PHYSICAL REVIEW B

VOLUME 8, NUMBER 3

1 AUGUST 1973

Magneto-Optic Kerr Effects in Gadolinium™

J. L. Erskine and E. A. Stern
Department of Physics, University of Washington, Seattle, Washington 98195
(Received 24 October 1972)

An investigation of magneto-optic effects in gadolinium metal is reported. Samples prepared by
vacuum evaporation were studied in situ under ultra-high-vacuum conditions to ensure clean optical
surfaces. Magneto-optic Kerr rotation and ellipticity, determined using a null-type ellipsometric method,
are used to calculate the magnetic contribution to the conductivity tensor. Data cover the 1-5-eV
range at several temperatures. A simple model based on band calculations is used as a basis for
interpretation of the data. The magneto-optic absorption is shown to have an intraband component and
an interband component in analogy with ordinary optical absorption. A phenomenological intraband
theory of the magneto-optic Kerr effect is presented and used to subtract out the intraband
contribution from experimental data. Structure observed in the interband magneto-optic contribution to
the conductivity is discussed in terms of p—~d and d —f transitions. Numerical estimates of the signs
and weights of these transitions are made in order to support this interpretation. A number of
experimentally determined parameters associated with the band structure of Gd result from this work
including d bandwidth and general shape, location of unoccupied 4f states above the Fermi level, and
the amount of “p character” in occupied bands. It is found that the unoccupied d bands have sharper
structure and only qualitative agreement in the placement of the peaks compared to band calculations.
The unoccupied 4f states are at a higher energy than predicted by calculations.

I. INTRODUCTION

The rare-earth metals form a unique series of
elements characterized by the successive filling of
their 4f shells with electrons. These partially
filled 4f shells exhibit localized magnetic moments
which are coupled in the solid by an exchange in-
teraction involving conduction electrons. This
coupling, in conjunction with the crystal field,
produces a wide variety of magnetic ordering ar-
rangements and results in unusual optical and
transport-related behavior associated with mag-
netic ordering. The physical nature of these metals
provides a unique opportunity for studying the de-
tails of exchange mechanisms, crystal-field ef-
fects, and optical behavior related to magnetic
ordering.

An accurate band model for rare-earth metals
is a necessary starting point for a detailed under-
standing of their magnetic and optical properties.
The most detailed band models for rare-earth
metals have resulted from band-structure calcula-
tions. ! Properties of rare-earth metals have been
studied by a number of standard experimental
techniques in attempts to verify band-model pre-
dictions and improve these models. Optical ex-
periments have revealed anomalies in the optical
behavior of rare-earth metals related to magnetic
ordering, but have been unable to provide detailed
information on their band structure.? Recent
photoemission results show evidence of having
identified the 4f energy levels in a number of rare-
earth metals, and other photoemission studies have
provided some information about the conduction-
band density of states.® Spin-polarized photoelec-
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trons have been observed from the transition-
metal ferromagnets as well as from gadolinium, 4
and these experiments provide information on elec-
tron spin as a function of energy in the bands.
However, there has been some controversy over
these results and predictions of the Stoner model,
although the questions seem now to have been re-
solved. °

Ordinary optical experiments and photoemission
experiments provide complementary information
on the band structure of solids. Analogously, mag-
neto-optic Kerr-effect studies and spin-polarized-
photoemission studies represent complementary
experimental techniques. Photoemission experi-
ments have the advantage of selecting from all
allowed optical transitions only those with a specific
final energy represented by the energy distribution
curves for emitted electrons., Disadvantages of
photoemission experiments are interpretation of
the data which is complicated by surface and scat-
tering effects and also limitations on the energy
range which can be covered owing to the work func-
tion.

Optical experiments provide less specific in-
formation than photoemission experiments since
ordinary optical absorption is related to the sum
of all allowed transitions at a specific energy. On
the other hand, interpretation of optical data is
basically more straightforward. Optical and mag-
neto-optical studies are not restricted by work-
function considerations and are less sensitive to
the effects of surface potentials and scattering.
Also, magneto-optic techniques have several im-
portant advantages over all other experimental
methods for studying the electronic structure of

1239



1240

ferromagnets; the advantages will be discussed in
this paper.

These observations provided part of the motiva-
tion for beginning a study of magneto-optic effects
in rare-earth metals. Gadolinium was chosen as
the first candidate since it has been most extensive-
ly studied using other experimental techniques,
and its band structure has been calculated. Also,
it has the highest Curie temperature and exhibits
only a ferromagnetic ordered phase unlike the other
rare earths, most of which exhibit a variety of
magnetic ordering arrangements. The primary
objective of the study was to obtain information on
the band structure of gadolinium metal from its
magneto-optic spectrum. To our knowledge there
has been no previous work which has been able to
ascertain quantitatively the main band-structure
features from magneto-optic data. Cooper® at-
tempted to use the low-frequency resonance in the
magneto-optic spectra of Ni to choose between
several different models of the band structure at
the symmetry point L, and to obtain the exchange
splitting, but no attempt was made to explain the
main features of the spectra in terms of band struc-
ture.

The paper is organized as follows. Section II
reviews the theory of magneto-optic Kerr effects
and provides information needed for discussion in
following sections. A useful sum rule is given
which applies to off-diagonal elements of the con-
ductivity tensor of magnetized and nonmagnetized
solids. An intraband theory of magneto-optic Kerr
effects is also presented in this section which ac-
counts for the “conduction-electron” contribution
to magneto-optic Kerr effects.

Section III discusses experimental techniques
including sample preparation and ellipsometric
methods used to measure magneto-optic Kerr ro-
tation and ellipticity. Magneto-optic data, obtained
using the techniques discussed, appear to have
higher resolution than previous work on iron,
nickel, and cobalt. Experimental results are pre-
sented in Sec. IV.

In Sec. V a band model is proposedfor gadolinium
metal. The model is based on the results of band
calculations, on general theoretical arguments, and
experimental information. In Sec. VI, this model
is used to calculate the weights of structure in
the magneto-optic spectrum of gadolinium, and the
results are discussed in Sec. VII. Section VIII
summarizes the results and conclusions of the
study, pointing out areas of future interest.

II. MAGNETO-OPTIC KERR EFFECT

Plane-polarized light reflected from a magnetized
‘ferromagnetic metal becomes elliptically polarized
with its major axis slightly rotated from the orig-

inal polarization direction. Components of the
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rotation and ellipticity which are linear functions
of the sample magnetization are referred to as
magneto-optic Kerr effects. Macroscopically, it
is convenient to describe these effects by relating
them to a conductivity tensor which characterizes
the medium response to applied electromagnetic
fields.

Using general symmetry arguments, it is easy
to show that for a solid with cubic or greater sym-
metry, and magnetization M along the Z direction,
the conductivity tensor is of the form

Oun Oy O
T(M)= [-0,4 0 O | . (1)
0 0 o0y

The ferromagnetic rare-earth metals all have
hexagonal lattices, and therefore a more compli-
cated tensor is required in the general case to
correctly describe their magneto-optic behavior.
However, Eq. (1) is suitable for polycrystalline
gadolinium samples as will be justified in the
following discussion. Ferromagnets exhibit off-
diagonal terms 0,, which are linear functions of
the magnetization (to second order in ﬁ) and rep-
resent the magneto-optic Kerr- effect contribution
to T, Diagonal components of T can exhibit only
an even-power dependence on the magnetization as
required by symmetry. Real and imaginary com-
ponents of each element 0,;=0{}+io{® also satisfy
dispersion relations required by causality. The
real component of diagonal elements, o,f},’, repre-
sents the absorptive part which describes ordinary
optical absorption, and is always positive. The
imaginary component of off-diagonal elements,
0¥ represents the magneto-optic Kerr-effect
absorptive part, and can be of either sign since it
is proportional to the difference in absorption for
left and right circularly polarized light. The dis-
persive parts of diagonal and off-diagonal elements
of 0 are 02 and 0fY, respectively. The difference
in superscripts for absorptive parts of diagonal
and off-diagonal components of ¢ are a result of
using the convention’ which does not multiply off-
diagonal terms by the imaginary number /(- 1).

