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Magneto-optical Kerr spectroscopy of palladium
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Magneto-optical Kerr effect~MOKE! spectra of a paramagnetic fcc Pd metal film, measured with high
sensitivity in an applied magnetic field of 1.5 T over a photon energy range 0.8–4.8 eV, are presented.Ab initio
linear-muffin-tin-orbital calculations reproduce the experimental spectra well, and explain the microscopic
origin of the magneto-optical~MO! response in terms of the individual interband transitions. A band-by-band
decomposition of the fcc Pd MO spectra is presented, and transitions responsible for prominent structures in
the spectra are identified. The dominant role of transitions from states in the vicinity of the Fermi level is
found. It is found and explained that the proportionality between the magnitude of the MOKE spectra and the
magnetic moment induced on the Pd atom holds over two orders of magnitude up to the value of;0.25mB

typical for magnetic Pd compounds. It is shown that, in spite of the different mechanisms of the Pd magneti-
zation, the MOKE spectra of the paramagnetic Pd metal in the external magnetic field are similar to the spectra
of the ferromagnetic diluted Co-Pd and Fe-Pd alloys.@S0163-1829~98!01036-4#
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I. INTRODUCTION

In the past decade, a large number of studies have b
conducted for multilayer and alloy films consisting of ma
netic transition metals and Pd or Pt using various experim
tal techniques.1–5 These systems exhibit simultaneously e
hanced magneto-optical Kerr rotation in the uv spec
range1 and perpendicular magnetic anisotropy2—a combina-
tion of properties which allows the use of these materials
a recording medium in a new generation of storage devic3

Most measurements of these systems give indirect evide
of a large spin polarization of Pt and, especially, of Pd
Co,Fe/Pd,Pt interfaces in the layered structures,4 as well as in
the vicinity of magnetic impurities in the diluted alloys.5 The
underlying mechanism of the Pd~Pt! magnetism in these sys
tems is usually interpreted in terms of strong 3d-4d(5d)
hybridization and the exchange interaction.

On the other hand, Pd itself is very interesting. Pd meta
nearly ferromagnetic, with the largest paramagnetic susc
tibility among the nonmagnetic transition metals, and is e
ily spin polarized by a small external magnetic perturbati
Due to the high density of electronic states at the Fe
level, the bulk fcc Pd metal is near the threshold of becom
ferromagnetic, and calculations predict a paramagne
ferromagnetic phase transition upon the lattice expanding
6%.6 The unique properties of Pd stimulated a large num
of experimental and theoretical investigations~see, e.g., Ref.
7 and references therein!.

Magneto-optical Kerr effect~MOKE! spectroscopy is a
useful experimental technique for investigating the electro
structure of magnetic materials, and there is currently a g
deal of activity to understand the origin of magnetic-optic
~MO! effects in various systems. Of key importance to t
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understanding of the attractive magneto-optical propertie
Co and Fe-Pd systems is the investigation of the Pd M
response and its contribution to the MOKE spectra un
various circumstances. The MOKE spectra are related
subtle electronic structure effects such as the hybridizat
the magnitude of exchange polarization, and the spin-o
coupling. The spin polarization of Pd was used tentatively
interpret qualitatively the observed MOKE enhancement
the Co,Fe-Pd compounds. An attempt at an investigation
the MO properties of Pd has been undertaken by R
et al.,8 who considered the MOKE spectra of a Pd0.94Fe0.6
alloy as mainly due to the MO response of spin-polariz
palladium. They found that, neglecting the magneto-opti
activity of iron atoms, Pd is characterized by off-diagon
conductivity tensor components of the same order of mag
tude as for 3d ferromagnetic materials.

