets,
is precessing at GHz frequency. This rapidly rotating mégrfeeld induces a circular
electric field by Faraday’'s lawV x E = —0B/0dt. This circular electric field drives
electrons in eddy currents. This process takes energy dbeainiform mode and puts it
into the electron orbits, thus damping the magnetizatidre dnount of damping depends
on the square of the thickness of the filthiq, o d*. Therefore, eddy current damping
can be reduced by using very thin film samples. However, eddeots become important
by a thickness of just 25 nm for iron. For nickel, thicknessiagp to 100 nm have minimal
damping contributions from eddy currents. Eddy current giagn was investigated by

Ament and Rado [43] among others.

Radiation Damping

We know from classical electrodynamics that a charge urmdleggircular motion radi-
ates energy and its orbit gradually spirals down. This cph@pplied to a classical picture
of the hydrogen atom, provided one of the motivations forateption of quantum me-
chanics. Similarly to this classical picture, as the maigagbn of a sample precesses it
acts as an antenna and radiates energy. This radiationalsesthe precession to grad-
ually spiral down [44]. While this damping effect is indeecegent in all materials, its

contribution to the damping rate is likely negligible.

Spin-Orbit Damping

To a first approximation the electrons in an atom have wellngéfiorbital and spin
angular momenté&, o, ¢, ando, are all good quantum numbers for each electron. How-

ever, this is not quite true. To understand the spin-orléraction we follow the approach
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presented by Liboff [45]. Consider the valence electronsncditam. They exist beyond a
closed shell of electrons and feel a radial electric flelfdom the partially screened nuclear
charge. Using a classical picture, as the valence electrtaiisthe atom they traverse these
electric field lines with velocityw. From the rest frame of the electron the electric field
appears as a magnetic field

B= Y xE. (3.7)
C

v=1/y/1— 2% 3 =wv/c, andcis the speed of light. I < 1theny ~ 1 and the electron
feels a magnetic field

B--P «E. (3.8)

mc

Since the electron has magnetic momerthere is an interaction energyu - B with the
above apparent magnetic field such that

H=—t(Exp). (3.9)

mc

This is not quite correct. Since the electron is constantlyekerating its rest frame
is non-inertial. The correction for this is the Thomas facfid2. The correct interaction
energy is

H=—-Lt"(Exp). (3.10)

For valence electrons outside a filled core it is reasonabdgproximate the electric field
as spherically symmetric

E=——r 3.11
i (3.11)

where® is the atomic electric potential. Inserting this electradiinto the Hamiltonian
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gives a spin-orbit energy of

! L F@} (rxp)-p. (3.12)

-~ 2me |rdr

The cross produat x p is the angular momenturh and the magnetic moment js =
(e/mc)S. Therefore, the spin-orbit interaction is

Hyy = ﬁ {%Z—ﬂ L-S=¢(rL-S. (3.13)
This result holds also for solids, though in metals the atbiitoment is largely quenched
as the valance electrons occupy Bloch states.

One important consequence of the spin-orbit interactighas/, ando, are no longer
good quantum numbers. Rathegr, = 7, + o, is the good azimuthal quantum number.
Therefore, the spin and orbital moments can trade momenagk-dnd-forth as the mag-
netization precesseg.precesses with constajt, but/ ando are misaligned and exert a
torque on each other that causes them both to precess aboci that theie components
are not constants of the motion (see Fig. (3.4)). Since threcpries a larger magnetic
moment than the orbij, is not a constant of the motion.

During a FMR measurement, the spins will be in an excitecestaut the orbits will
be essentially in the ground state. Therefore; @secesses energy is pumped from the
spin degrees of freedom into the orbital degrees of freeddhis process is frequently
interrupted by electron-lattice scattering events. Theesdtering events alter the orbital
moment, removing energy from the electron and leaving thé ora lower energy config-
uration. The spin moment is not affected. This processustiiated in Fig. (3.4). Damping
through the spin-orbit interaction is a two step process:dibital moments are pumped

into a high energy configuration by the spins, and then thésggnis scattered to the lattice.
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Figure 3.4: Schematic of spin-orbit damping. Main figure idepthe precession cone.
Insets for (a) and (b) show that aprecesseé ando precess aboyt Heavy black curves
indicate the trajectories of the vectors. Electron-latscattering, occurring between (b)
and (c), does not affect the spin directionbut removes energy from the orbits, aligning
¢, and hencg, more closely to the equilibrium direction The process then repeats until
equilibrium is reached and the magnetization is pointedgito

Prospectus

While investigations into intrinsic damping in metallic femagnets have focused on
the spin-orbit interaction for some time [46-53], much wet#l remained to be done on
this topic at the outset of this project. The remainder of thesis recites the contributions
we have made. One theory of precession damping by Kambe4Skgéemed particularly
promising as it qualitatively matched temperature depeti@®IR results. However, up un-
til this point it had not been possible to quantitatively lexzde the expression he put forth
4.1 due to the significant computational requirements. Tieery seemed to be largely
forgotten over the years, but we resolved to understand ealdage it. Chapter 4 presents
the results of our numerical evaluation of Kambersky’s te-gorrelation expression 4.1
for iron, cobalt, and nickel. However, the results give taenging rate as a function of the
electron-lattice scattering rate. Since measurementstrépe damping rate as a function

of temperature, and the electron-lattice scattering magenerally not known as a func-
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tion of temperature, comparison between the calculatiodsnaeasurements is restricted.
Therefore, we also calculate the resistivity as a functidh@scattering rate. The damping
rate is then plotted versus resistivity for better compari® experimental results. Chapter
5 discusses our physical understanding of the damping gspaddressing the questions of
how the damping rate depends on different material parasmatel how experimentalists

might adjust the damping rates of materials.

The final two chapters are intended as appendices and cdhetheoretical and nu-
merical details that represent the bulk of the work behired réssults in Chapters 4 and
5. Kambersky’s derivation of the expression for the dampatg quoted in [49] is rather
complicated to follow and tedious to reproduce, but doesexddt in full in that paper
or elsewhere in the literature. Therefore, we include adalivation of the damping ex-
pression in Chapter 6 for any that may continue this work. &pisendix also contains a
derivation of the resistivity. The final chapter is a numariEppendix that provides details

on the density functional theory methods used to evaluatéamping rate and resistivity.
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CHAPTER 4
RESULTS

Precession damping in metallic ferromagnets results pn@timtly from a combined
effort of spin-orbit coupling and electron-lattice scattg [49, 54]. The role of lattice
scattering was studied in early experimental work throughtemperature dependence of
damping rates [55, 56]. Measurement of damping rates veesogerature revealed two
primary contributions to damping, an expected part thateiased with temperature, and
an unexpected part that decreased with temperature. Iiit¢bbse two opposing contri-
butions combine to produce a minimum damping rate near 100rijckel the increasing
term is weaker leading to a temperature independent dampiegabove 300 K, while
for iron the damping rate becomes independent of temper&ielow room temperature.
Heinrichet al. later noted that the temperature dependence of the incgeasd decreas-
ing contributions matched that of the resistivity and cartohity, respectively [57,58], and
so dubbed the two contributions conductivity-like for trecteasing piece and resistivity-
like for the increasing part.

Among the many theories on intrinsic precession damping48449, 51, 53, 59-61],
Kambersky’s torque-correlation model [49] is unique in lgagvely matching this non-
monotonic temperature dependence. Kambersky’s theoryitles precession damping as
due to two processes: the decay of magnons into electrangaits and the scattering of
the electrons and holes with the lattice. The spin-orbfjuerannihilates a uniform mode
magnon and excites an electron, generating an electr@ngaal. The electron-hole pair is
then collapsed through lattice scattering. The electrahhente are dressed through lattice
interactions and are best thought of as a single quasifeawith indeterminate energy and

a lifetime given by the electron-lattice scattering timéneTdressed electron and hole can
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occupy the same band, which we calliatrabandtransition, or two different bands, an
interbandtransition.

The derivation of the damping rate due to the spin-orbitrateon is complicated and
we put it off to an appendix in Chapter 6. The result obtainedfe damping rate of small

amplitude uniform precession is

_whv Z/ & k)|? /d€1Ank(€1)Amk(€1) (e1). (4.1)

The gyromagnetic ratio is = guops/h, g is the Landéy factor, 1 is the permeability of
space,n andm are band indices, arkl is the electron wavevector. The matrix elements
IT".(k)|* describe the torque between the spin and orbital momerttarilsas as the spins
precess. Terms with = m (n # m) give the intraband (interband) contribution(e) is
the derivative of the Fermi functiordf /de, which is a positive distribution peaked about
the Fermi level that restricts scattering events to thehimdhood of the Fermi surface.
The electron spectral function$,,(¢) are Lorentzians in energy space centered at band
energies with widths determined by the electron scatteatg) They phenomenologically
account for electron-lattice scattering.

Expression (4.1) for the damping rate is appropriate forpower FMR measurements
conducted at frequencies ranging between a few GHz and t&tdoat temperatures from
a few Kelvin to several hundred Kelvin. In the derivation af.£4.1) we assume that the
electronic system can be described by a thermodynamicilequith distribution among
states found using a ground state density. At higher ternyesathe actual electronic
configuration could differ significantly from the groundtstaensity, altering the effective
band structure.

This expression does not capture the decay of non-unifordesydor which the electron-

hole pair would carry the momentum of the magnon. Therefihie,expression is likely
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not suited to describe large amplitude dynamics or dampihgnathere is a significant
population of non-uniform modes. The damping expressiaridcbe modified to include
damping of non-uniform modes by relaxing the constraint the initial and final states in
the torque matrix elements have the same wavevector. Mottlesvavevectoiq would be
damped by torque matrix elements between electron stateswavevectork andk + q.

In this chapter we present the results of our calculatiorth@idamping rates of iron,
cobalt, and nickel according to Eq. (4.1). These calcutatigive the damping rate as a
function of the electron-lattice scattering rate. Heihrét al. [57, 58] have shown experi-
mentally that at all but the lowest temperatures, the itnalband interband damping rates
are proportional to the electrical conductivity and regist, respectively. This evidence
supports the assumption that the important scatteringnakes damping calculation is the
same as the resistivity scattering rate. Therefore, wecakulate the electrical resistivity
as a function of the same scattering rate, and plot the daywpie versus the resitivity. A

comparison to experimental results is made.

The Damping Rate

Figure 4.1 shows the results of our calculations for the daghponstants of Fe, Co,
and Ni as a function of electron scattering rate. The curvessaparated into their in-
traband and interband contributions to clearly demorsstitzdt these two terms represent
different processes. Measured curves have analogoustydsgmarated into conductivity-
and resistivity-like pieces. The intraband contributians given by the downward sloping
lines. These terms are proportional to the scattering threace inversely proportional to
the scattering rate, and dominate for low scattering rdd@stemperatures). The interband
terms are initially proportional to the scattering rate (6w scattering rates), but gradually

saturate as the scattering rate is increased, particuiarlidi. This contribution domi-
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nates for large scattering rates (high temperatures). @lwilated intraband terms give
the conductivity-like contribution to the measured dataletine interband terms match the
resistivity-like portion.

The dependence of the intraband and interband terms on #tierseg rates enters
through the integration over the spectral functions. Thexspl functions are Lorentzians
in energy space. For very long scattering times the enedjitse electron states are well
defined and the spectral functions are nearly delta funetids the state lifetimes decrease
the spectral functions broaden. The height of the speatraitions is proportional to the
scattering time while the width is inversely proportionalthe scattering time. The
function in the energy integral in Eg. (4.1) is essentialielta function at the Fermi energy.
Therefore, the value of the integral is determined by thelapeof the spectral functions
at the Fermi level. For the intraband terms, the two speé@tradtions are the same and
the integral is proportional to the peak height of the sgédtmction. For the interband
terms, the integral depends on both the width of the spefitradtions and the distance
between the central energies. The overlap of the spectrafiuns initially increases as the
scattering rate increases, but then decreases with samtifotcoadening since the spectral
intensity at the Fermi level goes to zero. These trends a&itbed pictorially in Fig. (4.2).

Damping curves are measured as a function of temperature@ubicalculations are
made as a function of electron scattering rate. Since tladioalbetween scattering rate
and temperature is not known sufficiently well, it is not pbksto directly compare these
curves in their entirety. However, since the intraband aridrband contributions have
opposite scattering rate dependencies, the damping ctieach material exhibits a min-
imum at some scattering rate. What we can meaningfully donspeoe these calculated
minima to the smallest values measured as a function of textyse. This in done in Table
4.1.

