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Magneto-optical Kerr spectroscopy of platinum
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Magneto-optical(MO) response of paramagnetic Pt is reported. The magneto-optical polar Kerr effect
spectra of the paramagnetic fcc Pt metal film were measured with high sensitivity in an applied magnetic field
of 1.5 T over the photon energy range 0.74-5.6 eV. It is shown thaabhmitio linear muffin-tin orbital
(LMTO) calculations reproduce the experimental spectra well and allow us to explain the microscopic origin
of the Pt magneto-optical response in terms of interband transitions. The importance of the off-diagonal
intraband Drude-like transitions is demonstrated explicitly and found to be the predominant contribution to the
observed spectra in the ir range. The band-by-band decomposition of the fcc Pt MO spectra is presented and
the interband transitions responsible for the prominent structures in the spectra are identified. The contributions
coming from the vicinity of high-symmetry points of the Brillouin zone are quantitatively determined. A
comparative study of the relation between the main spectral features in the Pt and Pd metals and the peculiari-
ties of their band structures is performed. It is shown that the individual interband transitions arising from the
same points ok space characterize essentially similar spectral shapes in both metals, but due to different
energy locations they result in different optical and MO spectra. The influence of the magnetic field and
spin-orbit coupling on the MO interband transitions in Pt is discussed. The crucial role of the transitions
involving the states near the Fermi level is elucidated.

[. INTRODUCTION surfaces of Pt and Pd are found to be remarkably similar.
Each metal has a closed electron surface centered afound

The electronic structure of Pt and Pd metals was extena small-volume closed-hole surface centered aro(rahd a
sively studied both experimentally* and theoretically*?as  large-volume open-hole surfad¢ghe “jungle gym”) also
long as 15-30 years ago. It is not possible to mention altentered around th¥ point!® As can be expected from the
publications on this subject in a short introduction. From theband structures, many of the electronic properties of Pt and
very good agreement between various theoretical band?d are also very similar and possible differences can arise
structure calculations and a great variety of the experimentdtom the stronger influence of relativistic effects on the band
measurements, it can be concluded that the electronic strustructure of Pt metal. The unique properties of Pt and Pd
tures of Pt and Pd are known in great detail. stimulated a large number of experimental and theoretical

In the past decade, interest in Pt and Pd metals has greatiyvestigations of their physical properties such as de Haas—
increased again due to outstanding physical properties ofan Alphen effect, electrical resistivity, lattice dynamics
their compound$3-8 In particular, (Co,Fé—(Pt,Pd alloy and thermodynamical propertiéspptical properties;****
films as well as related multilayered structures exhibit perpoint-contact spectrs, soft x-ray emission and
pendicular magnetization and a large magneto-optical Kerphotoemissiohspectra, electron-phonon interactfbthe gy-
rotation in the uv spectral range simultaneodsiy/>!’Such  romagnetic factor of conduction electrohand so on. To the
a combination of properties together with their high chemicalbest of our knowledge, the magneto-optical properties of Pt
stability make these materials promising candidates for highmetal have not yet been investigated.
density magneto-optical recording media in the new genera- Magneto-optical phenomena reflect the electronic states
tion of storage deviceS. The underlying mechanism of the of the spin-polarized band structure and arise from simulta-
unique magnetic and magneto-optical properties of these syseous occurrence of the exchange splitting and spin-orbit
tems has been ascribed to the well known ability of transitiorcoupling. In particular, the magneto-optical Kerr effect
metals to induce a large spin polarization of Pt and Pd vigMOKE) spectroscopy is a useful tool for investigating the
strong 3-(4d,5d) hybridization and exchange interaction at electronic structure of magnetic materials, being sufficiently
the (Co,Fe/(Pd,Pj interfaces in the layered structutel’as  sensitive to probe changes in a spin-polarized band structure.
well as in the vicinity of the magnetic impurities in the di- High sensitivity of the MOKE spectra to structural changes
luted alloys'® that are accompanied by substantial electronic structure