Spin-orbit interactions in the solid provide a
means of coupling the magnetic dipole associated
with electron spin to electric dipole transitions
produced by incident light. This is the accepted
physical basis of magneto-optic effects in ferro-
magnets.® Microscopic theories of magneto-optic
Kerr effects have been discussed in detail else-
where, ®7 and this section serves only to present
some additional work and provide background ma-
terial for the discussion which follows.

In analogy with ordinary optical effects, it is
appropriate to discuss microscopic origins of
magneto-optic effects from an intraband or inter-
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band viewpoint depending on the wavelength of
light and characteristics of the metal under study.
General expressions have been derived for the
magnetic contribution to the conductivity of solids
which take into account both spin-orbit effects and
effects related to direct interaction of electrons
with applied magnetic fields. "

The expression for the off-diagonal absorptive
component of T can be written as the sum of sepa-
rate contributions from spin-up and spin-down
electron states:

o (W) =0 (w)+0 () . @)
The contribution from spin-up states is given by’

me?

0 (w) = TromV 2 {1a4 |7 [4a)|?

- [ T2y B o(wger - @),  (3)

where the operators 7= 7+ T, are linear combina-
tions of the kinetic-momentum operator defined by
T=P+ (7/4mc?)FxV V(r), P being the canonical-
momentum operator and the X VV(‘V) term repre-
senting a spin-orbit contribution. Inprinciple, the
spin-orbit contribution to 7 could couple spin-up to
spin-down states preventing a division of ¢}2 into
separate spin-up and spin-down parts as in Eq.
(2). However, this spin-flip contribution is second
order in the spin-orbit interaction and is negligi-
ble compared to the contribution which conserves
spin. Correct spin-up wave functions in Eq. (3)
(Bloch states in the case of metals) are specified
by |4a), the occupied states, and |4B), the un-
occupied states.® These states are normalized in
the sample volume V. The expression for spin-
down states is formally identical to Eq. (3) with
spin-down states substituted for spin-up ones.
Multiplying Eq. (3) by w, adding the corresponding
expression for O‘,Sf,f , and expressing the sum over
the states a@ and B in terms of an integral yield

W@ (w)+ 02N w)),

2
= wo,fyz)(w)=4;:,—emz -(—2-1155—.[ F 4p(w) 6(wgy — w)d% ,
@

where
F up(@)= [ (47" [4a) |2~ [ (4 [7*[ 4} |®
+ (B F | vay |2 - [(BH [T va) |2
If we define an average matrix element F «8 by

S F op(@) 8(wpg = @)d% = F 45(@) [ 6(wpe - w)d% ,
(5)
then Eq. (4) can be written as

w2 (w) = me? (@) 6
0. (W)= g7 Fap as(®) , (6)

where J ,4(w) is the familiar joint-density-of-states

function

Jo(B(w) = '("z:r_)a—j G(wth - w)dsk . (7)

If we assume that F“(w) is a constant independent
of w, then the quantity wo?(w) is directly pro-
portional to the joint density of states in the solid.
Further on in the paper we discuss when the ap-
proximate constancy of F,4w) is justified.

Optical and magneto-optical spectra of metals
contain contributions from both intraband and inter-
band effects. Accounting for intraband contribu-
tions to the total observed optical or magneto-
optical absorption of a metal is a helpful first step
in understanding the origin of structure in these
spectra. In principle, Eq. (3) accounts for both
interband and intraband effects; however, there
is a more practical framework for discussing in-
traband effects. The remainder of this section
summarizes a phenomenological theory of intra-
band magneto-optic effects.

In discussing the Karplus—Luttingerw treat-
ment of anomalous Hall effects in ferromagnets,
Smit!! pointed out that spin-orbit interactions cause
an electron with wave vector k to have associated
with it a dipole moment P(k) per unit cell. When
external electric fields are applied, the distribu-
tion function f(k), which gives the probability that
a state k is occupied, is changed resulting in a
distortion of charge density in a unit cell and a
net macroscopic dipole moment '150 given by

By = [fE®)BR)A% . ®)

According to Smit, §0 is proportional to the
magnetization and normal to it, and proportional
to the primary current and normal to it. Assuming
'ﬁ(ﬁ) also satisfies these requirements, it can be
simply characterized on a sphevical Fermi surface
by

B(k) = AkxM , (9)

where M is the magnetization, K is the electron
wave vector, and A is a constant. The magnitude
of §(k) is determined by the strength of spin-orbit
coupling, contained in A, while the distortion of
f(l';) from equilibrium, and hence 50, is moderated
by normal scattering processes.

Spin-orbit and exchange interactions affect the
conductivity of a solid in several ways. At low
frequencies, spin-orbit effects on scattering pro-
cesses dominate and result in anomalous Hall
effects as discussed by Fivaz'? and Berger.® At
optical frequencies, the macroscopic dipole mo-
ment ?0 will oscillate with the distribution func-
tion, which is driven by applied fields, producing
a polarization current. ¥ The total current can be
written
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dP,
at

-

T = Teona + Tpo1 = ej Y&)F&)d% + (10)

where ¥(K)= (1/%) V,[E(k) - P(k)- €], E (k) are the

Bloch energies, and € is the electric field which

modifies the Bloch energies through the classical
interaction with the dipole moment ﬁ(l?).

The current, given by Eq. (10), is now evaluated
taking into account spin-orbit and exchange effects
at all frequencies. The method outlined in the
following is different from previous treatments of
the problem but has the advantage of separating
effects due to scattering from effects due to applied
electric fields. This is important because there
is a controversy in the literature!® which is con-
cerned with the validity of the so-called “dipole
driving mechanism” which occurs because of the
simultaneous presence of scattering, the electric
field, and spin-orbit effects. Our approach®® per-
mits us to sidestep any ad hoc assumptions about
this term, and to eliminate this uncertainty from
the calculation,

Consider an electric field of the form

E(t)=€,6()x (11)

applied to a ferromagnetic metal. There is no
scattering during the application of €(¢) which oc-
curs in an mﬁmtesxmal time, and the total effect
is to shift each k state from 1ts initial value ko

to a new value

E= Eo+ z 9 (12)
where
A= ey )% (13)

and ¥ is a unit vector in the x direction. This shift
of k states at #= 0* is shown in Fig. 1 where a
spherical Fermi surface has been assumed for
simplicity.

For > 0, there are no driving fields present,
and assuming the relaxation-time approximation,
each k state relaxes back to its original value ac-
cording to

, (14)

where the right-hand side of Eq. (14) contains a
normal scattering lifetime characterized by 7, and
a skew scattering lifetime characterized by 7,
which accounts for the spin-orbit asymmetric scat-
tering in ferromagnetic metals. ' The total cur-
rent for 7> 0 is obtained by integrating the contri-
butxon from K states in the electron and hole slices
of k space shown in Fig. 1. Choosing § along the
z direction and solving for the y component of cur-
rent yields

2
JI,(t) _ ne

-t /T
e nt
€ m* st

= (e/h‘) €.

STERN 8
; J°
+

+ -

+

+

N

FIG. 1. Displacement of k states resulting from
application of a 6-function electric field e=€,5(t)x, A
Electron excitations are in the right crescent
(=) while hole excitations are in the left crescent (+).

d_ AnelP§l iy

T p—— cosQt , (15)
where =5s/7,, s=+1 for spin-up and spin-down
states, v, is the Fermi velocity, |Pgl is the maxi-
mum value of P(k), * is the effective mass of con-
duction electrons, and An=n,-n, is the difference
in the number of spin-up and spin-down electrons
per unit volume.