As we discuss in Chapter 6, during the derivation of the dagpate we make the
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Figure 4.1: Calculated Landau-Lifshitz damping constante, Co, and Ni. Thick solid
curves give the total damping parameter while dotted lines the intraband and dashed
curves the interband contributions. Values kaaire given in Sl units. The right axis is the
equivalent Gilbert damping parameter and the top axis igulhevidth-half-maximum of
the electron spectral functions.
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Figure 4.2: Schematic diagram of the scattering time degecel of the intraband and in-
terband spectral overlap integral. Top diagram is a clgsefa portion of a band structure
showing two bands. Heavy lines below the Fermi level indiddked states while lighter
lines above the Fermi level indicate empty states. The fmages below represent slices
through the band structure in energy space at fixed wavavelhe top two diagrams are
for a long scattering time and the bottom two are for a shattedng time. The images

on the left (a) are for wavevectdr;, and indicate an intraband transition, images on the
right (b) are for wavevectadr, and show an interband transition. Shaded regions below the
Fermi level indicate filled states. The strength of the iodwad transitions is shown to be
proportional tor while the interband transitions increase withr.
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Table 4.1: Calculated and measured damping parametersesvidu)\ are reported in
10° s~ while those foro are dimensionless. The values indicate minima of the cailed|
or measured curves. Published numbers from [55] have beédipled by 47 to convert
from the cgs unit system to SI.

Aeale Acalc >\meas )\calc/>\meas
bcc Fe(001) 0.0013 0.54 0.88 0.61
bcc Fe(111)  0.0013  0.54 - -
hcp Co(0001)  0.0011 0.37 0.9 0.41
fec Ni (111) 0.017 2.1 2.9 0.72
fec Ni (001) 0.018 2.2 - -

approximation that the magnetic moment of each electrorues sblely to its spin; we
neglect the orbital contribution to the magnetization. sTapproximation is reasonable
because the orbital moments are largely quenched in mé&tafsaintain consistency with
this approximation, we should set the Langéactor in Eq. (4.1) equal t@. Using this
value forg we find the agreement between the calculated and measuredahiralues is
about 70 % for Ni, 60 % for Fe, and 40 % for Co. Since the expres&ip\ contains a
factor of ¢2, if we were to use the measuredzalues the agreement would improve to 86
% for Ni, 67 % for Fe, and 48 % for Co. This is the first time thatcddted damping rates
of the correct order of magnitude for these metals have beantdatively compared to
measurements. For the reasons we now discuss, obtainuitsresthin a factor of two of
the measured values for all three systems is a significaohgashment.

The comparison between the calculated and measured misimast reliable in the
case of nickel. The first reason for this is that the nickehdeipress both the conductivity-
like and resistivity-like contributions, and, hence, tla¢adcontains the damping minimum,
unlike the case with iron. The second reason is that the taiogr in interpreting the mea-
sured linewidths is much less for nickel than for cobalt. rEtfiere, of the three materials,

only nickel has a clean set of data that contains the dampingrmam. Not surprisingly
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then, the agreement between the calculated and measuredangbest for nickel. The
agreement for iron and cobalt is also good, within a factdwaf of the experimental val-
ues, but not as strong as the nickel match. The comparisdrofors complicated by the
fact that the iron data shows only a resistivity-like (ift@nd) contribution. We suspect
that this is because the scattering rate in iron is highar tha other metals, forbidding
measurement from probing the region in which the condugtike (intraband) term dom-
inates. Therefore, the iron data do not reach the dampingmaim. Also, factoring the
temperature dependence of the damping constant out ofrtipetature dependence of the
linewidth is more difficult for iron than for nickel, so there® more uncertainty in these
measurements. The uncertainty in the cobalt measuremauitéslarge as separating the
temperature dependence of the damping constant from @thngretrature dependent quan-
tities is very challenging for this system. Consequentlg,uhcertainties in these measure-
ments are very substantial. Therefore, a factor of two wfiee between our calculation
and the measurement should not be viewed as a significan¢petcy.

It is important also to note that we do not expect completeegent. We have calcu-
lated only the first-order contribution to damping of thefarmn mode due to the spin-orbit
interaction. Further, we have made several approximatomsake the calculation more
tractable. We neglected the orbital magnetic moment. Th@&abrmoment is partially
parallel to the spin moment and partially perpendiculah®gpin moment. The error as-
sociated with neglecting the parallel component shouldlbsecto a factor ofg/2)?, as
we estimated in a previous paragraph. The cost of neglettiengerpendicular component
is not clear. As we discuss in Chapter 6, this component dungs both a spin-orbit and
an orbit-spin correlation function to the moment-momemteation function that we treat.
We also assume that the electron-hole pairs are createdomitbnough density that the
pairs do not interact with each other. Again, it is not cleawheasonable this assumption

is. At higher temperatures, the presence of thermally geedrelectron-hole pairs may



42

make pair-pair interactions significant. Additionaly, the@re damping mechanisms other
than the spin-orbit interaction simultaneously at work. e discussed in the previous
chapter, damping also occurs through direct magnon-pheaattering, though this is es-
timated to be a very small effect [42]. Lastly, we have setstettering rates of all states
equal, though surely there will be some variation. We wilhxehis constraint later in this
chapter and find an improved agreement between the catmsdatind the measurements.

On the numerical side, the wavefunctions used were fouraligir the mean field ap-
proach of the local spin density approximation (LSDA). Theleange interaction depends
on non-local spin correlations. The LSDA neglects the raoal nature of the exchange
interaction and approximates it using only a local spin dgn3his shortcoming appears
not to be critical for the transition metals that we study.

In Chapter 7 we will discuss the numerical methods used taet@Eq. (4.1) in detail.
However, we make a few brief comments on this matter here.eVakiation of Eq. (4.1)
required the single particle eigenstates and energiexbfreatal. These were found using
the linear augmented plane wave method in the LSDA. The lzdions are converged to
within a standard deviation of%, which required including 7 bands for iron, 15 for cobalt,
and 6 for nickel. The necessary k-point sampling Weg))? k-points for Fe,(140)3 for
Ni, and(100)? k-points in the basal plane by 57 along thexis for Co.

The Resistivity

We calculated the damping rate as a function of the eledattice scattering rate, but
the damping rate has been measured as a function of temqger&tace the scattering rate
is not known very well as a function of temperature we coully @ompare the minimal
values of the calculated damping curves to the minima of teasured curves. To get

around this problem we calculated the electrical reststiof each metal as a function of



43

the scattering rate. Therefore, it is now possible to pletdmping rate as a function of
the resistivity. Since analogous plots can be constructed éxperimental data these new
curves allow comparison of the damping rates for any tentpera

The derivation of the electrical conductivity is presentedhapter 6 with the result

2 P e\’ )
o= W%Z/W (a_k‘k> /dq n(en) A, (e1) . 4.2)

Since the conductivity contains only intraband terms it@gportional to the scattering time.

that

Therefore, the resistivity = 1/ is proportional to the scattering rate. A simple way to
present the results of our calculations of the resistwitiethe three metals we investigated
is as the single number/~ wherey = 1/7 is the scattering rate. These values are listed in
Table 4.2. The resistivities per scattering rate for theg¢hmetals are very similar and just
abovel x 1072 Q2 - m - s. For a clean sample with a scattering ratd @f* s—! this gives a
resistivity on the order of0~7 ) - m, which is reasonable.

Table 4.2: Sample resistivity. Resistivity per scatteriaggrfor Fe, Co, and Ni in units of
10722 Q- m - s.

Fe Co Ni
p/v 130 124 1.18

With these results we can parameterize out the poorly knaattesing rate in the
presentation of the damping rates. Figure (4.3) presertgldimping rates versus the di-
rectly measurable resistivity instead of versus the irndliyenferred scattering rate, as we
had previously presented our calculations in Fig. (4.1)s Phesentation allows the entire
damping curves to be compared to experimental results,e@kgireviously we were only
able to compare the minima of the curves. These curves phgcdamping minimum of

each metal near a sample resistivitylof ” Q2 -m. Unfortunately, we do not yet have exper-
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imental results for the damping rate versus the resistigiyat this time we are unable to
make a full comparison of our calculations. Based on theseswuand previous damping
measurements made versus temperature [55, 56], we expeecledmest samples to have
a resistivity range of roughly0—* to 107°Q - m for nickel and cobalt, and for that range
to be increased about half an order of magnitude for ironckvlappear to be reasonable
numbers.

The fundamental assumption that we make in deriving Eq) (drazhe conductivity is
that the resistivity is dominated by electron-lattice ratgions and that electron-electron
interactions play a minimal role. Such a simplistic apploappears to be validated by
the success of the Boltzmann equation approach to tranggetkKubo formula approach
that we employ is a more formal treatment of the physics usdlda Boltzmann equation.
Therefore, our result should hold for the same conditionth®fesistivity being dominated

by scattering from dilute impurities and phonons.

The Scattering Time

The results may not be as straight-forward as suggested)ir{48). Thus far we have
been assuming that the lifetimes of all electronic statestla same. This is surely not
the case. There will be some range over which the lifetimeéee@mMmany states are spread.
Determining the lifetime of each state separately wouldivra very arduous investigation
of electron-phonon scattering, and would also require kedge of the impurities. This is
not a task that we will undertake. Instead, we relax the apiomof a universal scattering
time in a more feasible way. We allow the lifetimes of statéth wpposite spin to differ.
(We have in mind that the spin-up and spin-down lifetimes im@ynversely proportional
to the spin-up and spin-down densities of states at the Heweli) We define two lifetimes

7, and 7, for the up-spin and down-spin states. However, since weaidecthe spin-orbit
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interaction in solving for the wavefunctions, the eigetetaf the Hamiltonian are not pure
spin states. We use this to our advantage and assign a sejif@tahe to each state based
on how much the state is spin-up versus how much it is spimad&pecifically, for a state

Y, the relaxation time becomes

Tnk = QpkTy + ﬂnle . (43)

The coefficientsy,,, andj3,, are the up and down components of the spin vector for the
statey,,.

We now investigate what effect varying the ratio= 7, /7 has on the damping rate
and the resistivity. Figures (4.4-4.6) show the dampingg&tr the three metals for several
values ofr while Fig. (4.7) similarly presents the resistivity. In Fi@.8) we combine
these new sets of results for the damping and resistivityaiotipe damping rate versus the
resistivity for several lifetime ratios. Unfortunatelyewlo not presently have experimental
data for the damping rate versus sample resistivity for drije@se metals. Therefore, we
cannot yet check the accuracy of our results. Hopefullg, dlaita will be available for such
a comparison in the future.

One objective of calculating the resistivity was to elinteéhe one free parameter in
the damping calculation: the scattering rate. The plotsign @&.3) show this result. We
then modified our calculation to allow for the fact that diffiet states may have different
scattering rates. This modification put a free parametee-spim-down to spin-up lifetime
ratio r — back into the results. Therefore, the damping curves of i) became the
family of curves presented in Fig. (4.8). While the true sgapendent lifetime ratio
may be probed experimentally, we are not aware of such me@asunts on the systems we
are considering. Therefore, we do not know which member of ed the sets of curves

in Fig. (4.8) we expect to match the experimental result. tHarr the ratior may vary
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with temperature. However, it seems reasonable that thedspvn to spin-up lifetime
ratio r follows the ratio of the spin-up to spin-down density of etaat the Fermi levely.
(The scattering rate of states of a given spin should be ptiopal to the number of states
available to scatter into. Therefore, the state lifetimea@iven spin should be inversely
proportional to the density of states for that spin direactbthe Fermi level. Based on this
argument, we then estimate a lifetime ratie- r of 3.6 for Fe, 0.25 for Co, and 0.12 for
Ni.)

An interesting observation can be made from inspectingetsed curves in Fig. (4.8).
In a previous section we compared the minimal calculatedpaagrates to the minimal
measured damping rates (see Table 4.1). Figure (4.8) shmawshie minimal calculated
damping rates depend on the ratioln Table (4.3) we reconsider the comparison of the
minimal damping rates by setting= 4 for iron, » = 1/4 for cobalt, and- = 1/8 for nickel
(to closely match the spin-polarized densities of statessa We find that the comparison
improves in each case, rising from 71% to 95% for nickel, 629%0% for iron, and 41%
to 47% for cobalt.
Table 4.3: Minimal damping rates. Measureq,(.s) and calculated minimal damping
rates.)\; is the minimal damping rate using a spin-down to spin-ugitife ratio ofr = 1.
Ar IS the minimal damping rate when the ratids set to the spin-up to spin-down density

of states ratio at the Fermi levgl. The agreement with the measured minima is improved
whenr is set torr. Damping rates are reportedifi? s—! in Sl units.¢g = 2 was used.