Such indirect investigations cannot give a complete p
ture of the MO properties of Pd. In our opinion, exhausti
information can be obtained only by direct measuremen
the MOKE spectra of pure Pd metal, together withab initio
band-structure calculations, which have been success
applied to describe the MO properties of a wide class
ferromagnetic materials in the last years.9

The paper is aimed at experimentally and theoretica
investigating the MO properties of paramagnetic Pd in
external magnetic field. The MOKE spectra of the fcc
metal film, measured with high sensitivity in an applied fie
of 1.5 T over the spectral range 0.8–4.8 eV, are presen
and compared to the spectra of Fe0.06Pd0.94 and Co0.13Pd0.87
alloys. The origin of the Pd MOKE spectra is analyzed
terms of the individual interband optical transitions, as d
rived from first-principles calculations. It is found that th
amplitude of the MOKE spectra is proportional to the val
7648 © 1998 The American Physical Society



ra
e
an
e
ag

f t
a

et
et
o

rin
e
al
c

h-
ig

e
io
to
er
pr
th

th

o

te
ica
-

-
r,
d

re

n.
ctra
y
ted
e
the

c-
ir

d do

s to
. 1,
olar
the
the
tly
ti-
me-
ced

ent
a-

of

. 2.
rsal

ta-
in
PR

PRB 58 7649MAGNETO-OPTICAL KERR SPECTROSCOPY OF PALLADIUM
of the magnetic moment induced on the Pd atom. In cont
to the case of ferromagnetic diluted alloys, where the K
effect is due to the simultaneous occurrence of the spont
ous exchange splitting and the spin-orbit coupling, the K
effect induced by an external magnetic field in the param
netic Pd~which has zero spontaneous exchange splitting! is
due to a rather different mechanism. The dependence o
MO properties of magnetized Pd on the source of the m
netization is discussed.

II. MAGNETO-OPTICAL PROPERTIES
OF PARAMAGNETIC PALLADIUM

To investigate the magneto-optical response of Pd m
itself, we measured the polar MOKE spectra of paramagn
Pd in an external magnetic field of 1.5 T over the phot
energy range 0.8,\v,4.8 eV. Thick (;2000 Å) poly-
crystalline fcc Pd films were prepared using the dc sputte
deposition system described in Ref. 10 The polar Kerr eff
induced in Pd by a magnetic field of 1.5 T is very sm
~below 1023 deg!, and was detected in a sensitive Kerr spe
trometer setup11 by means of a polarization modulation tec
nique using a piezobirefringent modulator. Besides a h
sensitivity reaching the 1025–1024 deg range~depending on
the photon energy and corresponding photon shot noise!, this
method has the advantage that the Kerr rotation and K
ellipticity can be determined simultaneously. The acquisit
time was long enough to obtain a sufficiently large signal-
noise ratio. The measurements were repeated a numb
times on different samples, and the resulting spectra
sented in the paper were obtained by averaging over all
measurements.

The band-structure calculations were carried out by
spin-polarized relativistic~SPR! LMTO ~linear muffin-tin or-
bital! method12 within spin-density-functional theory with
von Barth–Hedin parametrization13 of the exchange-
correlation potential. To calculate the MOKE spectra
paramagnetic Pd, the term 2mBBW •sW which couples the spin
of the electron to the external magnetic field was added
the Hamiltonian at the variational step, and a self-consis
solution was obtained. Then, the dispersion of the opt
conductivity tensorsab(v) was calculated from the energy
band structure by means of the Kubo-Greenwood14 linear-
response expression15

sab~v!5
2 ie2

m2\Vuc
(

k
(
nn8

f ~enk!2 f ~en8k!

vnn8~k!