The conductivity as a function of frequency is ob-
tained by Fourier analysis:

0y (®) =j —{:@e"“"dt, (16)
o 0
which by elementary integration yields
2 2
_ Y% Q Y
Tu5() ar Q%+ (1/7+iw) 47 (00)
| Pyl ( iw(l/7T+iw) )
X -
ev, 1 QP+ (1/7+iw)? )’ (1)

where w? = 4me?/m*, and (0,) = (n,—n.)/ (0 ,+n.)
= An/n describes the fractional spin polarization.
It is straightforward to show that there is no con-
tribution to J(t) which results during application
of €(t).

In the high-frequency limit, defined by wr>> 1,
wTg> 1, Eq. (17) reduces to

- w2

Ug)(w)= wp <z> |P0 (w%r)z, (18)
2

oB(w) = —2— () 'f;O' g (19)

which are the appropriate expressions valid at the
optical frequencies of interest in this paper. In
the limit w- 0, Eq. (17) reduces to the result ob-
tained by Fivaz provided Q% <« 1/7% The discrep-
ancy is due to the “dipole-driving” term included
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in Fivaz’s calculation'® which does not enter into
the treatment presented here. The high-frequency
limit, Eq. (19), agrees with an expression derived
by Doniach. ! Eliminating the dipole-driving-term
contribution from expressions derived by Fivaz
and by Doniach brings their results into agreement
with our results at w=0 and with the results of
Berger. 13

We conclude this section by presenting a sum
rule for the off-diagonal elements of 0. A similar
result has been given previously, " which applies to
nonferromagnetic metals. Accounting for both the
applied magnetic field and net spin polarization,
the sum rule becomes

® ne’n

I W) = gz D (@], V2 V)| @)
[+ 2

0

ﬂes - —
+ o H,n . (20)

In Eq. (20), o0, is the spin operator, V(r) is the
potential, -ﬁ, is the magnetic field assumed along
the z direction, and #=N/V is the number of atoms
per unit volume. The sum is over all occupied
states which contribute a net spin polarization to
the solid.

HI. EXPERIMENTAL TECHNIQUES

Samples were prepared by vacuum evaporating
1-g charges of 99. 9%-pure gadolinium from tauta-
lum boats onto glass or sapphire substrates.
Pressures in the all-metal Vac-Ion-pumped vacu-
um system, just after an evaporation, were typi-
cally in the low-10"-Torr range. Samples were
studied in situ at these pressures to ensure clean
optical surfaces. Data taken on successive days
using the same sample showed no appreciable
variation. After all optical data had been taken,
samples were removed from the vacuum chamber
and x-ray analysis was used to determine crystal
structure and check for bulk impurities.

Substrate temperatures, evaporation rates,
film thickness, and pressure during evaporation
were found to influence crystal structure of the
prepared films. Thicker films (5000 A) prepared

_on substrates held at temperatures above 300 °C,
and using evaporation rates below 10 A/ sec, were
found to exhibit a high degree of preferred orienta-
tion, with the c-axis direction normal to the sub-
strate. Films prepared at lower substrate tem-
peratures, and at higher evaporation rates tended
to consist of more randomly oriented crystallites.

The sample holder, mounted at the tip of a heli-
um Dewar, provided temperatures down to 10 °K.
The possibility of strain effects changing mea-
sured properties of thin films, owing to differences
in thermal expansion coefficients of the film and
substrate, has been considered previously by
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Schiiler. * This study verified that the dependence
of electrical resistivity on temperature for bulk
and thin-film gadolinium samples is nearly identi-
cal aside from a slightly higher residual resistance
of the films, presumably due to differences in
crystallite size. Evidence that magneto-optic
effects observed using the thin films are also char-
acteristic of bulk-sample magneto-optic properties
is presented later in this paper.

Magneto-optic Kerr rotation and ellipticity were
measured using a null-type ellipsometric technique.”
Collimated monochromatic plane-polarized light
provided by a 1000-W arc lamp, i-m grating mono-
chromator, off-axis mirror, and polarizing prism
is incident at a 30° angle of incidence as shown
in Fig. 2, Reflected light is, in general, ellip-
tically polarized, and can be characterized at a
specific wavelength, temperature, and angle of
incidence by acomplex number, ¢ = 6+i€, where 6
is the rotation of the ellipse major axis from the
original plane of polarization and € is the elliptici-
ty of the ellipse. The sample is magnetized in the
plane of incidence as shown in Fig. 2, and a por-
tion of ¢ is a linear function of the magnetization,
¢'(M)=6'(M)+i€' (M). The components 6’(M) and
€’(M) are referred to as the magneto-optic Kerr
rotation and ellipticity, respectively. The mag-
netic contribution ¢’(M) is easily separated from
the total ¢ by reversing the magnetic field. Rota-
tion and ellipticity can be determined as follows:
With the sample magnetized in a particular direc-
tion, the analyzing prism (see Fig. 2) is adjusted
to yield a minimum of transmitted light. When
M is reversed, the analyzing prism must be ro-
tated by an amount 26’ to restore minimum inten-
sity. By introducing a §-wave phase shift, the
imaginary component 2€’ is determined in the same

PHASE -
SENSITIVE PREAMP.
DETECTOR

FIG. 2. Null-type ellipsometer blockdiagram. Samples
were vacuum evaporated and maintained in the ultra-
high vacuum at the tip of a helium Dewar (not shown).
A large electromagnet (not shown) provided fields to
2000 Oe to saturate the sample magnetization in the plane
of incidence and parallel to its surface.
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manner,

In order to optimize the sensitivity of this method
it is necessary to introduce a light modulator and
use phase-sensitive detection techniques. Our
modulator operated at 1 kHz, and consisted of a
water-cooled solenoid surrounding a transparent
core material with a high Verdet constant. All
cores used were carefully checked for strain or
other birefringence. Best results for visible and
infrared wavelengths were obtained using Schott
SF-6 glass rods. In the ultraviolet range, silica
rods and quartz dye cells filled with distilled water
were found suitable. Detected intensity of light
is given by

I(t)=1I+1,sin%@ + a sinwgt)

~ Iy+1,(6+ asinwyt)?, (21)
where I /I, defines the extinction ratio of the op-
tical system, 6 measures the deviation of the ma-
jor axis of polarization from the extinction condi-
tion, and @ is the modulation amplitude. At a
null, defined by 6=0, the w, component of detected
intensity vanishes, which can be precisely moni-
tored using phase-sensitive detection techniques.

Typical values of magneto-optic rotation and
ellipticity observed in gadolinium samples at
105 °K were 3 minutes of arc. Near room tem-
perature, values were considerably smaller. In
order to achieve 1% accuracy, an angular resolu-
tion of about 2 arc seconds is required. This
resolution was achieved at a signal-to-noise ratio
of 10 over most of the 1-5-eV energy range covered
using a spectral resolution Ax/X of 1% and a 10-
sec phase-detector integration time constant.

Rather than measure magneto-optic Kerr rota-
tion and ellipticity directly by mechanically ad-
justing the analyzing prisms a second coil was
added to the Faraday cell enabling magneto-optic
rotations to be precisely cancelled by a stable
dc. This method has the advantage of minimizing
the effects of mechanical disturbances of the optical
bench during a measurement. Accurate calibration
of the system was obtained by rotating the analyz-
ing prism through a relatively large angle (3°) from
null and measuring the dc needed to restore the
null condition.

Rotations were measured by saturating the ferro-
magnetic sample in one direction, establishing a
null, reversing the field, and recording the cur-
rent needed to cancel 26’, twice the magneto-optic
Kerr rotation. Ellipticities were measured in a
similar manner by introducing a 3-wave phase
shift before the Faraday-cell modulator.