)\1 /\F )\meas
Fe(100) 054 062 0.8
Co(0001) 0.37 042 09
Ni (111) 2.14 276 2.9
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Summary

In this chapter we calculated the damping rates of iron, kkpbad nickel. The first
set of results presented the damping rates versus theagidattice scattering rate. The
minima of these calculations were compared to the minimasueed damping rates of
these metals. The calculations agreed with the experirhesgalts at a level of 70 %
for nickel, 60 % for iron, and 40 % for cobalt, usigg= 2. If instead, the measureg
values were used, the agreement improved to 86 % for Ni, 67 9% dp and 48 % for
Co. To eliminate the scattering time from the presentatictm@fresults the resistivity was
calculated. Once experimental results of the damping ratsug the resistivity become
available it will be possible to compare the full measured ealculated damping curves.

We further refined the calculation of the damping rate (asastwity) by introducing
a new parameter — the ratio of the spin-down to spin-up ifefi. This ratio can be deter-
mined experimentally and we predict that it should coreeltongly with the ratio of the
spin-up to spin-down density of states at the Fermi level. iMlve choose the damping
versus resistivity curves for which the lifetime ratio i®sé to the density of states ratio
we find an enhanced agreement of the calculated minimal aeyngaies with the measured
minimal damping rates. The agreement improves frafi to 95% for nickel,61% to 70%

for iron, and fromd1% to 47% for cobalt.
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approximately 4 for Fe, 1/4 for Co, and 1/8 for Ni. Curves for @fhi = 1 are identical to
those presented in Fig. (4.3).
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CHAPTER 5
PHYSICAL UNDERSTANDING

We have shown that the expression for the damping rate Eb). ¢doduces accurate
results for iron, cobalt, and nickel. However, the formatiion of this expression,
which we put off until the next chapter, fails to illuminateetphysical processes involved
or give insight into how one might alter the damping rate tigto sample manipulation. In
order to provide a more tangible explanation of precessamping we rederive Eq. (4.1)
using an informal effective field approach in this chapter.

The magnetization dynamics are governed by an effective fighich is defined as the
variation of the electronic energy with respect to the méigaton directiony HT =
—0FE/OM. The magnitude of the magnetizatidd is considered constant within the
Landau-Lifshitz formulation, only the directiof/ of the magnetization changes. The
total electronic energy of the system can be approximate#l by " . p,ren,, Which is a
summation over the single electron energigsweighted by the state occupancgs.

The effective field will include both reversible and irresile terms. The reversible
part of the effective field originates from holding the stateupancieg,,; at their equilib-
rium values. The effective field resulting from this proceglis equivalent to the magne-
tocrystalline anisotropy [62]. The irreversible conttilon to the effective field comes from
allowing the state occupancies to deviate from their elgulm populations in response to
the perturbation of the applied oscillating field. This weesible part of the effective field
produces the damping in Eq. (4.1).

As the magnetization precesses the energies of the staaegehhrough variations
in the spin-orbit contribution and transitions betweernesaccur. These two effects, the

changing energies of the states and the transitions betstatss, produce a contribution
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to the effective field

1 O€ni — Opnk
Hef = — {R—A+—Aen . 5.1
HoM %; ot T onr ™ &

The first term in the brackets describes the variation inpire srbit energies of the states as
the magnetization direction changes. This effect, whichlieen discussed and evaluated
before [47,51,52], is generally referred to as the bregthermi surface model. The spin-
orbit torque does not cause transitions between statessirpittture, but does cause the
Fermi surface to swell and contract as the magnetizatiotegees. We will show that this
portion of the effective field gives the intraband terms of Egl). The second term in
the brackets has previously been neglected in effective fieatments, but accounts for
changes in the system energy due to transitions betwees sfitis term does not change
the energies of the states, but does create electron-hiwkelgaexciting electrons from
lower bands to higher bands. This process can be picturedbaslaing of individual
electrons on the Fermi surface. We will demonstrate thatghbrtion of the effective field

gives the interband terms of Eq. (4.1).

Intraband Terms

In the absence of spin-orbit coupling and any external fidldsenergies of the single
particle states would be independent of the spin directitmwever, the spin-orbit interac-
tion breaks this degeneracy. As the magnetization preseissespin-orbit energy of each
state fluctuates periodically. At any particular time, someeupied states originally just
below the Fermi level get pushed above the Fermi level andlsameously some unoccu-
pied state originally above the Fermi level may be pusheovbél This process takes the
system, which was originally in the ground state, and pughms# of equilibrium into an

excited state creating electron-hole pairs in the absefre@ycscattering events. Scattering,
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which occurs with a rate given by the inverse of the relaxetiime 7, brings the system to a
new equilibrium. The relaxation time approximation deter@s how far from equilibrium

the system can get.

df nk
dt

Pnk = fnk — T . (52)

The occupancy,,, of each state),,, deviates from its equilibrium valug,, by an amount
proportional to the scattering time. How quickly the sys@amps depends on the magni-
tude of this deviation.

The rate of change of the equilibrium distributidf),../dt depends on how much the
distribution changes as the energy of the state chaifygsde,.,, how much the state en-
ergy changes as the precession angle chattg@,édM, and how quickly the spin direction

is precessin@M/dt. These can be combined with a chain rule

dfnk o dfnk denk dM
dt — den, dM dt

(5.3)

Combining this result with the relaxation time approximatigg. (5.2) and substituting

these state occupancies into the first term of the effecee iin Eq. (5.1) gives

Hif = Hip + Hp™, (5.4)
: 1 @Enk
Hy: = — nk™__~_ 55
W= Zk fu— (5.5)
1 dfnk’ denk 2 dM
Hdame - v . 5.6
bfs MOM ZT( denk) (dM) dt ( )

nk

H:! is a contribution to the magnetocrystalline anisotrop)df%lahdHﬁ’;“smp is the damping

field from the breathing Fermi surface model. When we comgasedamping field to the



57

Figure 5.1: Schematic description of precession geomewithin the breathing Fermi

surface model (a) the damping rate is calculated as the rtiagtien passes through a
specific point in a given direction. The torque correlatiood®l (b) gives the damping rate
for precessing about a given direction. The dashed curdésate the precession trajectory.

damping field postulated by the Landau-Lifshitz-Gilbentiation

A dM
| £ Bt e AR ik 5.7
LLG ’}/QM dt ( )
we find that the damping rate is
A —77_223 (e )<8€"’“)2 (5.8)
bfs 110 — T\ €nk 8M . .

Asin Eqg. (4.1)(e) is the negative derivative of the Fermi function and is a fpeesdistri-
bution peaked about the Fermi energy.

As described in Fig. (5.1a), the result of the breathing Feurface model Eq. (5.8)
describes the damping rate of a material as the magnetzattates through a particular
point 2 about a given axis. WhenJ/ is instantaneously aligned withthe direction of the
change in the magnetizatiali/ will be perpendicular t@, in the-i plane. On the other
hand, the torque correlation model Eq. (4.1) gives the dagwate when the magnetization
is undergoing small angle precession aboutitirection (see Fig.(5.1b)). Whenis a
high symmetry direction the change in the magnetizatiohstaly in thez-y plane. In each

scenario — rotating/ through? in the breathing Fermi surface model and rotatiigibout
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% in the torque correlation model d\/ is confined to the:- plane. Therefore, rotating
through z and rotating about are equivalent in the small angle limit wheénis a high
symmetry direction. With this observation we now show tit intraband contributions
of the torque correlation model are equivalent to the bragtRermi surface result under
these conditions.

The only energy that changes as the magnetization rotaties spin-orbit energ§,..
As the spin of the stateik) rotates about thé direction by angle) its spin-orbit energy is
given by
em.ﬁ Heo e—ia~1§

e(9) = <nk: nk> (5.9)

whered = 9. Taking the derivative of this energy with respectitan the limit thatv

goes to zero shows that the energy derivatives are

%:i<nk‘[a~1§,7{so]

nk;> . (5.10)

Figure (5.1) shows that the derivatiie/d is identical tode /M and that whem/ = 2
the rotation direction’ lies in thex — y plane. The two components of the transverse
torque operatoF” andI'™¥ can be obtained (up to factors ®fby settingd equal toz or ¢,

respectively. From this observation we find

2 2
| {(nk |T~|nk) |* = (%) + (g—;) : (5.11)

When the magnetization directianis pointed along a high symmetry direction the trans-
verse directions: andy are equivalent and™~|? = 2(de/dM ).

Substituting the torque matrix elements for the energyvdéves in Eq.(5.8) gives a
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damping rate of

Mos = 1= il Z\r )| nlea) (5.12)

For the intraband terms in Eq. (4.1) the integration oversgectral functions reduces to

27n(€enk)/mh so we find

o= IS [ S [, 619

which matches the intraband terms of Eq. (4.1).

Calculation of the damping rate from Eq. (5.8) requires eatidn of the microscopic
anisotropies for a given spin orientation and has been aiadby other researchers [51,
52]. Since the damping is linear in the scattering time iy@dal to report results from
Eq. (5.8) as the ratia /7. The intraband term in our calculation Eqg. (5.13) also tssal
a damping rate that is proportional to the electron lifetimiable 5.1 compares the ratio
A/t found from the breathing Fermi surface model Eq. (5.8) td tidained from the
intraband contributions Eq. (5.13) of the torque correlatnodel. The agreement is quite
remarkable given the very different approaches of the twoutations and numerically
verifies our analytical demonstration that these appraaateeequivalent. The agreementis
also reassuring because the scattering events in the toogredation model can be difficult
to understand, but we have now shown that the intrabandesicgftevents describe the
same physics as the more understandable breathing Fefagspicture.

The intraband terms describe scattering from one stateetf lty the torque operator,
which lowers the angular momentum of the state. The matarehts of this operator
acting between some state and itself can be appreciablg@anbecause the spin-orbit
interaction mixes small amounts of the opposite spin divadnto each state. Since the

initial and final states are the same, the operation is nNatwEin conserving. The matrix
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Table 5.1: Comparison of the breathing Fermi surface to ttreband terms of the torque
correlation model. The damping rates due to the intrabanttibotion from Eq. (4.1) are
compared to previous results from the breathing Fermi sanfaodel [52]. Values fok /7
are given in10*? s—2. Published numbers from [52] have been multipliedibyto convert
from the cgs unit system to Sl.

(A/T)intra (A/7)bts

bce Fe(001) 1.01 0.968
bcc Fe(111) 1.35 1.29
hcp Co(0001) 0.786 0.704
fcc Ni (111) 6.67 6.66
fce Ni (001) 8.61 8.42

elements do not describe a real transition, but rather gecaimeasure of the energy of the
electron-hole pairs that are generated as the spin directianges. The electron-hole pairs

are subsequently annihilated by a real electron-lattiagesing event.

Interband Terms

The set of states,,, that we use are eigenstates only when the magnetizatiomitedo
along thez direction. As the magnetization rotates away frénthe spin-orbit energy
of the states change and this acts as a perturbation. Therefben the magnetization
precesses abolt the states that are occupied are not eigenstates and ivagsitccur
between them. Since the spin-orbit energy is small the ttangate may be found from

first order perturbation theory. The perturbation is

V(t) = e ?OH e 1 (0) = ifo - o(t), Hsol - (5.14)

This approximation results from linearizing the exponewtsich is appropriate in the small

angle limit. The time dependence of the rotation axi$(is) = coswt & + sinwt ¢, up to
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a phase factor. This perturbation causes band transitiemgkn the states,, andi,,;.
The initial and final states have the same wavevector bedhase transitions are caused
by the uniform precession, which has a wavevector of zerce ffdnsition rate between

states due to this perturbation is

Wi (k) = 2% T ()2 (et — et — i) (5.15)

The variations of the occupancies of the states with redpabte magnetization direc-

tion are given by the master equation

8 Opnis
m#n
The second term in the effective field Eq. (5.1) contains #wol dp,,,/0M which is
(Bpni/Ot) /(D@ /0t)2 - (OM 9t) wheredy /0t = w. Inserting these expressions into the

second term in the effective field and rearranging the sunesgi

dM
- mk]|€m n . 5.17
QMOM%;WZ# Pnk Pmk] [€mb — €nk] —— dt ( )

Comparing this result to the effective field predicted by tlamdau-Lifshitz-Gilbert equa-

tion (5.7) we find a damping rate of

Z Z Wi (K pnk pmk] [k — €nk . (5.18)
2410

w
nk m#n

The finite lifetime of the states is introduced with the spgdunctions

e e = el o — e
= %% / de; Api(er) / des A (e2) Wi (k) =—— —
(5.19)
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Inserting the transition rate Eq. (5.15), integrating aygland taking the limit that goes

to zero leaves

A= WMOMth ;%/% ‘an(k)|2/delAnk<€1)Amk(€1)n(€1)7 (5.20)

which are the interband terms of Eq. (4.1).