3
Pn8n

a
~k!Pnn8

b
~k!

v2vnn8~k!1 ig
, ~1!

with Vuc the unit volume, f (enk) the Fermi function,
\vnn8(k)[enk2en8k the energy difference of the Kohn
Sham energiesenk , and g the inverse lifetime paramete
which is included to account for the finite lifetime of excite
Bloch electron states.Pnn8

a are the dipolar optical transition
matrix elements, which in a fully relativistic description a
given by

Pnn8~k!5m^cnkucaucn8k& ~2!
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with cnk , the four-component Bloch electron wave functio
The averaged and smoothed experimental MOKE spe

of the Pd metal film~circles!, with the variances indicated b
dotted lines, are compared to the corresponding calcula
spectra~solid line! in Fig. 1. The characteristic feature of th
measured Pd Kerr rotation spectrum is a positive peak in
ir spectral range at;1.2 eV and a negative two-peak stru
ture in the uv range. The Kerr rotation and ellipticity in the
and uv spectral range are of comparable magnitude, an
not overcome the value of;1023 deg in the field of 1.5 T
used. The Kerr rotation zero crossing at 2 eV correspond
the peak in the ellipticity spectrum. As can be seen in Fig
the agreement between the experimental and calculated p
Kerr rotation spectra is very good, both in the shape and
amplitude. The calculated Pd spectrum reproduces all
experimentally observed spectral features being sligh
shifted to higher energies. For the Kerr ellipticity, a quan
tative discrepancy between theory and experiment is so
what larger; however, the shape of the spectra is reprodu
well by the calculations. The value of the magnetic mom
of 9.631024mB on the Pd atom obtained from the calcul
tions agrees with the value of;1.031023mB per atom, as
was estimated from the paramagnetic susceptibility data
Pd at 300 K.16

The calculated band structure of fcc Pd is shown in Fig
In the absence of magnetic field, due to the time-reve

FIG. 1. Comparison between the experimental polar Kerr ro
tion ~a! and ellipticity~b! spectra of a fcc Pd metal film measured
an applied field of 1.5 T, and the spectra calculated by the S
LMTO method.
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7650 PRB 58A. N. YARESKO et al.
symmetry, all bands of Pd are at least twofold degenera
The magnetic field lifts the degeneracy, but it is conveni
to keep the numeration of the bands by pairs, adding a s
script if it is necessary to distinguish individual bands. Th
in the following discussion, ‘‘transition 5→6’’ means the
sum over the four possible transitions between the two p
of bands, 51,2 and 61,2. In Fig. 2, the energy bands of fcc P
calculated for the induced moment of 0.2mB , are shown. We
chose to plot the bands for strongly magnetized Pd, beca
the splitting of the bands due to the induced magnetiza
can be clearly visible in this case.

The appropriate discussion of electronic interband tra
tions underlying the MO effects studied requires an analy
of the spectral dependence of the optical conductivity ten
elements. It is well known that the MOKE spectra are det
mined by both the diagonalsaa and off-diagonalsab com-
ponents of the conductivity tensor of a material. For a so
with at least threefold rotational symmetry, and in the po
geometry, the complex magneto-optical Kerr ang
fK5uK1 ihK is given by17

fK52sxysxx
21~114p iv21sxx!

21/2. ~3!

The absorptive parts of the optical conductivity tensor e
mentssxx

(1) andsxy
(2) are directly connected via Eq.~1! to the

microscopic interband optical transitions.
As the absorptive parts ofs are additive quantities com

posed of interband transitions, to understand better the
croscopic origin of the magneto-optical activity of Pd w
performed the decomposition of the calculated absorp
part of the off-diagonal optical conductivity,sxy

(2) , into the
contributions from separate interband transitions. The res
of the analysis are presented in Fig. 3. As one can see f
the figure, for photon energies up to 8 eV thevsxy

(2) spectrum
of Pd ~solid line! is formed almost entirely by transition
between~3, 4, and 5! and ~5 and 6! energy bands~full
circles!. Having a look at the band structure~Fig. 2!, one can
see that the initial states for these transitions, bands 31,2,
41,2, and 51,2, are rather narrow bands predominantly ofd
character, while the final states 61,2 are wide free-electron
like s-p bands. It should be pointed out that the domina
contribution, which determines the characteristic shape
the vsxy

(2) spectrum with the negative peak at 1 eV and
two broad positive features within the range of 2–4 and
;7 eV, comes from the 5→6 transitions. Moreover, it ha
been verified that the negative peak is formed by transiti
from initial states within the energy range of;0.5 eV be-
low the Fermi level. Thus the zero crossing of thevsxy

(2)

FIG. 2. Energy-band structure of fcc Pd in an external magn
field of 240 T.
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curve, observed at\v'2 eV, cannot be related to th
maximum of the photoemission spectra observed at;
22 eV,18 as was supposed in Ref. 8.