The electromagnet used to saturate films pro-
duced fringe fields which caused significant rota-
tions in vacuum windows, prisms, the phase shift-
ar, and the Faraday cell. These “zero-correc-
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tion” errors were accounted for at each wavelength
by replacing the ferromagnetic sample with a sil-
ver sample. Reflection Faraday rotations of sil-
ver have been accurately determined!® and are
extremely small (less than one second of arc for
magnetic fields used, B~2000 Oe). Therefore
when the silver sample was in place, the total
rotation was essentially a zero correction,

Additional details of the ellipsometer, including
specific components used and methods of optimiz-
ing sensitivity, and more information concerning
the high-vacuum Dewar and other experimental
apparatus, are available in Ref. 19,

IV. EXPERIMENTAL RESULTS

As a valuable initial check of the ellipsometer,
magneto-optic Kerr effects of evaporated nickel
films were studied before investigating rare earths.
Magneto-optic data of nickel films at low tempera-
tures were found to be in good agreement with re-
sults obtained using bulk samples. This agreement
was taken as adequate evidence that magneto-optic
data of thin-film samples are characteristic also
of bulk magneto-optic properties. This agreement
was additional evidence that strain effects in the
films are not important in determining structure
of magneto-optic Kerr-effect data.

Repeatability of magneto-optic Kerr-effect data
for all gadolinium samples was found to be very
good, and the fine-structure variations which were
observed correlated with differences in crystal
structure of the individual samples. For a given
polarization direction, all gadolinium samples ex-
hibited the same gross features in magneto-optic
data independent of crystal structure. Gadolinium
samples with a high degree of crystallite orienta-
tion exhibited some structural dependence in mag-
neto-optic data related to initial polarization di-
rection of incident light; other samples with ran-
domly oriented crystallites showed much weaker
polarization dependence. Nickel samples showed
no observable polarization dependence. Polariza-
tion dependence of the unoriented gadolinium sam-
ples was small enough to justify using isotropic
formulas® to calculate the off-diagonal conductivity,
and the form of 0 given by Eq. (1).

Optical constants used in calculating the off-
diagonal conductivity from magneto-optic Kerr-
rotation and ellipticity measurements are shown
in Fig. 3. These results are basically those ob-
tained by Hodgson?'; slight modifications of his
data were made in order to obtain better agree-
ment with optical-constant measurements taken
on samples used in this study. % Kramers-Kronig
analysis was used to ensure that the resulting op-
tical constants were consistent with causality re-
quirements. Structure appearing in these data be-
low 1 eV is clear evidence that interband effects
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FIG. 3. Optical conductivity of Gd at 105°K; ol ab-
sorptive part, a'g) dispersive part. The optical conduc-
tivity is related to optical constants €;(w) and €,(w) by
o +io@) =%(w/m)(€; — 1 —i€,).

are important in this energy range.

Figure 4 shows the magneto-optic Kerr rotation
and ellipticity of polycrystalline gadolinium sam-
ples at 105 °K as a function of energy. These data
actually represent an average of nearly identical
results obtained from three different samples.
X-ray analysis showed these three samples to be

10 T I T I l

ROTATION

MINUTES OF ARC
o
-

41 -
3 e —
2 — —]
ELLIPTICITY
I — —
[ R N S |
%1 =2 3 4 5 =

ENERGY (eV)

FIG. 4. Magneto-optic Kerr rotation and ellipticity
of Gd at 105°K. Curves represent an average of nearly
identical data for three polycrystalline samples.

similar, consisting mainly of randomly oriented
crystallites. The off-diagonal conductivity, shown
in Fig. 5, was calculated using expressions for an
isotropic solid. ? Kramers—Krénig analysis of
real and imaginary parts of o,, verified that their
dispersion is consistent with causality conditions.

The increased sensitivity of the magneto-optic
Kerr effect can be seen by comparing absorptive
components of diagonal (0’) and off-diagonal
(02 elements of ¥, Off-diagonal components, which
represent the magnetic contribution to &, exhibit
more pronounced structure in the 1-5-eV_range.
Both normal and magnetic components of 0 show
a well-defined peak at 1.8 eV; however the peak
in 02 at 4. 2 eV is not easily seen in 0, It ap-
pears as though there may be a very broad peak in
o around 5 eV.

A number of samples were found to consist
largely of oriented crystallites with their ¢ axis
normal to the substrate. From an optical point of
view, these samples should behave as single crys-
tals. Magneto-optical spectra of these samples
differed in fine structure details from those of
samples consisting of unoriented crystallites. 2
Differences were verified by measurements at
several temperatures on a number of samples with
ordered and unordered crystallite orientation.

CONDUCTIVITY (units of 10" sec™)
T
]

I = E3

| | L1
0O I 2 3 4 5 6
ENERGY (eV)

FIG. 5. Magnetic contribution to the optical conduc-
tivity of Gd at 105°K; O'g) absorptive part, og) disper-
sive part. The relative errors at a given energy are
shown by the bars at the bottom of the graph. The abso-
lute values may have addition errors mainly due to the
inaccuracies in the ordinary optical constants.
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Typical results are shown in Figs. 6 and 7. Fig-
ure 6 shows magneto-optic Kerr rotation of an
unordered crystallite sample at three tempera-
tures, and an ordered crystallite sample at two
temperatures. Inspection of the results indicates
that characteristic structure of each is preserved
at the different temperatures. Figure 7 shows the
polarization dependence observed in an ordered
crystallite gadolinium sample. Samples with ran-
domly oriented crystallites showed much weaker
polarization dependence.

V. BAND MODEL FOR GADOLINIUM

Our discussion of the magneto-optic data is
based on a simplified band model which is now
presented. We have used published band calcula-
tions for Gd as a guide in constructing our model
as well as our experimental results which supple-
ment the band calculations. Consider first atomic
gadolinium which has a valence configuration of
4f"5d'6s2, The 4f shell, even though only par-
tially filled, is more tightly bound than the filled
5s and 5p shells as shown in Fig. 8. In the solid,
the 5d and 6s electrons of adjacent atoms overlap

--- UNORIENTED
— ORIENTED

MINUTES OF ARC

ENERGY (eV)

FIG, 6. Comparison between the magneto-optic Kerr
rotation of oriented and unoriented (polycrystalline) Gd
samples. The crystallite ¢ axes of oriented samples
were primarily normal to the optical surface. The fine
structure is real as can be seen by comparing with the
error bars at the bottom of the graph.

|oo

-] I . R E—

[---s-POLARIZED ||
| —p-POLARIZED |

H

MINUTES OF ARC
N w

| | | |
o | 2 3 4 5
ENERGY (eV)

FIG. 7. Gross polarization dependence of magneto—
optic Kerr rotation for oriented Gd samples as defined
in caption for Fig. 6. The fine structure as shown in
Fig. 6 has been smoothed over to focus on only the gross
differences.

6

strongly, as indicated by the location of the Wig-
ner-Seitz radius (Fig. 8), and are therefore
broadened into bands. The 4f electrons overlap
very little and are also only weakly affected by
crystal-field effects due to shielding from the 5s
and 5p states, and therefore preserve their atomic
character.

Figure 9 shows the calculated bands of gadolin-
ium at a number of symmetry points in the Bril-
louin zone. The lower-lying states are seen to be
predominately s character and the relatively flat
nature of bands near the Fermi level are charac-
teristic of d states. A density-of-states histo-
gram is shown in Fig. 10. The total area under
this curve corresponds very nearly to 12 electrons,
accounting for the ten 54 and two 6s atomic levels

GADOLINIUM -

0.8

R(r)
o
Q

06} 6s =
0.4} .

0.2 R ws. =

T L ] | n
3 4 5 6 7 8 9 10

RADIUS (a.u)

1
%12

FIG. 8. Normalized radial wave function R(») for
atomic Gd, where [[R(r))%dr=1, after Herman and Skill-
man (Ref. 26). The oscillations for small » are not
shown.
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GADOLINIUM

FIG. 9. Band structure of Gd
metal [Dimmock et al. (Ref. 1)].