In this derivation of the bubbling Fermi surface contribuatito the damping we have
ignored an additional, reversible term that contributeétéomagnetocrystalline anisotropy.
This contribution arises from changes in the equilibriuatestoccupancies as the magne-
tization direction changes. This contribution to the magoeystalline anisotropy is local-
ized to the Fermi surface while the contribution discussetié intraband section is spread

over all of the occupied levels.

Modifying the Damping Rate

In Chapter 4 we demonstrated that the torque correlation hiegle(4.1) accurately
predicts the precession damping rates of the transitiomlsgbn, cobalt, and nickel. So
far in the present chapter we have shown that this expre$sidhe damping rate can be
described simply within an effective field picture. We nowestigate the degree to which
the damping rate may be modified by adjusting certain mafesiameters. Inspection of
Eqg. (4.1) reveals that the damping rate depends on the adgrvobf two factors: the torque
matrix elements and the integral over the spectral funstidile separate the quantitative
analysis of the damping rates into their dependencies @®ttve factors, beginning with

the spectral weight.
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Spectral Overlap

For the intraband terms, the integral over the spectraltions is essentially propor-
tional to the density of states at the Fermi level. Therefibsgppears reasonable to suspect
that the intraband contribution to the damping rate of amiveterial should be roughly
proportional to the density of states of that material atReemi level. To test this claim
numerically, we artificially varied the Fermi level of the taks within the d-bands and
calculated the intraband damping rate as a function of theniFlevel. The results of
these calculations are superimposed on the calculatedidertd states of the materials in
Fig. 5.2. The correlation between the damping rates andehsities of states, while not
exact, is certainly strong, indicating that increasingdkasity of states of a system at the
Fermi level will generally increase the intraband conttidsa to damping.

The dependence of the interband terms on the spectral pysmaore complicated than
that of the intraband terms. The spectral overlap depentiseoenergy differences, —¢,,
which can vary significantly between bands and over k-poiMisen the scattering rate'r
is much less than these energy gaps the interband termsagrerponal to the scattering
rate. However, this proportionality only holds at low seattg rates when the interband
contribution is much less than the intraband contributitime proportionality breaks down
at higher scattering rates whépr becomes comparable to the band gaps. After this point
the damping rate gradually plateaus with respect to theéesoeg rate. Despite the inability
to analytically predict the dependence of the interbandpdaghrate on the density of
states it was possible to conduct the test numerically. rEigu3 presents the interband
damping rate for a high scattering rate as the Fermi levelant#gcially varied through the
d-bands. Superposing the squared density of states upsa tbsults shows a very strong
correlation. It is not clear why the interband damping rdtewd be proportional to the

density of states squared, however, this trend is obsernveddh metal.
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Figure 5.2: Intraband damping rate versus Fermi level soqpersed upon density of states.
A strong correlation between the intraband damping ratsugeFermi level ) and the
density of states (solid curves) is observed. Verticallblaes indicates true Fermi energy
calculated by density functional theory.
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Torgue Matrix Elements

The damping rate also depends on the square of the torqu elaiments. A goal of
doping is often to modify the effective spin-orbit coupliofja sample. While doping does
more than this, such as introducing strong local scatteramgers, it is nevertheless useful
to estimate the dependence of the matrix elements on theogpiinparamete¢. We begin
with pure spin states and treat the spin-orbit interactidn = £V’ as a perturbation. The

states can be expanded in powerg ab

Un =+ E8, + R+ (5.21)

The superscripts refer to the unperturbed wavefunctiomaii@)the additionsi) due to the
perturbation to théth order while the subscript is the band index, which includes the
spin direction, up or down. Since the torque operator alsatos a factor of the spin-orbit
parameter the matrix elements have terms in every ordebeginning with the first order.
Therefore, the squared matrix elements have contributibosder£? and higher.

To determine the importance of these terms we artificialhetthe spin-orbit interac-
tion from zero to full strength, calculating the dampingeraver this range. We then fit
the intraband and interband damping rates separately ym@ualials. In each material,
this fitting showed that for the intraband terms théependence of the damping rate was
primarily third order, with smaller contributions from tisecond and fourth order terms.
Restricting the fit to only the third order term produced a wvegsonable result, shown in
Fig. (5.4). For the interband terms, polynomial fitting wasninated by the second order
term, with all other powers contributing only negligiblyh& second order fit is shown in
Fig. (5.4).

To understand the difference in thelependence of the intraband and interband contri-
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butions it is useful to define the torque operator

I~ =& 0% — (o). (5.22)

The torque operator lowers the angular momentum of the gtaigts on. This can be
accomplished either by lowering the spin momentéfan—, a spin flip, or lowering the
orbital momentunt~¢*, an orbital excitation. Therefore, both the intraband anterband
contributions each have two sub-mechanism: spin flips abitebexcitations.

The second order terms for the intraband casgare?’ |(¢*c~ — ¢~ o%)|¥2) |?. Since
the unperturbed states) are pure spin states the spin flip pét¢— of the torque returns
zero. Therefore, only the orbital excitations exist to Ietarder inS, reducing the strength
of the second order term in the intraband case. Howevemtasiand terms contain matrix
elements between several states, some with the same spatial; but others with oppo-
site spin direction. Therefore, both spin flips and orbitadigations contribute in second

order to the interband contribution.

Conclusions

This chapter and the previous one have presented the reétits project, but have
avoided much of the technical discussion to make the coatsgssible to a general solid
state audience. The remaining two chapters contain thgtasaland numerical details
behind these results. These details are included becaggectresent the significant por-
tion of the work behind this project, but are not intended dogeneral audience. The
final two chapters can be treated as appendices intendeldoe tvho wish to extend this
work. Therefore, at this point we give a summary of our wor# an outlook toward future
projects.

We began this project by identifying a precession dampinghaeism [49] that, based
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on qualitative arguments, appeared a promising candidatpfntitavely matching exper-
imental damping rates. We evaluated this expression noaigrusing density functional
theory techniques within the linear augmented plane wadel@ral spin density frame-
work. We developed and evaluated an expression for thetivggisn a similar fashion.
The damping rates that we calculated matched the measumgararates to within 95 %
for nickel, 70 % for iron, and 47 % for cobalt.

To gain a better physical understanding of the damping pee extended the previ-
ous effective field formulation. The previously existindeetive field treatment of damp-
ing, called the breathing Fermi surface model, providedmpoks and understandable expla-
nation of precession damping in metallic ferromagnets. éi@x, since it only produced
the intraband contribution to damping and not the interbi@ndhs, it is only applicable
to very pure systems at low temperatures. Our objective wastend this effective field
model to reproduce the torque correlation model, which etely predicts damping rates
of systems with imperfections from low temperatures to &xmom temperature. We dis-
covered that the breathing Fermi surface model accountsnigrone of the two terms in
the effective field. By constructing an effective field witletpreviously studied breathing
Fermi surface contribution and also the new bubbling effezhave shown that this sim-
pler picture may be mapped onto the torque correlation msdgi that the breathing terms
match the intraband contribution and the bubbling termsimtite interband contribution.

Since there is considerable interest in understanding bowanipulate the damping
rates of materials, we investigated the dependence of ttaband and interband damping
rates on both the spectral overlap integral and the torquexetéements. For the intraband
terms, the spectral overlap is proportional to the dendisyaies and we found a strong cor-
relation between the intraband damping rate and the deofssitates of the material. The
interband case is significantly complicated by the rangeaofdbgaps present in materials.

No simple relation was found between the strength or stadteate dependence of the
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interband terms and common material parameters. The iapoetof the torque matrix el-
ements to the damping rates was characterized throughdiyeémdence on the spin-orbit
parameter. The intraband damping rates were found to vatlyeaspin-orbit parameter
cubed while the interband damping rates went as the spibhqmabameter squared. This
difference was explained by noting that the torque opexdtanges the angular momentum
of states either through spin flips, or by changing the orbitgular momentum. Spin-flip
excitations do not occur to second ordekifor the intraband terms, but do contribute at
second order for the interband terms.

It is desirable to understand the relative differences impiag rates among various
materials, such as why the damping rate for nickel is highan that for cobalt and iron.
We have shown that the relative damping rates of these raltetepend in part on the
differences of their densities of states and spin-orbitptiog strengths. However, they
also depend in an intricate way on the energy gap spectracbfraatal. For the interband
terms the dependence on the gap spectrum enters througteittead overlap integral. For
the intraband terms the energy gaps appear in the denomsraftthe matrix elements.
Therefore, states with very small splittings can dominate k-space convolution. The
abundance of such states in nickel appears to contributesttatger damping rate in this
material [63].

Doping is a common technique for modifying damping ratespiBg has a number
of consequences on a sample and these effects vary with tthednef doping. Dopants
can increase the electron-lattice scattering rate, ingednagnetic inhomogeneities that
act as local scattering centers, alter the density of stateschange the effective spin-orbit
parameter. We have investigated the consequences of rmaglife densities of states and
spin-orbit parameter on the damping rate, and demonstiia¢estattering rate dependence
of the damping rate, however, it is not clear what new dampieghanisms arise when

rare-earth elements are added to a transition metal host.
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There are a few obvious projects to investigate next. Thedade small angle preces-
sion damping in transition metal alloys, large amplitudedang in single element metals,
and ultrafast demagnetization. The spin-orbit torque dagymechanism that we have in-
vestigated appears suitable for describing damping inaltysge and magnetically collinear
alloys such as CoFe in various stoichiometries. Extendiegsgin-orbit torque picture to
non-collinear systems, such as NiFe, would require indgd new exchange-exchange
torque [53]. This does not appear overly burdensome. Itiliear, however, what other
processes take place in amorphous materials.

Large amplitude dynamics would prove a challenging, bugrggting endeavor. The
Kubo formula used here would have to be extended to includelinear terms. One
should also abandon the constraint that the magnitude ofmtgnetization is constant
during the dynamics. Further, non-uniform modes wouldlyikgay a significant role in
large amplitude dynamics. Describing large amplitude dyina would be complicated,
but of significant interests as many commercial and indalstipplications of magnetiza-
tion dynamics involve the complete reversal of the magastn direction of a material.
A particularly interesting result would be a clear charazsgion of under what conditions
the LLG equation breaks down and how the resulting dynanhosld be described.

Lastly, ultrafast magnetization dynamics and demagrtaizdhave recently become
the center of intense experimental investigation. Suclegeses are used in the heat as-
sisted magnetic reversal technique discussed in the fiegiteh Light, sometimes circu-
larly polarized, is used to excite the electrons of a materia time scale of a few hundred
femtoseconds. This often results in the decrease of the @iagtion of the material and a
softening of the magnetocrystalline anisotropy. Simgahiniques are used to change FeRh
from the antiferromagnetic phase to the ferromagnetic @loassimilar time scales. Un-
derstanding these processes on a quantum mechanical lewiel be a serious undertaking

requiring careful treatment of excited non-equilibriuraatonic configurations.
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CHAPTER 6

THEORETICAL DETAILS

The Damping Rate

In this section we derive Eq. (4.1) for the precession dampate. The damping rate
is found experimentally by studying the response of the raigation to an applied field,
which is the susceptibility. We begin by assuming that thedzai-Lifshitz-Gilbert equation
accurately describes the dynamics of the magnetizatiahcanstructing the phenomeno-
logical susceptibility that the LLG equation predicts. Wern express the damping rate in
terms of the imaginary part of the susceptibility. The né&pss to derive the susceptibility
from a Kubo formula for the magnetization. Taking the imagynpart of this susceptibility

then gives the damping rate according to the relation déteafrom the LLG equation.