It is illustrative to consider how the transitions betwe
the individual bands~e.g., 51→61 , and so on! sum up to
form the curves shown in Fig. 3. As an example, in t
following discussion the detailed analysis of the transitio
between 5→6 energy bands will be performed. In Fig. 4, th
contributions to the absorptive parts of the conductivity te
sor, sxx

(1) and sxy
(2) , from the four possible transitions (51

→61 , 52→62 , 51→62 , and 52→61) between the fifth and
sixth pairs of the bands are shown, together with their su
denoted as 5→6. Because the splitting of the bands is ve
small, the joint densities of states for the transitions are si
lar, and all the difference in the transitions’ intensities is d
to the corresponding matrix elements.

Let us first consider the spin-flip transitions. As the sp
orbit coupling in Pd is relatively weak, the matrix elemen
of 51→62 and 52→61 transitions are significantly smalle
than those of the remaining pair. In the limit of zero spi
orbit coupling strength, the band indexes 1 and 2 enume
different projection of the electron spin, which is a goo
quantum number in this case, and the spin-flip 51→62 and
52→61 transitions are forbidden.

Considering the spin-up and down transitions, it is wo
pointing out that the amplitudes of thevsxy,51→61

(2) (v) and

ic

FIG. 3. Contributions of different interband transitions to t
vsxy

(2) spectrum of fcc Pd in an applied magnetic field of 1.5 T.
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vsxy,52→62

(2) (v) spectra are only four times smaller than t

amplitudes of the correspondingsxx
(1)(v) spectra. However

as these spectra are of close shape and magnitude b
opposite sign, their sumsxy,5→6

(2) (v), plotted by the solid
line in Fig. 4, is more than the two orders of magnitu
smaller at a magnetic field of 1.5 T. In other word
these transitions are responsible for the absorption
circularly left- and right- polarized light, respectively. In th
absence of the magnetic field, bands 51,2 and 61,2 are degen-
erated, and thevsxy,51→61

(2) (v) and vsxy,52→62

(2) (v) spectra

cancel exactly, leading to a zero MOKE. Due to the liftin
of degeneracy caused by the magnetization,vsxy,51→61

(2) (v)

and2vsxy,52→62

(2) (v) are no longer equal, and the resultin

contribution of the transition 5→6 to sxy
(2) (v) is given by a

small-value difference of the two large quantities. It can
shown that, sufficiently far from the transition threshold, t
difference is proportional to the shift in the energy positio
of the constituent curves, i.e., to the average splittingDE of
the fifth band. The splitting of the free-electron-like six
band is much smaller, and can be neglected.

To model the MOKE spectra of strongly magnetized P
we performed the calculations increasing gradually the ex
nal field up to values as large as 480 T. Such a strong m
netic field cannot, of course, be obtained experimenta

FIG. 4. Contributions of the individual transitions between t
fifth and sixth pairs of bands to thesxy

(2) ~a! andsxx
(1) ~b! spectra of

fcc Pd in an applied magnetic field of 1.5 T.
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but it is necessary to induce a magnetic moment of 0.24mB
on the Pd atoms, which is close to the value observed
Pd-rich FexPd12x and CoxPd12x alloys. In agreement with
the previous calculations,20 a nonlinear dependence of th
induced Pd moment on the applied magnetic field is
served for external fields larger than 100 T. However,
proportionality between the magnetization and amplitude
the MOKE spectra holds in the whole tested range of
external magnetic fields. To illustrate this, in Fig. 5 we p
thevsxy,51→61