Note the flatness of the d bands.

and indicating that other states are not mixed into
any great extent, The small amount of “p charac-
ter” which exists in the occupied conduction-band
states is expected to be concentrated in a region
just below the Fermi level. The band-structure
results suggest that occupied conduction-band
states are predominately d character and that the
d bands are split into two major groups. Splitting
of d bands into two major subbands as suggested
here has been observed in the tight-binding band
calculations for transition-metal ferromagnets. 2
This effect, referred to as covalency splitting, has

n

0 ] L

6 -4 -2 g 2 4 6
F

ENERGY (eV)

FIG. 10. Density of states of Gd metal. Histogram
is as calculated by Dimmock et al. (Ref. 1) and hatched
curve is the approximate density of states as determined
experimentally by the magneto-optic Kerr effect. Experi-
mental result covers only the range shown.

been discussed by Friedel and others. 2

Our simplified band model is summarized by
Fig. 11. Atomic energies are those given by
Herman and Skillman®; band energies and widths

ATOMIC SOLID

7,
BANDS sp-BAND

)
5d “59ev / ’ -. /ev/////;/sw 10eV

4f, STATES

4f;l -22.0evV /

FIG. 11. Simplified model for Gd used to estimate
the weights of the various transitions that contribute to
(@@,
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are shown which agree with the data to be discussed
in Sec. VI. Location of the occupied 4f level was
chosen at - 7 eV as suggested by photoemission
results? and the work of Herbst et al. # The lo-
cation of unfilled 4f levels in Gd metal according
to theoretical work of Herbst et al. 2 is about 3.6
eV above the Fermi level. We will present argu-
ments in Sec. VI which indicate that transitions
from d states to unfilled 4f states are observed in
our magneto-optic data. In the band model, Fig.
11, we have therefore used our experimentally
determined location of the 4f, levels. In the
model, we choose the relative position of d bands,
sp bands, and the Fermi band to yield one sp and
two d states below the Fermi level in accordance
with band-structure-calculation predictions.

VI. CALCULATIONS

As a first step in understanding the experimental
data shown in Fig. 5, we evaluate the intraband
contribution to 02" (w) using Eq. (16). It is clear
from Fig. 8 that atomic 5d electrons penetrate
deeper into the core than the 6s electrons, and
that they overlap more with polarized 4f-electron
states. Therefore, in the solid, we expect the
“d-conduction” electrons to carry most of the
conduction-electron contribution tothe magnetic
moment per atom, and exhibit stronger spin-orbit
effects. We estimate spin~-orbit effects of d-con-
duction electrons to be a factor of 50 larger than
for p-character-conduction-band states. Intraband
magneto-optic effects, being proportional to spin-
orbit coupling and net spin polarization, will there-
fore be primarily due to the d character of con-
duction electrons.

To estimate the spatial polarization (IP {l/e), we
equate the energy associated with a dipole |P gl of
charge e separated by distance a to the appropriate
spin-orbit energy. The electrostatic dipole energy
is P {?/a® and by the Virial theorem the total dipole
energy increase is P{?/2a®. This is driven by the
spin-orbit energy estimated by &,{!), where &,
=0.123%10°* ergs (0. 077 eV) for 5d electrons in
Gd, 28 and () is a characteristic angular momentum
associated with a Fermi-level 4 state. The con-
duction d-electron density in Gd is n,=0.611x10%
cm™? (assuming two d electrons per atom), and
since in Gd the Fermi level is near the bottom of
the d band, we can approximate by using a free-
electron model to obtain ko= (3 7%r,)*/*=9. 7x10"
cm™!, To obtain k, we use the result of band cal-
culations that two d bands contribute to the occu-
pied states. In the solid, we estimate the average
radial extent of d electrons in the Wigner —Seitz
sphere to be 3a=1.2 A (from Fig. 8). An estimate
of (I) is given by zky2. From these estimates, we
find that

L. ERSKINE AND E. A. STERN

=)

(|P3] Je)=(a®/e)(ERg) /2 =0.4 A .

The other parameters required to evaluate the in-
traband term [Eq. (16)] are chosen as follows:

For the value of (0, ), which characterizes the spin
polarization, we choose a value of 0. 28 to account
for the 0.55 up /atom contributed by the two d con-
duction electrons per atom in Gd. For the carrier
lifetime 7, we use the result obtained by Hodgson®
from optical data, %#/7=0.5 eV. These values
yield an intraband contribution of

02 (w) = (8. 0% 10" /hiw) sec™, (22)

where 7w is in units of eV.

This result accounts for the general w™! behavior
of 0{2(w) shown in Fig. 5. What remains after
subtracting Eq. (22) from the experimental data is
the interband contribution. This is observed to be
a pair of peaks at 2 and 4. 2 eV with a total weight
for [0 (w)dw of 2.0%10% sec™®. The division
between interband and intraband contributions is
most conveniently plotted as wog’ vs w, where the
intraband term is a horizontal line as shown in
Fig. 12.

Interband magneto-optic Kerr effects are
governed by quantum-number selection rules Al
=+1, Am;=+1, and AS,=0, corresponding to or-
bital momentum, Z component of orbital momen-
tum, and spin, respectively. In the model of Sec.
V, magneto-optical interband transitions are al-
lowed from partially filled 4f levels and occupied
p-character conduction-band states to d states

I I I I I

w0y W)

CONDUCTIVITY (units of 1022 sec2)
I

| I | |
OO | 2 3 4 5

ENERGY (eV)

FIG. 12. Experimental values of wo)(w) at 105°K

as a function of energy. Area under the dotted line is
the estimated intraband contribution; area above the dot-
ted line is the estimated interband contribution mainly
due to p —d transitions. The curve above the dotted line
is the approximate d-state contribution to the density of
states, also plotted in Fig. 10,
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above Ep, and also from occupied d states to

f- and p-character states above Ep. Interband
magneto-optic absorption from these transitions

is proportional to the joint density of occupied and
unoccupied states. Preliminary motivation for
interpretation of the interband part of 0{¥(w) comes
from examining the joint density-of-states function
for p-character states below E and d states above
E, which can be expressed

wF-w
Tana= [ 7 pa)pp(v+ w)dv . (23)

F
A similar expression symbolized by J (4)s, Can be
written for occupied d states and empty p states.
From our previous discussion of the nature of oc-
cupied p states, and reference to the density-of-
states histogram, Fig. 10, it is evident that Eq.
(23) gives a double-peak behavior similar to the
behavior of the interband contribution of wo2(w),
shown in Fig. 12. The function J,(;, yields a
broad structure with no sharp peaks. Therefore,
our interpretation of the two peaks in the interband
part of og’(w) is that they result from transitions
between p-character states just below Ep tod
bands above Er. In the remainder of this section,
we present additional evidence to support this in-
terpretation of the structure in og’(w).

We now estimate the total magneto-optic absorp-
tion for each type of interband transition allowed
by the model under consideration, and show that
the estimated total weight ©{2)= [0 (w) dw con-
tributed by p -d transitions is consistent with the
predictions of band calculations and with experi-
mental results., We also find that d - p transitions
yield a contribution which is small compared to
p —d transitions in the energy range of interest.
The values of (o,f.f,’) for f-d and d - f transitions
are also estimated.

Referring to Eq. (3), it is apparent that there
are three distinct mechanisms which will yield in-
terband magneto-optic Kerr effects. In one mecha-
nism, spin-orbit coupling perturbs the ground-
state wave functions | @) and |B) and the off-diago-
nal conductivity is proportional to the spin-orbit
perturbation parameter £,,/AE, where AE is an
interband energy. A second mechanism occurs
when spin-orbit effects contribute directly to the
current (7 vector), and a third mechanism in-
volves spin-orbit splitting of degenerate levels.