LLG Susceptibility

The magnetization dynamics of ferromagnets are well desdrby the Landau-Lifshitz

equation

A%Mxmuﬂy (6.1)

M= —|y|M x H -
In the limit of small amplitude oscillations of the magnetibn vector this equation can be
linearized to derive an expression for the susceptibility the damping constant During
small amplitude dynamics, the magnetization will pointezdgglly in the equilibrium z-

direction and have a small oscillating transverse response

M = (my, my, M) . (6.2)
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By small amplitude dynamics we mean that , < M,. During a FMR measurement, a
strong dc field is applied in the z-direction with a small s@@rse oscillating component

in the x-y direction. Including an isotropic demagnetiziredd the total applied field is
H = (h, — Nmy, h, — Nm,,, Hy — NMj) . (6.3)
We now write down the linear expansion for each of the thremden 6.1. The derivative
of the magnetization is
M = —iw . (6.4)

To first order in the transverse components of the magnetizahe cross product in the

precession term is

~

x i Z

M x H = My My M,

(he — Nmy) (hy — Nmy)) (Hy — NM,)
= [myHO - hyMS] T + [h:EMS - mxHO} y (65)

The demagnetizing field/ cancels to first order im,, , because the magnetization essen-

tially remains in the equilibrium direction. The dampingnteis

~

x i Z

MxMxH = my m M

Y

(myHo — hyMy) (hyMs —m,Hy) 0
= [m,M,Hy — h,MZ?) & + [m,M,Hy — h,M?] 7. (6.6)
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Substituting these linear approximations into the equatifomotion (6.1) gives

| my my Hy — hy, M N | meM,Hy — h,M?
—iw =] BYE (6.7)
My h My — m,H, s | myMHy — hy]Ws2
Collecting them, , terms on the left and the, , terms on the right gives
—iw + AHy /M, H My A M, h
o/ 17| Ho _ 7 69
—|v|Ho —iw + ANHo /M, | | my, —|v|Ms A hy,

We introduce two frequencies, = |y|Hy, andw,, = |v|M; to simplify the above result

to
—iw + Awo /was Wo Ma | A | ha (6.9)
—wo i dwofun | [my || e A | | By
and finally
-1
My _ —iw + Awo /W wo A wu he . (6.10)
my, —wo —iw 4 Awo /Wi —wn A hy

wp IS the precession frequency. We could also add an anisofieloyto Eq. (6.3). If
we were to align the easy axis with the z-direction then theeg@ssion frequency would
becomev, = wy + w, Wherew, = |y|H, andH, is the anisotropy field.

The linear response of a magnetic material to an appliedifeld= yh wherey is the

magnetic susceptibility. To get the susceptibility, weusmss weak damping /wy, = o <
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1, and carry the matrix multiplication in the above expressmfirst order in\/w,;.

) = 1 (14 X2/w?)wowns — iwA —iwwpy
= 2 AT
wiy + (Awo/wyr — iw) iwwy (1+ N /w2 ) wownr — iw
- —wp + WA Jw iw
O— 0 fwn (6.11)
Wy — W = 2iwAwn /Wi —iw —wo + WA /Wy

Experiments typically probe the transverse suscepiipilihich is the diagonal term.

Wowpr — WA

1 _
X (W) = Wi — w? — 2iwAwy/was

 wownr — iw] - [(w§ — w?) + 2iwAw /wi]
B (w3 — w?)? + (2wAwo/war)?
wownr (W — w?) + 202 Nwy /wir — TwA(WE — W?) + 2iwAwd

B (w3 — w?)? + (2wAwg /war)? - (6.12)

Our objective is to relate the damping ratéo the susceptibility. There are many ways
to relate the two quantities, but the simplest result com@s taking the imaginary part of

the above expression in the limit of the frequency going toze

WAWE + w3

Im y* (w) =
mx (w) (wd — w?)? + (2wAwo/war)?
A
. n _ N
Jim Tm x~(w) /w = 7
A=Wl lin% Im x*(w)/w. (6.13)

Taking the limit thatw — 0 does not imply thatv is small compared to the other fre-
guencies. In fact, during the FMR experiment the frequenggts tuned to the precession
frequencywy, and can be larger than the frequengy. We could have taken the limit that
w — wp, but the result would be less useful. The above is a simplenaaitiematically

true result that we will make use of. In the following we wikrive an expression for
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the susceptibility. The imaginary part of this expressiah give the damping rate. We
will end this chapter by presenting the results of our calttahs of the damping rates and

comparing these results to the experimental values.

Kubo Formula

A distinguishing feature of ferromagnetic materials is @rsg) non-zero equilibrium
magnetizatioqm),. Ferromagnetic materials are useful in part because thimetaation
may be pushed out of equilibrium with an external field. Thgn&izationm of a solid is
given by its equilibrium magnetization plus a contributtbat depends on how susceptible

the material is to being perturbed by an external field.

(m(r, 1)) = (m(r,t))o + /_ dat /_ T B (e ) () (6.14)

The magnetization at coordinatas#) depends on the applied fieldat all earlier coordi-
nates ¢, ¢'). To find the susceptibility we will derive an expression fioe magnetization,
which will be proportional to the driving fielth. The proportionality will be the suscepti-
bility.

Our system has some Hamiltonizhto which we add a perturbation = —m - h by
applying the oscillating external field. The HamiltonianH has some set of N-particle
eigenstatesl). At any timet’ we can define a time independent Schrddinger equation for
H =H+VasH (t)|Vi(t)) = E(t')|¥i(t')). The subscript orders the eigenvalues
E;. We can define a complete set of time dependent N-partidesstar ' as the states
|W’) that track the eigenstates of the time independent Schgédequation for alt’. The

magnetization may be written symbolically as

(m(r, 1)) = <<@'(t) (r, 1| \if’(t)>> . (6.15)
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The outer set of angled brackets indicate a thermodynaneiage over the set of states.
The hats over the wavefunctions and the operator indicatietiiese are given in the in-
teraction representation. This expression for the magg#dn is not particularly useful
because we do not know what the stdt&§ are. Our first task is to replace the perturbed
stateg V') with the unperturbed staté$).

The time dependence of the wavefunctions can be expresseglthe time evolution

operator

(m(r, ) = <<xiﬂ(—oo) U (t, —o0) t(r, ) U(t, —o0)

\iﬂ(—oo)>> . (6.16)

By writing ¢ = —oo we really mean a time before the perturbatidémas been turned on.
SinceV is zero at = —oo, the stated’(¢), which solve the time independent Schrodinger
equation ofH{’ for all £, must match the N-particle eigenstafiesof the unperturbed Hamil-
tonian. Therefore‘,\i/’(—oo)> = ’@(0)>, up to some phase factor.

At ¢ = 0 the Heisenberg, Schrddinger, and interaction picturesathirthe same so
’\P(O)> = |¥(0)) and we can drop the hats over the states. Since the time anguie
the states will remain O for the rest of this section we wilitfier simplify the notation to
W(0)) = |W).

The time evolution operator contains the perturbation iexyonential

t

U(t,—o0) =T exp {—%/

—00

dt’ V(t’)] . (6.17)

T is the time ordering operator and the above expressiorally r@ shorthand notation for

an infinite series in powers of the perturbation. The Kubanigia approximation is to
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truncate this series after the linear term; hence, thissgive linear response.
i t 00 .
U(t,—o0) ~ 1 — ﬁ/ dt’ / &' V(' t). (6.18)
And similarly for the Hermitian conjugate
7/' t oo R
Ut(t, —o00) =~ 1+ ﬁ/ dt’ / &'V t). (6.19)

This gives a manageable expression for the magnetization:

(m(r,t)) ~ (] <1+1/t dt’ /OO d?’r'fz(r',t’)) 1 (r, t)
(1_—/ dt’ / Pr' v t) )yxp»

~ (Y]

__/ dt/ d*r'[i(r, t)V(r', ') — V(' ,t')m (r,t)}] 7))

o v ! 3.7 A YA
— (m(r, 1), h/_oodt /_Ood o ({0 e, 1), V2| ) ) (6.20)
When we compare this result to our original expression (8aHind
7; t [e%s) R
L / it / ' ({0 |m(e.t), Ve 0] @)
/ dt’ / d&r' x(r —r';t —t')-h(r',t). (6.21)
The susceptibility is a tensor, and component-wise we find
/ / 1ol i / A $ I
X (r x5 ) by t) = —20(t = 1) (¥ |u(rt), V(O] 0)) (622)

where©(t — t') is the Heaviside step function. Substituting in the pewtidn, which
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as we noted before iB;(r',t') = —m;(x',t') h;(r',t'), leaves the Kubo formula for the

susceptibility
/ / Z / A A AT
Xij (T, 15t 1) = 71@<t — ) (U |[my(x,t), m;(x’,t")]| L)) . (6.23)

This accomplishes the first step of writing the susceptibih terms on the unperturbed
N-particle eigenstates.

The magnetization has both spin and orbital componentstr&asition metal systems
the orbital moments are largely quenched and the magnetiziatdominated by the spin
moment. We can simplify our problem by approximating the n&gation operator as
m(r,t) = gugo(r,t). The Landéy factor quantitatively accounts for the orbital contri-
bution to the magnetization that is parallel to the spinaio® ando is the spin operator.

This simplification gives

Xij (0,05 1, 1) = —g*upSiy (v, x'; 1, 1) (6.24)

Si(r,r';t,t') = —%@(t — YW |[o4(x,t), (', t)]| ©)). (6.25)

Since FMR measurements excite uniform precession we aeested primarily in the
decay of the uniform mode, which has waveveejor 0. Therefore, it is useful to trans-
form the spin response function from position-time spacedugevector-frequency space.

The spin response at fixed wavelength is

Sulaitt) =~ ~t) [ [~ are e (@ior ), o 0] )
_ —%@(t ) <<q; )[ /_ R / e g (1]

o0 —00

")

- _%@“ =) (¥ loi(=a.1), 0;(a, )] V) - (6.26)
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Because our system remains in a steady state near equilidudmg the experiment the
spin response function depends only on the time differenee — t'. The time-frequency

transform then gives

Solaw) = =3 [ dlt—#) e 60— ) (U |ln(~a.0). o5(a. ]| 9)

- _% /_OO dr e77O(7) (¥ |[oi(—q,T), 0;(q, 0)]| ¥)). (6.27)

[e.e]

Finally, we note that(—q,7) = o'(q, 7). The expression for the susceptibility that we

must now evaluate is

Sij(qw) = —% /OO dr e “70(r) <<\I/ )[aj(q, 7), 0j(q, O)}‘ \I/>> , (6.28)

o0

Xij (@ w) = —g°upSi(q; w) - (6.29)

Torque Correlation Function

Equation 6.29 is the expression that we would like to evaluadwever we are not able
to do so directly because the staté3 are N-particle states, but our calculations return only
single particle stateB)) obtained within the independent particle approximatiomege
single patrticle states lack some of the correlations thest @& the N-particle states. For
instance, the exchange field is held in the z-direction ared dot track the magnetization
precession. As the spins precess, this exchange field, whalid track the spin direction,
remains static. The spin response function will containuhphysical very large real-
valued frequency\ corresponding to precession about this artificial exchdiejé. To

work around this problem we begin by defining the indepengeanticle transverse spin
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response function

Stlaw) =1 [ dre (wlo-(@n) . o @0)]v)) (630

and put the correlations back in with the appropriate sefgynin a Dyson equation

S (q;w)
14+ 25 (g w) Stz w)

X (g w) = —hwy (6.31)

The frequencw, is pop%9° /h and the self energy* (q; w) is defined to make the equality
true. Finding the self energy for the independent partiaeeptibility is difficult. We will
settle for a mean field approximation and &t = hA/P where P = —2(c%) is the
spin polarization ana\ is the exchange frequency. This approximation for the sedfgy
shifts the resonant frequency of the single electron spaek down by the exchange field,
removing the spurious high frequency precession, but doesantribute to the damping
because it is real valued. As a reminder, the damping rateuisdf from the transverse
susceptibility according t& = w2 lim,, o I'm[y*(w)/w].

Evaluation of the independent particle spin response ifomet complicated for numer-
ical reasons. The high frequency precession due to the stathange field will swamp the
much smaller imaginary damping frequency we are after. Dhatisn to this situation is
to separate the spin motion into the very fast precessiontahe exchange field and the
damping torque caused by the spin-orbit interaction. Whemake the imaginary part of
the susceptibility the real valued exchange precessidrbwitiropped and we will be left
with the spin-orbit torque that we are after.