(2) (v) andvsxy,52→62

(2) (v) components and thei

sum, sxy,5→6
(2) (v), for the selected values of the extern

field. The resultingsxy,5→6
(2) (v) spectra@Fig. 5~b!# have been

normalized via a scaling down by a factor equal to the ra
of the calculated magnetic moment and the moment obta
at the field of 1.5 T. Whereas the differences between
vsxy,51→61

(2) (v) and 2vsxy,52→62

(2) (v) components increas

significantly with the magnitude of the magnetic field@Fig.
5~a!#, the resulting normalizedsxy,5→6

(2) (v) spectra are very
close to each other above;3 eV. The differences of the
sxy,5→6

(2) (v) curves in the energy range between;0.5 eV
and;3 eV are caused by transitions from those parts of
Brillouin zone in which the initial states are located with
the value ofDE near the Fermi energy, e.g., around theL

FIG. 5. The dependence ofvsxy,51→61

(2) andvsxy,52→62

(2) compo-
nents~a! and their sum, normalized vs the induced moment~see
text! vsxy,5→6

(2) ~b! on the value of the magnetic field applied to fc
Pd.
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FIG. 6. Experimental~open circles! and theo-
retical ~dashed and dotted lines! MOKE spectra
of Pd-rich alloys with 3d transition metals. The
calculated MOKE spectra of fcc Pd in an extern
field of 480 T, which induces a magnetic mome
of 0.24mB , are plotted by solid lines.
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symmetry point~see Fig. 2!. As only one of the two splitted
bands is occupied in this case, the contribution of these t
sitions tosxy

(2) is proportional tosxy,51→61

(2) itself, instead of to

the sum ofvsxy,51→61

(2) (v) and vsxy,52→62

(2) (v). A similar

scaling ofsxy
(2) with the magnetic moment was also found f

the other interband transitions. The reason for the scalin
that, as already mentioned, the magnitude of thesxy

(2) spectra
is proportional to the splittingDE of the bands degenerate
in the absence of the external field. The splitting, in turn
proportional to the induced magnetic moment, as long asDE
is much smaller than the width of thed band, which is ful-
filled in the case of Pd.

III. MAGNETO-OPTICAL PROPERTIES OF PALLADIUM
IN DILUTED ALLOYS

In Ref. 8, the MOKE spectra of Fe0.06Pd0.94 alloy were
considered for a discussion of the MO properties of the sp
polarized Pd. It is interesting to investigate to what extent
MOKE spectra of Pd-rich alloys with 3d transition metals
are governed by the MO activity of Pd. For this study, w
used the available MOKE spectra of Pd-rich Fe-Pd a
Co-Pd alloys. The Fe0.06Pd0.94 spectra,8 and our results for
the Co0.13Pd0.87 alloy film,19 are shown in Fig. 6. As can b
seen, the overall shape of the Fe0.06Pd0.94 Kerr rotation spec-
trum is similar to that of the Co0.13Pd0.87 spectrum; neverthe
less the fine features are different. The uv peak in the sp
trum of the Fe0.06Pd0.94 alloy is sharper, and shifted in th
energy position as compared to the spectrum of Co0.13Pd0.87
alloy. Also, a slightly larger positive rotation is observed f
Fe0.06Pd0.94 in the ir range. Comparing the spectra of t
alloys to the MOKE spectra of paramagnetic Pd~see Fig. 1!,
one can note that the overall shape of the spectra is striki
similar. The largest difference is observed for the ratio o
and uv peak amplitudes; the ratio for Pd is about two tim
larger than that for the alloys. Notwithstanding the fact th
the amplitude of the Pd spectra is about 200 times sma
n-

is

s

-
e

d

c-

ly
r
s
t
er

than that of the alloys, the positions of the uv peak dif
only slightly. This leads one to the conclusion that t
MOKE spectra of the Pd-rich alloys with magnetic 3d met-
als are mainly determined by the MO properties of the sp
polarized Pd. However, the contribution from the 3d atoms
is substantial, especially in the ir spectral range, in which
polar Kerr rotation in both Fe and Co metals is negative.