In order to estimate the total weight of o,fﬁ’ for
p-d, d=p, f-d, and d~f interband transitions,
we consider an atomic model for gadolinium with
spin-polarized d and f electrons giving 7. 55 pg/
atom. The question naturally arises whether an
atomic calculation has any relationship to the solid
where clearly band-broadening effects are stronger
than the appropriate atomic splittings. We argue
that such a calculation is justified based on the
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discussion in the next paragraph. It is straight-
forward to show by direct calculation that when
spin-orbit coupling is added to the atomic model,
only the third mechanism, just described, pro-
vides a nonzero first-order spin-orbit contribution
to (Gg’). Since the second mechanism does not
contribute to first order, it is permissible to set
m*=p*=iwm(x +iy). Thetotal weight (c2’) corre-
sponding to a given interband transition becomes,
from Eq. (3),

2
@2 = ‘% 2 [@s| (6 = 19) 4|2
aB

- waal(x*‘iS’)aslz] . (29)

In the atomic model being considered, the con-
tribution to @) in the solid results from assum-
ing that the total atomic oscillator strengths re-
main the same in the solid, and are only spread
out in energy because of band effects. We assume,
as suggested by the band-calculation results, that
there is not appreciable mixing of upper atomic
states or 4f states into the conduction band, With
this assumption, the f-sum rule? states the total
oscillator strength of transitions between p and d
states will total the same for both the atomic model
and the solid. In performing the atomic calcula-
tions, both atomic energies and wave functions
must be used. The other assumption needed is
that the band broadening does not change the differ-
ence in average energy introduced by spin-orbit
coupling. This is also correct because band ef-
fects do not change the average energy: Calculat-
ing the trace of the Hamiltonian by using Bloch
states or using atomic states gives the same re-
sult. From these arguments, we predict that the
atomic calculation will give a good approximation
of the weight (02" = [o{#(w)dw, Since the shape
of 0{2(w) cannot be obtained from this approach,
for this feature we must be guided by the results
of band calculations.

In the spirit of the discussion just given, we
use Eq. (24) to estimate the total weight for f—-d,
d-f, d-p, and p—~d transitions in the solid.
Matrix elements for x+iy are given by Bethe and
Salpeter®’; the overlap integrals for the f-d and
d - p matrix elements were obtained by numerical
integration of Herman and Skillman’s atomic wave
functions. 2® The results are
IR |3 = 2320(1%a9)® , [R[%= 121(u%a0)* -  (25)
where (u2qof =6.7%x1072° cm?, gq being the Bohr
radius and u being a scale factor given by

u=1(En)R/3(2)1/3=0.221, where z =64 is the atomic
number of Gd. Spin-orbit splitting of d and f states
is assumed equal to the atomic splittings as calcu-
lated by Herman and Skillman:

AEg = 0.07Tm,; eV, d states
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AE,, = 0.132m; eV, f states (26)

where m; specifies the magnetic quantum number
for particular states.

We now briefly outline the calculation of weights
of 02 (w) using the atomic picture just presented.
Consider transitions from occupied states with p
character to bands formed predominantly from Y}
and Y;! atomic d states, where the spherical har-
monics Y7 represent the angular part of the wave
function. Using the atomic picture, and calculating
matrix elements of x +7y for spin-up electrons, the
contributions for ¥} and ¥;! are found to be equal
and opposite, giving rise to line strengths W as
shown in Fig. 13(a). The weight W is the quantity
related to the f-sum rule which by assumption re-
mains constant in both the atom and solid in our
model. In the solid, W can be associated with not
only d - p transitions, but also p —d transitions.
These two weights, W, and W;,, we expect to have

W(Y,)
“ (a)

WYy

FIG. 13. Calculation of magneto-optic Kerr effects:
(a) Oscillator strength W, for spin-up states resulting
from p —d(Y'}) and p —d(Y3)) interband transitions. (b)
Spin-orbit splitting AE4, and band broadening effects
AEg added to (a), weights preserved. (c) Substract the
two curves to obtain net magneto-optic absorption for
transitions between the spin-up states (solid line) corre-
sponding contribution for spin-down states (dashed line).
Note weight is reduced, A= (AE4/Eg)W, and that when
=0 (equal population of spin-up and spin-down states),
()= o8+ (@B =0.
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the same absolute magnitude since, in the atom,
they are equal and opposite, corresponding to ab-
sorption and emission processes. In the solid,
these weights must be multiplied by the parameters
n, and ny, respectively, which specify the number
of p- and d-character electrons. Band effects are
assumed to broaden the lines but preserve the
weight W, and spin-orbit coupling removes the de-
generacy of the two levels, shifting them as shown
in Fig. 13(b). Subtracting the two curves yields a
quantity proportional to the spin-up contribution to
(02 vy transitions from p states to the Y3' d bands.
The result of this subtraction is shown in Fig.
13(c). Note that the weight W is reduced by the
factor (AEg/AE,ug). Spin-down states produce an
equal but opposite contribution which exactly can-
cels the effect of spin-up states when there is no
net magnetization. To obtain (0{2") appropriate for
the solid, we must also weight the appropriate os-
cillator strengths W by the spin-polarization of d
states which accounts for exchange effects.

Exchange effects are included using Stoner’s
picture of ferromagnetism. Figure 14(a) shows a
representation of the density of states for the Y3l
states under discussion; one side corresponds to
spin-up states the other to spin-down states. In
an unmagnetized solid, the density of spin-up and
spin-down states is the same. The Stoner picture
accounts for ferromagnetism by assuming spin-
up and spin-down states “see” a different effective
field which is equivalent to shifting the curves rela-
tive to each other as shown in Fig. 14(b). The net
spin density as a function of energy is proportional
to the difference, and is shown in Fig. 15. Note
each d band exhibits an inversion of spin density
as a function of energy due to the shift. Referring
back to Fig. 13 it is clear that the contributions
to (0{2’) resulting from this shift are additive; that
is, at lower energies where spin-up electron den-
sities are higher, (0.2) is shown negative; at
higher energies, spin-down electron densities are
higher, and these also yield a negative contribu-
tion. The net effect for (0,53’) for transitions to Y}
and Y;! states are contributions of the same sign,
and a total weight equal to 2W(AE,/AE .4 ©) is
obtained. There are also similar contributions to
the total p —d interband absorption produced by
transitions to the Y32 states. In the solid, we as-
sume that all of the Y3 states are uniformly spread
over the band. This assumption is valid, as is the
case for Gd, as long as band-broadening effects
dominate crystal-field effects which tend to split
the d states into the appropriate crystal-field
levels. After summing the weights of all ¥3™ con-
nected by x +iy, the results are weighted by the
occupation numbers of states involved, yielding
the final result.

The computation for f,~d, and d, =~ f, weights is
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FIG. 15. Schematic representation of the net spin
P () P (EX P (EW p(E“ density expected from the Stoner model as a function of
DENSITY OF STATES P(E) DENSITY OF STATES P(E) energy for a particular band when an exchange splitting
M=0 M#0 exists.

FIG. 14. Stoner band picture ferromagnetism, showing
Y3! contribution to the d-band spin-up and spin-down
density of states p(E) for both zero and nonzero magneti-
zation M.

slightly different since in these transitions, only
majority and minority spin states are involved, re-
spectively. Also, for d—p transitions there is no
inversion of spin density since only the bottom of
the d band is occupied. Therefore the factor of 2
for spin-up and spin-down states is not required,
and the frequency dependence of the structure will
be as shown in Fig. 13(c), the dotted line corre-
sponding to f,~d, and the solid line corresponding
to d,~f,. The weights calculated in Table I for
fi—~d,, d—=p, and d,~f, transitions correspond to
the initial (low-energy) peak. The high-energy
peak, which occurs above the low-energy peak at

TABLE I.

an energy of the order of the bandwidth, will be of
opposite signs from the low-energy peak.