We begin by defining a general response function in both the &nd frequency do-
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mains

G(A(), B(0)) = —iO(7)([A(7), B(O)]) , (6.32)
G(A, Byw) = /OO dr e“TG(A(r), B(0)). (6.33)

These expressions are true for any set of operatoasd B. Specifically, the transverse

spin response function is

G(o~(1),07) = —=iO(7){[o~(7),0T]), (6.34)
G(o~,0T;w) :/ dre“"G(o™(1),01). (6.35)

To separate out the spin-orbit contribution to the spineasp function we use the equation

of motion technique. This begins with taking the derivatWé¢he integrand of Eq. (6.35).

d%_ {e“"G(o7 (1), o)} = iwe " G(o (1), o) —ie“75(r)({[o" (1), o7])

—ie"O(T){[[e (), H]/ih, oT]). (6.36)

Since we wish to implicate the spin-orbit interaction in gang we separate the Hamil-
tonian into a spin polarized terfi, and the spin-orbit interactiof/y, in the last com-

mutator. The spin polarized Hamiltonian does not cause amypthg, but does induce
precession at frequendy, which is the sum of the frequency, due to the applied field
plus anisotropy field, and the frequendyoriginating from the fictitious exchange field.
Thus,[o™, Hy,] = RQ0~. The commutator of the spin operator with the spin-orbit fam

tonian is defined as the spin-orbit torglie = [0, H,,]. Therefore, the last commutator
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in EQ. (6.36) contains two terms
(o= (), H]/ih,o™]) = —i¥[o™(7),07]) — ([ (7),07]) /. (6.37)

Now we integrate Eq. (6.36)

/OO dr di {e“Te G0 (1),0")} = e TG0 (1), aﬂ!io =0-0=0.

00
o T

iw/ dre“"G(o (1),0") = iwG(c™,0T;w).

o0

—1 /OO dr e“7§(t){[o~(1),0"]) = —i([o,0"]) = —iP.

—00

—iQ/ dr e“"G(o(1),0") = —iQG(o™,0T;w).
_72_1/ dre“"G(I' (1),0") = —i/hG(I~,0";w).

o0

In the first term the extra facter %7 has been added to make the integral converge. This
captures the fact that eventually the oscillating field wél turned off. This factor is, of
course, present in each term.

Combining these results according to Eq. (6.36) we find thatare write the spin

response function in terms of a new response function

0=iwG(o ,0"w) —iP —iQG(c™,0";w) —i/hG(T",0";w)

(w—Q)G(o 0 w)=P+GIT ,0;w)/h. (6.38)

We now apply the same process to this new response function

% TG (1),0M)} = iwe™ " G(I(7),07) —ie“76(r)([L~(1),07])

—ie“"O(r)([[~, [oF (—7), H]/ik]) (6.39)
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The last line above needs some justification, which is

— (|07 (1),07]]) = % (|{eMr/hp=g=itr/hgt _ gt gittr/hp=g=itr/hY |\
= { {%eiHT/th—e—iHT/hU+ _ % T T
_ %U+6iHT/ﬁHF—e—iHT/ﬁ + %U+6iH7/hF—H€—iHT/h} |>
B % (| {T e Mr/hgt e/ — T He Hr/hgtetttr/h
_ efiH‘r/haJreiH‘r/hHFf + Hef’iHT/hO,+eiHT/hF7} ’)

= 2 {0 (=), M) ~ [o (=), HIT))

= 2 (|0 o (-, 1)) (6:40)

Within the expectation value the operators may be cycledowit changing the result.

Considering the last commutator in Eq. (6.39), we again sépat into H,, and

Hs. The two resulting commutators for the spin operator [are H,,] = —hQ0™ and
[0F, Hs] = —I'*. These give the result that
(07, o7 (=7), H]/ih]) = —iQ([[(7),0"]) = i{[T(7),T"]) /A (6.41)

The integral of Eq. (6.39) is

© d o, . .
[ e G ). )} = e G (). )|, =0 -0 =0

iw/ dr "G (1),0") = iwG(I~,0";w)

[e.9]

- [ " dr TS ([ (1), o)) = —i{[I,07]) = —iQ

—00

—iQ/ dr "G (1),0") = —iQG(T~,0";w)

[e.9]

i / e TG (7), ) = —iG(0, T w) /h

oo
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With these results we can write the new response functioarmg of the torque response

function

0=iwG(l 0" w)—iQ —iQGIT ,0"w) —i/RGIT ", T w)

(w—Q)GET 0 w) =Q+ G, T w)/h. (6.42)

The commutator) = ([I'",0"]) = 0. With the results Eq. (6.38) and Eq. (6.42) we can

write the spin correlation function in terms of the torqueretation function

R (w—Q)*G(o, 0" w) = Mw— Q)P + hlw— Q)G , 0 w)

— h(w — QP+ G, T w)
P G, ' w)
T o= " Rw_0p
_ P N F(w)

Mo —Q) @ B2(w—Q)

(6.43)

In the last line we have defined the torque correlation femciisF (w) = G(I'",I't; w).
Having converted the spin response function to a torqueoresspfunction we can now
return to the susceptibility, Eq. (6.29). With the resultwaf. (6.43) the susceptibility be-

comes

P F(w)
Aw—Q) + 2 (w—Q)2

X1(w) = —hwy
F(w
1+hA/P {h(zfiﬂ) + hz(w{g)Q}
B hMw—Q)P + F(w)
= ~hen B2 (w — Q)2 + B2(w — QA + hA/P F(w) (6-44)
We now take the imaginary part of this expression
Imy, (w) = —fwylm 7 (w) . (6.45)

W(w—Q+ A) 4 2hA/ PLZR Re F(w) + A2/ P2 Tl
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Next we divide this expression hy and take the limit that — 0. Since the spin-orbit
torque vanishes as the spin motion ceases, the torque sesforction goes to zero in the

limit that the frequency goes to zero. Therefore, we have

B lim,, o Im F(w)/w
leli%lle( w)/w = —hwy TN (6.46)
In the denominatof? — A = wy so the damping rate is
A= wd hH(l] (W) /w = —wy hH(l) Im F(w)/hw. (6.47)
Evaluation of the Correlation Function
The torque correlation function is
1
F(w) = -7 / dr e“7O(r) ((¢ |[L~ (), T (0)]| ¥)) (6.48)

The outer angled brackets indicate a summation over théeguagticle states weighted by

the Fermi-Dirac distribution

Flaw) =5 [ dmwz / ﬂgﬂenk)

We insert another set of states

Flaw) = 5 [T S [ [ e

X {<wnk ‘F q, T ‘ wmk’> <¢mk’ F+(q7 )| wnk>
— (Ut [TH(, 0)| Y ) (i [T (2, )| o) } (6.50)
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and switch the indices in the second term

Faw) =5 [ ey [ [ o e F (o) — F (o)

X (i |€ZHT/EF lHT/h‘ Uik ) <¢ w | T Q)] Pnk) - (6.51)

We now act with the Hamiltonian operators

Flgw) — / dmwz [ a5 | o e = Fen)

e’LwnkTe—Zwmk/T . (6.52)
We can condense this a little with the shorthand notation

(e [T (@) o) |* = [T (ks @) (6.53)

The torque correlation function is then

52 [ G [ o e — Feme

x | T (k, q)| / dr e e Enk=Gmi )T (6.54)
0

The states),,;, are single particle eigenstates for the perfect crystaiegys at zero
temperature. To incorporate the reality that measured esnape neither perfect crystals
nor are they at zero temperature, we push the ideal eigegieséw,,, off the real axis
making them complex valued. The imaginary part of the eesrgonstitute decay terms
that reflect the fact that scattering occurs between diitestates (true eigenstates would
have infinite lifetimes and not undergo any scattering). \Wigavthe imaginary frequencies

asw = w + iy/h wherey is the scattering rate.
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Before doing the integral we make a variable transformation for the two statrgies,

changing their complex valuesto real frequencies’ via

o = / dhw' 6(hw' — h) €™ (6.55)

—00

The principle part of the above integral gives a Lorentziamivting function for the single

particle propagator

P / dhw' 0(hw' — h) e™'™ = / dhw' Ay (ho) e™'™ (6.56)

[e.9] — 00

where the Lorentzian spectral functig, (hw) is

. 1 v
A (ho) = ;hQ(w’ TR (6.57)

With these substitutions the torque correlation functiendmes

qw) = hZ/ /dk/3|ankq|/ dT/ del/ de;

X [f(el)—f(ez)] Anp(€2) A (€3) e/Potar=e)/h g =0t/ (6.58)

As discussed earlier, the decaying exponential term hasdmed to the driving frequency
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w SO0 that the integral will converge. At this point we do thedimtegration to get

F(q;”):_%;/(;:)?’/ dle T q)‘z/zdel/idQ

x[f(er) = flea)] Aurler) A (e2); mm—eg =

e [

fler) = flea)] Anr(er) App (€2)

. 6.59
(hw+€1—62)—|—i5 ( )

Recalling Eq. (6.47), that the damping rate depends on thgimagy part of the torque
correlation function, we now take the imaginary part of thewe expression. The only
imaginary part is the infinitesimal energy in the denominatéhen we take the imaginary

part this will leave a delta function on the energy differené the scattering products.

Imf(q;m:Z/ 5 [ G el [~ de [ ae

61) f nk(ﬁl)Amk'(@)[ mo(hw + €1 — €2)]
_ _sz

(e2)] A
& et

x [f(er) — f(€1 + Tw)] Ak (€1) Amp (€1 + hw) . (6.60)

Again, in accordance with our expression for the damping Eaf. (6.47), we now divide

by w and take the limit ofu — 0. The important contribution is

€1) — €1 0
}digéf() ;;(u +he) _ aefl n(e). (6.61)
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Then function is essentially a positive delta function at therfiegnergy. We are left with

__HokBg? dk k' , [
A=T h ;/(2@3/(2@3 ‘an(k,q)| /OOd€1n(€1)Ank(€1)Amk/(el).

(6.62)
Both terms withm = n and withm # n exist in this result. Since andm are band indices
the terms for whichm = n are referred to as the intraband terms and those witg n
are called interband terms. When a magnon decays an eldutterpair is created; these
labels indicate whether the electron-hole pair existsiwighsingle band (intraband) or is

spread over two bands (interband).

Review of Approximations

In deriving the damping rate we have made several approxmsthat should be kept
in mind. We have restricted our study to simplest case of gy of small amplitude
uniform oscillations in single element bulk materials. $@eonditions simplified the ex-
pression for the susceptibility obtained from the LLG equat Terms beyond first order
in the transverse magnetization were dropped, which alsoved any effects of the de-
magnetizing field. A further simplification was made when wewaned that the damping
rate was small compared to the precession frequexey (v|M/;). This last assumption is
easily met for the materials we studiedy; ~ 1072 anda. ¢, &~ 1073. Even for materials
such as permalloy ~ 0.02, which is still small compared to 1.

We have assumed that the perturbed N-particles states maypbessed in terms of
the unperturbed N-particle states ply'(—oco)) = |¥(0)). The assumption here is that
the ground states of the perturbed system may be obtainedidlyatically adjusting the
unperturbed ground states. It is not clear that this camivould be satisfied in pulsed
measurements. Next, we truncated the infinite series expafs the time evolution op-

erator after the first order to obtain the Kubo formula. Thipraximation is appropriate in
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the limit that the the rf field is much smaller than the othddBesuch as the applied dc field
and the internal fields. This will be a safe approximationtjgical FMR measurements,
but would not be satisfied when the applied field is sufficiergwitch the magnetization.
We have further assumed that the frequenayf the applied field (about0'® s~1) is very
small compared to the electron-lattice scattering rateginty 10'* s—!). This assumption
holds for rf measurements even when samples are very purecdth(perhaps a scattering
rate of only10'® s~!). The additional assumption was made that< kg7, but this con-
dition could be violated when both the frequency is higk: 100 GHz and the temperature
islowT <10 K.

We have assumed that the magnetization is due entirely &lé¢l&on spins, neglecting
the orbital component of the magnetization. This approfiomaoccurs when we replace
the commutatofm (1), m™(0)] with the commutator?u%[c~(7), o "]. The commutator
is really p%[(¢~ + 207)(7), (¢T + 207)(0)], but since the orbital momentum is nearly
guenched in metallic systems it is typically safe to appr@atel + 20 ~ go with g close
to 2. This neglects the component of the orbital momenturhighiiansverse to the spin
momentum. A more thorough derivation of the damping rateldimclude thel¢=(7), o]
and[o— (1), ("] terms.