The conclusion that 3d transition atoms make only rela
tively small contributions to the MO spectra of Pd-rich allo
is, also, supported by the results ofab initio calculations. The
MOKE spectra calculated for the model alloy
Co1Pd15, Fe1Pd15, Co1Pd7 , and Fe1Pd7 , and for fcc Pd
in the external field of 480 T, are compared to the expe
mental ones in Fig. 6. For all the alloys, the cubic superc
have been constructed with a lattice constant equal
that of fcc Pd. The magnetic moment of 0.24mB , induced
on the Pd atom by a field of 480 T, is close to the avera
Pd moment calculated for Fe1Pd15 (0.22mB /atom) and
Co1Pd15 (0.25mB /atom) alloys. As can be seen from Fig.
the theoretical MOKE spectra are in good agreement w
the experimental spectra of the alloys of correspondin
close composition. The only exception is the Kerr elliptici
spectrum of the Fe0.06Pd0.94 alloy, which, being of similar
shape, is shifted upward with respect to the calculated o
The calculated MOKE spectra of Fe1Pd15 and Co1Pd15 alloys
and strongly magnetized Pd metal are very close to e
other@see Figs. 6~a! and 6~b!#, and, as could be supposed
advance, differences between the spectra become more
nounced with an increase of the 3d metal content. However
strictly speaking, the subtle modification of the calculat
MOKE spectra due to the presence of 3d atoms are still
observed even for the diluted Fe1Pd15 and Co1Pd15 alloys. It
can be concluded that the MO spectra of Pd-based alloy
the limit of a small concentration of magnetic 3d atoms can
be considered only as a first approximation of the magne
optical response of spin-polarized palladium. When
amount of the magnetic 3d atoms increases, the contribu
to the alloys’ spectra, coming from the 3d atoms and the
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effects of the hybridization of the Pd 4d with the 3d states of
transition metals, results in appreciable differences betw
the Pd and alloys’ spectra. The role of the 3d-5d hybridiza-
tion in the formation of the MO spectra of Co-Pt compoun
was studied in our previous paper.11 The same consideration
concerning the importance of the 3d-4d hybridization ef-
fects are applicable to the case of the MO spectra of Pd-
alloys, keeping in mind that the spin-orbit coupling in Pd
three times weaker than in Pt.

IV. CONCLUSIONS

The magneto-optical response of the paramagnetic fcc
metal film measured in an external magnetic field of 1.5
over a photon energy range 0.8,\v,4.8 eV was pre-
sented. Band-structure and MOKE spectra calculations
paramagnetic Pd have been performed by the spin-polar
relativistic LMTO method within the spin-density-function
theory, with the term 2mBBW •sW added to the Hamiltonian
which couples the spin of the electron to the external m
netic field. The calculations reproduced the experiment
observed Pd MOKE spectra in a very satisfactory way, a
explained their microscopic origin. A band-by-band deco
position of the fcc Pd MO spectra has been performed,
the transitions responsible for the prominent structures in
spectra have been identified. The dominant role of transiti
sk
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from states in the vicinity of the Fermi level in the formatio
of Pd MOKE spectra was found. It has been found and
plained in terms of the band splitting that the proportional
between the magnetization and magnitude of the Pd MO
spectra holds in the whole tested range of external magn
fields up to 480 T.

Finally, from a comparison of the MOKE spectra of a P
metal film measured in an applied field of 1.5 T with th
spectra of Pd-rich alloys with magnetic 3d metals, and from
the results of first-principles calculations, a conclusion w
derived that the MO properties of magnetized Pd depe
only weakly on the source of the magnetization. Whether
magnetic moment on the Pd atom is induced by the exte
field or by the hybridization with the magnetic 3d atoms, the
Pd contribution to the MOKE spectra remains almost t
same.
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