Table I lists the weights (0{2 ) corresponding to
allowed magneto-optic transitions which were ob-
tained as just outlined. Included in the table is a
summary of various parameters used in the calcu-
lation. In the first row, we have equated the ex-
perimentally estimated weight of 3.6Xx10% gec™
resulting from p —d transitions to the calculated
value in order to obtain n,=6n,, the effective num-
ber of p-character conduction electrons. The num-
ber is found to be 0.6 or approximately 20% of the
total number of conduction electrons. The experi-
mental estimate 3.6x10% sec™? is determined by
subtracting the intraband term estimated by Eq.
(22) from the experimental data of Fig. 5 and mul-
tiplying the remaining area by a factor of 1. 8.
Since the experimental data cover only part of the

Summary of parameters used in the model calculation. The various columns list information as follows:

(i) interband transition; (ii) constants; (iii) energy difference (w, — wg)/%; (iv) and (v) sum of matrix elements including spin-
orbit and band effects (see text); (vi) spin polarization; (vii) and (viii) the number of occupied and empty states; (ix) final
result for the weight of magneto-optic absorption. The weights (oﬁ’) ghould be regarded as order of magnitude esti-

mates, which have been made in order to support interpretation of the data.

The signs, however, are correct and very

significant as discussed. Bar over n specifies occupied states. No bar over n specifies unoccupied states. Parentheses
() inside the table indicate final calculated values |M %= 3 (1X541%~ X512,
2
mme . 5 AE g 9 AF g Oz =
Transition “an? AEap ziM| AE  ngymgy =Ny Ng, (O)ap
a—pB (cm™ sec-?/eV)  (eV) (cm?) (cm?) Mgy + Mg alip Ny ng (sec™d)
p—d 8.0x 104 5 +4,7% 1077 0.28 0.1) 0.8 3.6x 10%
d—p 8.0x 10% 5 2.3x1013 0.28 0.2 0.30 (1.6x 10272
fi—d, 8.0x 10% 15 3.0x 1018 1 1 0. 37 (1.3x10%)2
d, —~f, 8.0x 10% 5 —~3.0x 1018 1 0.072 1 —(8.5%x 10272

AE,,, ny, and ng equivalents

Transition n, ng AE,
p—d é——, 110 ng 1ev
d—p 110"4 %n, leVv
fi—dy  THp fymg leV
d,—~f, 1—’67—1,,, %nﬂ 1eV

*Weight and sign of low-energy peaks.

High-energy peaks will occur with same weight but opposite sign.
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energy range where p —d transitions are expected
to occur, we estimate from the density-of-states
histogram of Fig. 10 that the measured weight 2.0
%10?® sec™? should be multiplied by 1. 8 to account
for this.

In the second row, we have used n,=1.8 to de-
scribe the number of unoccupied p-character elec-
trons in computing the weight (02 ) for d—p tran-
sitions and have assumed, as suggested by Fig. 11,
that the sp band extends over 10 eV. The factor of
3 greater for the total of the unoccupied p-charac-
ter states above E, results from inspection of the
density-of-states curve which shows that the num-
ber of unoccupied states is nine, three times the
number of occupied states. Additional parameters
used in the calculations of interband weights are as
follows: n=0.305x10* ecm™; (0),,=1, indicating
that the 4f electrons are assumed to be completely
spin polarized; and {0),=0.28, the same value used
in the intraband computations. The s- and p-char-
acter conduction electrons are assumed to be un-
polarized and unaffected by spin-orbit coupling.
Therefore, in this model, s—p interband transi-
tions do not contribute to magneto-optic effects.
Note that the d, - f, transitions give a negative
contribution in contrast to the other contributions.

The sum rule [Eq. (20)] was also evaluated using
an atomic model. For Gd, the sum rule is pri-
marily determined by the seven 4f electrons which
are 100% spin polarized and which are tightly bound
near the core where the matrix elements of the
VEV(r) operator are large. Using Fig. 8 to esti-
mate the charge distribution of 4f electrons, the
sum rule is estimated to be

fo” wol®(w)dw= - 8x10* sec?. (27)

In deriving Eq. (20) it was assumed that e >0 so
that the charge on an electron is —e. The sum
rule universally gives a negative result when the
positive direction is chosen as the majority spin
direction, as is the convention in this paper. In
the energy range covered by our experimental
data, the total weight is approximately equal to
+7%10*, most of this weight resulting from the
intraband component. It is clear that a large nega-
tive contribution is needed to satisfy the sum rule.
Part of this contribution will come from the f, ~d,
transitions which from Table I are seen to contri-
bute a weight of — 2x10** sec™® to the sum rule. In
order to exhaust the sum rule, f,—~g, transitions
must also be considered. We expect from our
model that f, - g, transitions will give a negative
contribution and it is not unreasonable that it will
have sufficient strength to complete the sum rule.

VII. DISCUSSION

The estimated intraband contribution to cif,’(w)
given by Eq. (22) accounts for the main w™! trend

ERSKINE AND E. A. STERN
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in the background in the experimental data shown
in Figs. 5and 12. The magnitude of conduction-
band -d-state -wave -function spatial polarization,
[Pgl, used to obtain this result is consistent with
spin-orbit energies which are the driving mecha-
nism. The other parameters used in obtaining

Eq. (22), i.e., the carrier lifetime and spin polar-
ization, were inferred from independent experi-
mental results. Subtracting this term from experi-
mental data leaves the interband contribution con-
sisting of two peaks and some background with a
total weight 2. 0% 10% sec™?, as shown in Fig. 5.

This structure we interpret as resulting from
interband transitions from occupied states of p
character near the Fermi level to d states above
the Fermi level. The band-structure calculations
for Gd support this viewpoint, and we have demon-
strated that the magnitude of these peaks can be
understood from computations based on a simple
model. These calculations suggest that the p
character of the occupied conduction-band states
is approximately 20% of the total occupied states.
This value may be in error as much as a factor of
3, and reflects the limitations of the simple ap-
proach used in the calculations.

It is interesting to note that the transition-metal
ferromagnets exhibit conduction-band properties
which are very similar to what we have observed
in Gd. The magneto-optic behaviors of Fe, Ni,
and Co all exhibit the characteristic double peak
in 02 (w), in the 1-5 eV energy range, * and tight-
binding calculations? for d bands of these metals
exhibit d-band splitting similar to that shown in
Fig. 10. In the ferromagnetic transition metals,
the d bands are primarily below the Fermi level,
and the appropriate interband transitions are pre-
dominantly d—p. Justification for this interpreta-
tion is much the same as we have argued for Gd al-
though we have backed our interpretation in the
case of Gd by some numerical estimates.

There is one more interesting feature of {2 (w)
which we now discuss. This feature is the rapid
decrease and change of sign of the interband part
of 02 (w) starting at about 4. 5 eV. This is not due
to d -~ p transitions since this contribution is too
weak or p—d transitions since the sign is wrong,
and intraband effects clearly cannot cause the be-
havior. Herbst, Lowy, and Watson® have recently
calculated the relative position of ground-state 4f
configurations relative to the d bands and Fermi
level in rare-earth metals and also the position of
the excited 4f level above E;. Their results,
shown in Fig. 16, predict unoccupied 4f levels at
about 3.6 eV above E; in Gd and at about 2,2 eV
in Dy. We interpret the abrupt change in 02 (w)
for Gd as resulting from d, - f, transitions. The
results of Table I show that this transition will con-
tribute a weight to 0 (w) of opposite sign to d—p
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FIG. 16. Calculated levels of filled 4f states (circles),
d bands (cross-hatched area), Fermi level (+), and ex-
cited states for ™! (@) and f™! (x) configurations
[Herbst et al. (Ref. 28)].

and p -d transitions. The threshold for d,~f,
transitions based on our data is therefore about
4.6 eV. We have carried out a preliminary investi-
gation of magneto-optic effects in dysprosium
metal, and the results are also in general agree-
ment with the theoretical results of Herbst et al.
The low-energy (<2, 5 eV) magneto-optic behavior
of dysprosium is similar to that of gadolinium.
Above 2.5 eV, o2 (w) for dysprosium exhibits a
large-amplitude negative peak, with a total weight
(c,‘j’) which is very close to what our calculations
predict for transitions from occupied 4f, states to
d states above the Fermi level. This observation
gives us confidence in our calculations and the in-
terpretation of our data. The results for dyspro-
sium will be published in a separate paper.