In transforming the spin response function from the spane-tiomain to the wavevector-
frequency domain we make two assumptions. First, that timpleais globally uniform so
that the spin response function depends only on the dista@tveeen the two spins and
not on their absolute positions. This assumption would eatfpropriate in lower dimen-
sional systems when surfaces and edges break translationaietry. Second, we assume
that the difference in environments seen by the spins astiraadt’ is independent of the
absolute time. This assumption is appropriate for steady-state sitogtisuch as occur
during FMR. For pulsed techniques such as PIMM and MOKE on€dvbave to assess

how smallt — ¢’ is compared to the time scales of the experiment.
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The Resistivity

In the previous section we developed the torque-correlatiodel that describes the
precession damping that results from the spin-orbit icteya. We expressed the damping
rate as a function of the electron-lattice scattering rdtdortunately, the scattering rate is
difficult to pin down experimentally, so it acts nearly aseefparameter. On the other hand,
measurements of the damping rate have been made as a funfdgonperature. While the
scattering rate is a function of temperature, the scageate of a given sample at a given
temperature is typically not known very well. Thereforesihot possible to simply overlay
the calculated damping curves upon the measured curveskddoagreement. The most
we can do is compare the minimal damping rates of the catdilahd measured curves.
This comparison produced satisfying agreement as seerciiorsel.1. To present our
calculations such that they may be compared in full to messdata we calculated the

resistivity in section 4.2. In the following we derive thepe&ssion for the resistivity.

The Kubo Formula

The conductivityo is defined as the tensor that converts electric fiélto current

densityj

t o]
jﬂ(r,t):/ dt’/ dr’Zaw,(r,r’;t,t')E,,(r’,t’). (6.63)

The derivation of the conductivity will largely parallelahof the susceptibility, except

that in this case we will be spared any acrobatics associiitdconversions between
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correlation functions. The current density is

@(0)>> . (6.64)

Again we have converted between the complete set of stétesor the Hamiltonian that
includes the perturbatiort and the eigenstaté¥) of the Hamiltonian in the absence of the
external electric field. As before, we assume tléf—oc)) = |¥(0)) and write|V(0)) =

|W). To first order the time evolution operator is

; t o0
U(t,—oc0) =~ 1— %/ dt'/ dr' V(r' 1) . (6.65)

The current density may also be expressed as a commutatétubaformula

(u(r,t)) = <<\If (1+%/_;dt’/_z dr’v(r’,t')) Ju(r,t)
(1—%/_;dt’/_z dr’f/(r’,t/)) qf>>

[ [T (el v o)

The equilibrium currentV |5,| ) is of course zero in the absence of any field. The per-

Q

xp>> . (6.66)

turbation is

- 1. N ) A A
V(I'/, t/) = __j(rlu t,) ’ A(I‘l7 t,) = i.j<r/7 t/) ’ E(I'/, t/) (667)
C w

so that the current density

Gty =35 [ at [ ae S (e[l 0 B ] W) 669
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can now be expressed in terms of the current correlatiortifumc

(Ju(r,t hw/ dt/ dr’ ZCW (v,v’;t,t") E,(x', 1) (6.69)

which is

Gules'st,0) = =20 =) (v [0, Gt )| w)) . ©70)

Comparing the two expressions for the current density E§3{Gand Eq. (6.69) we find
t [ee]
/ dt’/ dr’ZUW(r,r’;t,t’) E,(r' 1)

Z‘ [e.e] oo
= — dt’ dr’ ot )Y E (et 6.71
L e i B 6.71)

and that the conductivity is
ouw(r, vt 1) = i(\:’W(r, 't t'). (6.72)
w

It is again useful to transform from position-time space awvewvector-frequency space.
The response at fixed wavelength is found from Fourier taanghg over the position

variables

Cul(g;t,t') = —%@(t —t') /_00 dr /OO dr’ et (=r") <<\IJ [A'M(r,t) ; j’,,(r’,t’)] ’ \If>>

ool Leemscal)

\11>> (6.73)
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The time-frequency transform also proceeds as in the cabe susceptibility.

Gutai) = —3 [ dit =)0 ) ((W]iu(-a.0), a )] V)

—0o0

_ _%/Z dre = o(r) (v

_ _%/OOO dr e (W |ljf(a. ) Gula. 0| w)) (6.74)

For the case of the susceptibility, switching from the Ntijgée stateg V) to the single

[ju<_cb ), ju(q, 0)]‘ \If>>

particle state$y) was complicated because the spins of a ferromagnet cdestitoighly

correlated system. Therefore, it was necessary to build@if@nergy for these interactions
when we shifted to the single particle states. If we assuratttie dominant source of
resistive scattering is electron-lattice than electrmtieon then the electron correlations
are not as significant a problem for the case of the currenhidrcase it will be a reasonable
approximation to just replace the N-particle states withghngle particle states. We can
then evaluate the current correlation function just as waduated the torque correlation

function in the previous chapter. We first expand the comtouta

Guaw) =1 [ dre ey [ [ asiten

< { (v i, r)\ wmk} <wmk/ o, 0)] v )
= (v (. 0) [ e ) (e i@ )| ) } - (675)

Then switch the band indices in the second term

ulaw) = —5 [ dre o> [ [ s ene) = Fema)

<wn | /R T(q)eizHT/h| zbmk’> <wmk/

j@|vn)  ©76)
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and act on the states with the exponential operators

i i &k d3k:’
wla) =5 [Care 3 [ 65 [ o
0

X T (k, K )jn’in(kC k)1f (€n,k) —f (Gm,k')] ¢ T T (B.77)

We have introduced the shorthag®,, (k, k') = (¢¥nk [Ju| Ymir) fOr the matrix elements.
The single particle energies are complex, but may be expdessan integration over a

real valued energy weighted by spectral functions.

; 3 3./
Gu(qyw) = _1/ dre™™T E / Ik / @k j#,jl(k? KTy (K k /dﬁl/d€2
0

X Ank(el)Amk/(Q) [ f(el) — f(@)] girT/heiem/h (6.78)

Ther integration is performed by adding an infinitesimal decgyreced to the frequency

w giving

>k >k
Gulet.0) = Z [ G [ i) Tt [ de [ s
—1

X App(e)Api(e2) [f(e1) = f(e2)]

o te—a) =0 &M

Measurement probes the real part of the conductivity, whiaim Eq. (6.72) is-Im ¢ /w.

Taking the imaginary part of the current correlation fuastintroduces a delta function

3 3 1./
Z/ dk/dkj%(kk)%ink' /d€1/d€2

X Apr(e)Amp (e2) [f(e1) — fle2)] (hw + €1 — €2) (6.80)
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which may be integrated over to leave

Rofolw)] =i Y [ 05 [ s Tt k)T b
[f(er) = fler + hw)]

X/dEl An,k(el)Am,k’(El'f’hw) o (681)
For the dc conductivity we take the limit thatgoes to zero
lim R =h dgk dgk, j’” k,kNTx (K k
lim Re| > (e, ) T O )
X/d€1 Ay k(€1)Apir (e1)n(er) - (6.82)

The functionn is the derivative of the Fermi distribution as before. In i@t that ¢ = 0

the wavevectorg and4’ must be equal and the matrix elements become

v N2 ()’ Oemp % ,

The delta function on the band indices is present becausgctfield will not induce tran-

sitions between bands. This simplifies the result by elitmgeahe interband terms.

tim relote)) = (1) "3 [ 55 () () [ o Atateomcen @9

For the cubic systems Fe and Ni the conductivity is diagom#ihé basis aligned with the

cubic axes. Further, the conductivity is symmetric withpess tox, y, andz. Therefore, it

is sufficient to calculatéim,, .o Re[o(w)]..

ti Relo )=t ()5 [ 00 (%08) [ aeoneatyien. (@89
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Calculating thezz-component of the conductivity is also sufficient for colsatice our goal

is just to parameterize out the scattering rate. The regjsis p = 1/Re [0].

Review of Approximations

The primary assumption that we made while deriving the alesyeession for the re-
sistivity is that electron-electron scattering is not #igant. The Kubo formula approach
we have taken uses the same physical concepts as the Boltegaation. Therefore, we
expect our result to be appropriate under the same set oftmsdfor which the Boltz-
mann equation gives reasonable answers. Since the Boltzewpation generally yields
reasonable results for metals, the above expression shewddtisfactory.

As with the susceptibility, the typical Kubo formula assumps were made. We have
assumed that the perturbed N-particles states may be sggrasterms of the unperturbed
N-particle states bj’(—o0)) = |¥(0)). This assumes that the states of the perturbed sys-
tem may be obtained by adiabatically adjusting the unpeeaistates. Next, we truncated
the infinite series expansion for the time evolution operatter the first order to obtain the
Kubo formula. This approximation is appropriate in the tithiat the Coulomb energy of
the electrons with the applied field is small compared to therenergy terms in the sys-
tem, such as the electron-electron and electron-nucieistetf the applied field becomes
large, higher order terms may need to be included. One cesteekperimentally whether
the induced current is linear in the applied field. We havéherassumed that the applied
field is dc, rather than ac. That is, the frequencygf the applied field is very smalhw is
a negligible energy and does not cause transitions betwatass

We have taken a semi-classical approach to treating théedpglectric field. Instead
of calculating matrix elements for the current operatorsngéad calculate energy deriva-

tives, the effective velocities of the electrons. This difigation is likely appropriate in
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the dc limit, but would not be sufficient to treat ac fields.

A constant assumption throughout this document is thataheptes we investigate are
fully uniform in three dimensions. This assumption may lmeednappropriate for small
device structures such as those used in magnetic recoradg@mWe have also assumed
that the electronic population of the systems remain neaitiequm. It is not clear that

this approximation holds during complete magnetic revusrsa
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CHAPTER 7
NUMERICAL DETAILS

In this thesis | have presented the results of calculatidtiseogprecession damping rate
and the electrical resistivity of iron, cobalt, and nick€his appendix will discuss the lin-
ear augmented planewave (LAPW) implementation of the defsiictional theory (DFT)
technique used to find the electronic structure of the thregalsn We will also discuss a
few computational routines added to evaluate the velocitytarque matrix elements, as
well as perform the numerical integration over the spedtnattions. Lastly, we will show

the tests made to insure proper convergence of the calmodati

Numerical Methods

The two expressions that we evaluated in this work are

“O“BQZ / 3\an )2 / de(€) A (€) A(€) (7.1)

S / (gT‘; oal? [ den(© A dusle). (7.2)

Before evaluating these expressions it is necessary to ficstlie converged ground state
electronic density for each metal. This task was accomgdigbrior to the start of this
project [62]. Finding the ground state electronic denstyhie relm of density functional
theory. DFT can be implemented in several ways; for tramsithetals the linear aug-
mented planewave method works very well. The code that wedaisbtain the ground
state density was written by Don Hamann [64] and Mark Sti&,[and uses the local
density approximation (LDA). They have demonstrated thatdode produces accurate

results of the electronic structure for transition metals.
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To evaluate the expressions (7.1 and 7.2) | modified the cbidamann and Stiles. The
program reads in a properly converged ground state defigity, which it constructs the
single electron wavefunctions, and obtains the eigen@®eand Fermi level. Either the
electron velocities — for the resistivity — or the torque mxaglements — for the damping
rate — are then evaluated. Finally, the energy integratwer the spectral functions is
performed. We will first very briefly and generally outlinethAPW/DFT code of Hamann
and Stiles. Next, we will discuss the routines | wrote to ea the resistivity and damping

rate. We will end by presenting some convergence tests éonaimerical integrations.

The Existing Code

Density functional theory is based on the theorem of Hohenbhad Kohn [65] that
states that the total energy of an interacting electroregystubject to some potential is
given exactly as a functional of the ground state electramsithie This means that the
energy does not depend on the details of the single electemefunctions, but only on
the total electronic density. The important points are tinst the electronic density that
minimizes the total energy is the true ground state dengitheosystem, and second that
other ground state properties of the system can be foundtfimdensity. The whole trick,
of course, is to find the correct ground state density.

For a given electronic densipy the energy of the system is

Elp] = T.[p| + Eeilp] + Eiilp] + Eeelp] - (7.3)

T.[p] is the single particle kinetic energ¥.;[p] is the electron-ion Coulomb interaction,
E,;[p] is the ion-ion Coulomb interaction, arid..[p] contains all the electron many-body
interactions.E..[p] is the challenging energy term. It is typical to approxintheselectron-

electron interactions with the Hartree and exchange-taiima terms. Many codes, such as



102

the one we use, employ the local density approximation, kvmekes the approximation
that the non-local exchange-correlation interaction &hdaepend only on the local density.
This approximation may be extended by including the gradi¢nhe density within the
generalized gradient approximation (GGA). However, thélditen does well enough and
the GGA sometimes even makes the results worse. Within thi L2 electron-electron

interactions are

Eylp] = %/drdr'%, (7.4)
Bl = [ drpe)esp(r). (7.5)

Due to the approximations made for the electron-electrargynterms, DFT codes do
not find the true ground state density, but they typically eartose enough to accurately
calculate physical properties of interest.

Obtaining the ground state density is accomplished thralighiterative process layed
out by Kohn and Sham [66] and outlined in Fig.(7). An initialegs is made for the elec-

tronic density. This density is used to construct the padént

Vi(r) = ¢ / 4 rpf'z/‘ , (7.6)
_ 0E.[p]
Voo(r) = S (7.7)

A set of single particle wavefunctions is then obtained blyiag the Kohn-Sham equa-

tions

{7+ Vei(r) + Vi (r) + Vae(r) } 5(r) = exp;(r) . (7.8)

Once the single particle wavefunctions and eigenenergeefoand a new density is con-
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structed by summing the single particle densities of alldbeupied states
pr)=>" @ir)p;(r). (7.9)
j

Only states with energies below the Fermi level are countédde summation. If this new
density differs significantly from the starting density thaart of the new density is mixed
with the old density and the process is reiterated until gesdy converges.

Within each self-consistency iteration of a DFT code thespbéls in the Kohn-Sham
equations must be constructed from the starting densigyKtthn-Sham equations must
be solved, the Fermi level found, and the new density builinfthe occupied orbitals.
Different DFT techniques, for example pseudopotentiauel APW, use different basis
sets and muffin tin potentials for the Kohn-Sham equatioritse TAPW method divides
space within the crystal into two regions: non-overlapmpgeres centered on the nuclei
(the muffin tins) and the interstitial region between thgsgeses. The interstitial regioh

uses a plane wave basis while the muffin tin sphérase spherical harmonics

75 g Deel GO rel
() = (7.10)

> im [Amw(r) + Bty (r)] Yim(r) re S

\

Q2 is the unit cell volume anéx form a set of reciprical lattice vectors, solve the radial

equations

{ & +l(l+1>+v(r)—El}ruz—0 (7.11)

dr? 2
andu, is the energy derivative af;,. A,;,, andBy,,, and D¢ are expansion coefficients.

The augmented plane waves consist of the interstitial pleenees augmented by the
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spherical harmonics inside the spheres, and the Kohn-SHatale are linear combinations

of these augmented plane waves

pi(r) =Y cptu(r). (7.12)
k
With this substitution the Kohn-Sham equation may be réamias
(H - EjS)Cj =0. (713)

‘H is the Hamiltonian on the left hand side of the Kohn-Sham #gquog7.8), S is the
overlap integral for the augmented plane waves,@nslthe vector of coefficients;,. The
Hartree and exchange-correlation potentials are constidoom the starting potential in
terms of the augmented plane wave basis and the above sequktion is solved for the
eigenenergies; and eigenvectors;.

For considerably more detail about the DFT and LAPW methed4&/7] or [68]. More

specifics about the code used in this work may be found in [6d][62].

Evaluation of the Velocities

The code used in the present work reads in a density that lessdmeverged to the
ground state by the proceedure outlined above. This deissihen used to construct the
single electron wavefunctions, and find the energies of tdtes and the Fermi level. The
spin-orbit interaction is included in constructing the whinctions. The states are labeled
by the interstitial wavevectdk. We define the velocity of each state @g4)0e,/0k..
The velocity is not necessarily isotropic. However, for purpose, which is to relate the
electron-lattice scattering time to a measurable regiigtiohoosing one particular current

direction is sufficient.
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To evaluate the velocity of an electron state the energy afiqulark state was found,
a very small additionk was made tdk,, the energy was recalculated, ah ok was
computed. A test was made to ensure that the veldeityidk was insensitive to small

changes in the magnitude &f for the particulawk that we used.

Construction of the Torque Matrix

The torque matrix elements are required to evalulate thepdanprate. The torque
operator is defined dS~ = [0, H,,]. The evaluation of the spin-orbit Hamiltoni&t,,
is described in [62], but we will briefly discuss it here. Weewmn independent electron
approximation for the spin-orbit Hamiltonian writirkf,, = >, &¢; - s;, where the spin

orbit parameter is taken as

1 1dV

R 7.14
gl 2m262 T dTZ' ’ ( )

A% e? 1
— == . 7.15
dr; Areg ; v, —r;[3 ( )

With ¢ = r x p the spin-orbit interaction becomes

1 e? (I’i — I‘j) X Pj 20;

o = — . . 7.16
n dreq 2m2c? Z lr; —r;[3 h (7.16)

To write this as a functional of the density we introduce tbenber, momentum, and spin
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densities

Zfz V5 (1) i (r) (7.17)
= __Zfz 5(1) Vb (r) (7.18)
=Y fit,(r) 6 i (x) . (7.19)

i

In the above, andy’ are spin indices. With these definitions the spin-orbit gnés

_ (r — ') X p(r)
Hso = “Ire m%%/dr/dr P—E o(r). (7.20)

The charge and spin densities are largely spherically sytnionveithin the muffin tins. If

we approximate them as spherically symmetric the inversarggpotential becomes

This gives us

a?Epal [ > 2 n(r’
- 54“/0 arr [ [aa [ 1" Do )L o). (722)

wherea = e?/dney, Ey = 4dmegh®/me?, anday = me?/(4megh)?. We calculate the
matrix elements of{,, by contracting it against the muffin tin wavefunctiongr) =

3

(i = 2 [Z i1 [ n) [ 408, @O LY (@) -0
(7.23)

o is the Pauli spin vector and here we have put it into an up/doagns with respect to the
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direction of the exchange field. This direction is definedhy tnit vectois and with two

additional orthonormal vectors we can write

o =0S+oc'a+o%v

1 1
=0’8§+ -0 (0+iv)+ §a+(ﬁ —iv)

(\V]

10 00 01
- 5+ (4 + V) + (a—iv)| . (7.24)
0-1 10 00

Since the torque operatorlis = [0, H,,] we now need to commute™ with Eq. (7.23).
Becauser— commutes with the orbital angular momentum operator we negd the com-

mutator with the spin vector,

[07,6] =[07,0%8+ 07,07 /2](0+ V) + [0, 0T /2](0 — V)

=0 §+0(0+iv)—o*(a—1v)

oo\ [10)
= s — (0 —v)
20 0—-1
—a+wv 0
= : (7.25)
28 a—wv

Given that the exchange field is directed in flfle¢) direction with respect to some z-

direction, defined, for example, by the crystal lattice, uhé vectors used above are

S = (sinfcos ¢, sinfsin¢, cosf) (7.26)
u = (cosfcos¢, cosfsing, —sinf) (7.27)

v = (—sin¢, cos¢g, 0). (7.28)
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The commutator finally is

(—cosfcosp —ising, —cosfsing +icosg, sinb)

(2sinfcos ¢, 2sinfsin ¢, 2cosb)

0
(7.29)
(cos@cosp+ising, cosfsing —icosp, —sinf)
Making the torque operator
. 2E 3 00 1 1”
(I )y = @ hao/ dr pi(r)e;(r)— {—4%/ dr' r’? n(r’)]
4 0 r 0
<[ 42 O LY (@) 7] (7.30)

The Energy Integral

Both the expression for the damping rate (7.1) and the comnilycf7.2) contain an

integration over the electron spectral functions

/de n(€) Ank(€) A (), (7.31)

though for the conductivity only intraband scatterimg € n) occurs. The spectral func-

tions are Lorentzians,
1 h/QTnk

Anr(e) = 7 (€ — €u)® + (R)27)%

(7.32)

centered at the band energigg with widths determined by the scattering timg. The
spectral functions are weighted bye) = —0f/0e the negative derivative of the Fermi

function, which is a positive distribution peaked about Bermi level. The integrand
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Figure 7.2: Technique for evaluating the energy integratibhe functions of the energy
integrand are shown in (a). The broadenity@r of the spectral functions! is typically
significantly larger than the broadenikg" of then function. Figure (b) shows the inte-
grand after changing the integration variable frota f. The solid curve in (c) is the Fermi
function. This figure demonstrates the conversion of umdgspoint sampling to biased
e sampling to make the integration over the functions in (k)ieent to the unbiased
integration over the functions in (a).

consists of three peaked functions, which we sketch in Fig). (

To evaluate 7.31 we first change variables frota f

00 [e's] d 0
[ dentaanaant = [~ de (<5) an@ant) = = [ ar aietrpanten,
oo —x 1
(7.33)
The integrand now only consists of the two spectral fun&jahen function has been

removed, as shown in Fig. (7b). However, the intregral isomgér performed directly over
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energy space, but over the distribution functignThen function now indirectly weights
the spectral functions by biasing the energy sampliffg to values near the Fermi level.
Uniform sampling of values of the distribution functighequates to weighted sampling
of the energy, as demonstrated in Fig. (7c). Specifically,fim@ ¢(f) from the Fermi
function:
fle) = m
€(f) = e + % n(1/f - 1). (7.35)

(7.34)

Note that the Fermi-Dirac functiori is unitless and takes on values between 0 and 1.
fBis 1/kgT. The integration over energy can be written as a summatien the Fermi

distribution using the midpoint method

| den0as@ane) = 5 3 AN An(e(). (7.30

o0 f=6/2

The spectral functions are evaluated at tgoints f; = (n; + 1/2)6 between 0 and 1

wheren; € {0, N — 1}. 6 = 1/N is the distance between these evenly spaced points.

Convergence Tests

The calculations that we have performed in this work takenpstia previously con-
verged density. Therefore, the painstaking work of engutitat the density is properly
converged with respect to the many numerical parameterdDRTaprogram had already
been done. However, to calculate the damping rate and ctwityeve needed to expand
these converged densities into wavefunctions and evatluaiespace and energy integrals

described above. The results of these steps depended saldautors such as the number
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of k& points sampled, the number of bands included, the numbeep$ sised in the energy
integration, and the artificial temperature used to brodakeriermi function. In what fol-
lows we present tests for convergence of the damping rateesistivity with respect to

these parameters.

Damping

The convergence tests for the damping rate with respectetodimber of bands, the
energy integration mesh, and the numbekgfoints are presented in Figs. (7.3-7.5). For
iron, the damping rate is largely independent of the numbbands included in the calcu-
lation beyond 7 bands, while the results for cobalt requinednclusion of 15 bands (twice
as many because the hcp structure has a two atom basis), cked was well converged
after 6 bands. For iron and nickel, the result of the dampalgutation exhibits a roughly
damped oscillatory behavior with respect to the numbér pbints sampled. Satisfactory
convergence required60)® & points for iron, and140) points for nickel. As seen in
Fig. (7.5), the situation is a little different for cobalt.h& result of the calculation alter-
nates between a converged number and an incorrect larger. ViEthe incorrect larger value
slowly converges, with respect to the numbelkgioints, to the correct result. Since the
damping rate evaluated with a relatively small numbeék pbints,(100)? in the basal plane
and57 along thec-axis, is very close to the apparent converged value, timgpbag was
used.

The energy integral was converted to a summation over valiube Fermi distribution
as discussed above. The summation sampleenergy points. Fiqure (7.4) shows the
convergence of the damping rate with respect to the numben@fgy points sampled in
this summation. For each metHl0 points were sufficient to obtain good convergence of

the energy integration.
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The energy integration also depended on the the broadehthg &ermi distribution.
The Fermi distribution was broadened by including an aréifitemperature. Figure (7.6)
shows results of the damping calculations for several teatpees between 50 K and 800
K. The results are largely independent of this temperatdiige results depend little on
this temperature because even for a temperature of 1000 Krdaelening of the Fermi

distribution is still much less than the broadening of thecsgal functions.

Resistivity

Figures (7.7-7.9) show the results of the convergence feisthe resistivity. The con-
vergence criteria for thé space integration for the resistivity are similar to thosend
for the damping rate. Convergence requires the use of 6 band®f, 12 for cobalt, and
6 for nickel. Convergence with respect to the number of baedars with slightly fewer
bands in this case, as compared to the damping rate, betaussistivity expression does
not include interband transitions. Tlepoint convergence for the resistivity requires a
somewhat larger number éfpoints than found for the damping rate80)? & points were
used for iron,(160)? by 91 £ points were used for cobalt, arftii0)* were used for nickel.
For the energy integration, the results were again well eqyed forl00 summation steps.
As seen in Fig. (7.10) The resistivity is very insensitivétte artificial temperature used to

broaden the Fermi function.
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Figure 7.3: Convergence of the damping rate with respect mabeu of bands. The plots
show convergence with respect to the number of bands for(iom), cobalt (middle), and

nickel (bottom).
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function in the energy integral.
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