The fact that the magneto-optic absorption 0.2’
can be either positive or negative is an important
feature which represents one advantage of this
technique over ordinary optical experiments. In
the present case, the sign has been crucial in
allowing us to identify the effects of minority-spin
transitions to unfilled 4f states exhibited by experi-
mental data. It is also interesting to note that the
sum rule, Eq. (28), requires negative contributions
to balance the positive contribution observed in the
1-5-eV range. The d,—~ 4f, transitions will provide

MAGNETO-OPTIC KERR EFFECTS IN GADOLINIUM

1253

some of this negative contribution.

In Fig. 12, the function w02’ corresponding to
experimental data hasbeenplotted. Asshownby Eq.
(6), the interband part of wc,‘cf,’ is roughly proportional
to the joint density of states assuming the oscillator
strengths are approximately constant. In Gd this joint
density of states is roughly proportional to the un-
occupied d-band density of states as justified in
the next paragraph. The portion of area above the
dotted line in Fig. 12 therefore respresents the un-
occupied d-band density of states and is also
plotted on Fig. 10 for comparison with calculated
values. Some of the high-energy part of the d-band
contribution to w02’ as shown by Fig. 12 may be
obscured by the d, -~ f, threshold which would tend
to partially cancel the p—d contribution above the
d, - f,threshold. We note that the structure in the
experimental curve is sharper than the calculated
values and that the position of the peaks matches
that of the calculation only qualitatively.

The crucial assumptions to interpret wo‘,g’ as the
density of states of the unoccupied d bands in Gd
are that (a) the occupied p states have a spread in
energy small compared to the unoccupied d band-
width, and (b) the factor F,4(w) in Eq. (6) is ap-
proximately constant. The sharpness of the peaks
observed in the experimental data, Figs. 5 and 12,
prove that the p character of occupied states does
not extend beyond an energy range of 1 eV, the
width of the peaks. If it did, then the observed
peaks widths would have been larger. Then the p
character of the occupied states must be less than
1 eV, small compared to the unoccupied d band-
width, Band calculations indicate that the bottom
of the conduction band has pure s symmetry so that
it is likely that the p character is concentrated
near the Fermi level.

The approximate constancy of F ,4(w) follows
from the model-calculation discussion of Sec. VI,
where for a given type of transition, say p-d,

F ,4(w) is approximately constant, Only above about
4.5 eV, where d, ~f, transitions start contributing,
does F ,4(w) change. Infact, it has a change in
sign besides a change in magnitude, and we have
some uncertainty about the shape of the d band in
this region. This uncertainty introduces the > sign
in the experimental values of the unoccupied and
total d bandwidths in Table II.

Table II summarizes band parameters predicted
by our results. Figure 16 suggests the lower
limit on unoccupied d bandwidth is 4.5 eV. If the
spectra of Ug’ were continued beyond 5 eV, the half-
width of occupied d bands would be obtained as the
width of the negative peak from d, - f, transitions
which begin at 4. 6 eV. The 4f, states are placed
4.6 eV above the Fermi level as just discussed.
Other experimentally determined parameters of the
d band are also summarized in Table II
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TABLE II.

J. L. ERSKINE AND E. A.

STERN

|

Summary of band-structure details of Gd as determined ex-

perimentally and as calculated theoretically.

This expt. Herbst ef ql. Dimmock et al.
(eV) (ev) €ev)
Energy of unfilled 4f, levels 4.6 3.6
above Ep
Unoccupied d bandwidth 1 1.2 2
Total d bandwidth =5.5 7.0 8.0
Spacing between major peaks 2.2 3
of unoccupied d bands
Peak positions above Ep 2.0 . 1.2
4.0 .o 4.2

VIII. CONCLUSIONS

In this paper, the first detailed study of magneto-
optic effects in gadolinium metal has been pre-
sented. Our interpretation of the experimental re-
sults is in reasonable qualitative agreement with
band calculations, ! with the theoretical estimates
of the position of excited 4f states in rare-earth
metals, and with the location of the Fermi level,
though quantitative differences exist. We have es-
timated a number of parameters from our experi-
mental data summarized in Table II, which include
the d band properties, location of unoccupied 4f
levels above the Fermi level, and, in addition, the
amount of p character of occupied conduction-band
electrons.

A phenomenological theory of intraband magneto-
optic Kerr effects was presented and used to ac-
count for the “conduction-electron” contribution to
experimental data. The expression for intraband
magneto-optic effects predicts a frequency depen-
dence and amplitude which agree with experimental
data. The required value of conduction-electron
spatial polarization denoted by Py, a parameter in
the theory, is consistent with the spin-orbit cou-
pling strength of d-conduction electrons in the solid.
An atomic model calculation modified to account
for band effects was used to estimate total strength
of various interband transitions in the solid. This
approach was justified, and provided estimates
which support the interpretations given to struc-
ture in magneto-optic data. The estimate of total
weights for 4f - 5d transitions indicates that these
should be readily observable using magneto-optic
techniques, whereas they have not been observed
in ordinary optical experiments. The reason why
magneto-optic techniques emphasize the role of
the d and f states compared to ordinary optical
techniques is that the magneto-optic absorptions
are proportional to the product of the spin-orbit in-
teraction and the net spin polarization. The d and
f states probe the core potential much more
strongly than do the conduction s and p states and

thus have a substantially stronger spin-orbit in-
teraction and spin-polarization. In fact our esti-
mate is that s - p transitions are negligible for the
magneto-optic effects in Gd. The ordinary optical
absorptions are dominated by s - p transitions be-
cause their dipole matrix elements are so large,
overwhelming any structure from d and f states.

It has been shown in this paper that magneto-
optic measurements are a powerful technique in
determining the electronic band structure of mag-
netic metals. Such measurements will provide an
independent and more accurate check of the loca-
tion of occupied 4f levels in the ferromagnetic
rare-earth metals. A careful study of 4f-d-band
transitions would also serve as a check on the shape
of d bands established on the basis of p - d-band
magneto-optic absorption. There are many other
future experiments suggested by the present re-
sults. The fact that semiquantitative estimates
can be made using simple models provides motiva-
tion for studying the other magnetic rare-earth
metals, The case of dysprosim is especially in-
teresting as indicated by some preliminary results
discussed briefly in this paper. Magneto-optic
effects in Fe, Ni, and Co have been studied experi-
mentally, but experimental results have not been
used to full advantage in understanding the compli-
cated nature of their d bands.

In addition to the main features of the band struc-
ture which we have focussed on in this paper, fine
structure in magneto-optic data, especially when
related to polarization or crystal orientation ef-
fects, should provide a powerful tool for checking
details of band structures as more accurate and
detailed calculations become available. High reso-
lution is required to measure magneto-optic fine
structure; however, the fine-structure features
shown in Fig. 6 are genuine, as were verified by
repeated measurements on the same sample at dif-
ferent temperatures. Continued improvements in
experimental techniques will enable more compre-
hensive studies of magneto-optic fine structure to
be made, and should result in the full development
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of another valuable and powerful experimental
technique for studying the properties of magnetic
solids.
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