On the other hand, Pt and Pd are closely related metaishanges was observé?®
and are very interesting themselves. The shapes of the Fermi A substantial amount of experimental and first principles
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calculation studig$1*?1-?°have been performed to gain an sensitive Kerr spectrometer setfipy means of the polariza-
understanding of the microscopic origin of the large Kerrtion modulation technique using a piezobirefringent modula-
effect in magnetic @ transition metalTM)-Pt systems, and tor. Besides the high sensitivity reaching the
it is well established that the prime origin of the large Kerr 10 °-10"* deg ranggdepending on the photon energy and
rotation in TM—Pt compound$2*?%and multilayer&*~?8is  corresponding photon shot nojsthis method has the advan-
the spin-orbit coupling on Pt. As it was shown in Ref. 27 thetage that the Kerr rotation and Kerr ellipticity can be deter-
origin of the strong enhancement of MOKE in the TM/Pt mined simultaneously. The resulting complex Kerr rotation
multilayers arises due to a strong hybridization between th&alues were determined to be half of the difference of the
Co,Fe(3l) and Pt(%l) orbitals, and as a result the spin po- Signals measured with the magnetic field of 1.5 T switched
larization of the magnetic@atoms is transferred to the non- alternately between the positive and negative values. The
magnetic Pt atoms and stronger spin-orbit coupling of the pacquisition time was long enough to obtain a sufficiently
atoms is transmitted to thed3(Fe,Co atoms. large signal-to-noise ratio. The precise calibration procedure

The knowledge about the MO properties of pure Pt metaPf the Kerr rotation and ellipticity was performed before the
is very desirable and interesting itself and can be obtained bjpeéasurements. The measurements were repeated a number
the direct measurement of the MOKE spectra of pure PPf times on different samples and the resulting spectra pre-
metal combined withab initio band-structure studies, which sented in the paper were obtained by averaging over all the
have been successfully applied to describe the MO propertiggeasurements. The optical properties were measured directly
of a wide class of ferromagnetic materials in the last fewon the same samples by conventional spectroscopic ellip-
years(see, e.g., Ref. 29, and references therdihe MOKE ~ Sometry using the rotating analyzer method over the same
spectra of paramagnetic fcc Pd metal have been investigatégPectral range as that for the MOKE spectra. _
experimentally and theoretically in our previous papeit Phenomenologically, magneto-optical effects at optical
was shown that the main contribution to the formation of thefréquencies are treated by means of the optical conductivity
MO response of Pd metal comes from the transitions fronfensor. In the polar geometry, where thexis is chosen to
states in the vicinity of the Fermi level, and the spectra ofoe perpendicular to the solid surface and parallel to the mag-
strongly diluted Co-Pd and Fe-Pd alloys can be considered iRetization direction, the expression for the complex Kerr
a first approximation as the Kerr spectra of spin-polarizecBngle is given by*
Pd.

This_papgr presents an original experimer_nal and detailed (@) +ieg(w)= _‘Txy(‘.") e
theoretical investigation of the MO properties of pure Pt Ty @)1+ (A7 0) oy @)

metal induced by an external magnetic field. From the deWith 6, the Kerr rotation andeg the Kerr ellipticity.

tailed analysis of the interband transitions responsible for the _ is th ical ductivi hich i
Pt and Pd MOKE spectra, it has been found that in spite ofT“ﬁ(a"B:X’y’z) I the optical conductivity tensor, which is

the well known similarities of many electronic properties of felated to the dielectric tenser,; through

Pt and Pd metals, the subtle differences of their electronic i

band structure result in the individual behavior of the MO €ap(@)=Oapt ——0ap(w). )
response of these metals. To examine the dependence of the

Pt MO properties on the source of Pt magnetization, we in- Here and henceforth, the following definitions have been
vestigated the correlations between the magneto-optical rexdopted. We choose the time dependence of the electric field
sponse of paramagnetic Rthere the magnetic moment on as exp(iwt). Hence, all the complex quantities are ex-
Pt is induced by an external magnetic flelhd that of Pt pressed by their real and imaginary parts as followg;

in the dilute TM—Pt alloy(where the Pt magnetic moment = ¢ ()+ig(2), ¢, ,=eU+ie?), wheree,,=(n+ik)2, and
arises as a result of hybridization with the magnetit 3 n andk are the refractive index and extinction coefficient,
atoms. respectively.

The paper is organized as follows. The description of the The optical conductivity tensor components, or equiva-
experimental procedure and theoretical framework is protently, the dielectric tensor components are the basic spectral
vided in Sec. Il. Section Ill presents the experimental andyuantities of the medium and can be evaluated from the op-
theoretical MO spectra of paramagnetic Pt in the externajical and Kerr effect measuremeritsThe complex optical

magnetic field. The theoretical analysis of the electronicconductivity tensor components for the metals can be sepa-
structure and MO properties of Pt is presented in Sec. IVrated into two terms,
Finally, the results are summarized in Sec. V.

Tap(@)= 0 () + ol (), &)
inter intra i
Il. EXPERIMENTAL AND THEORETICAL DETAILS where o, (w) ando,;"(w) are the so-called inter- and

intraband contributions, respectively. For the diagonal tensor
To study the magneto-optical response of Pt metal itseltomponents, both terms are important and should be consid-
we measured the polar MOKE spectra of the paramagnetic Rired simultaneously. The intraband contribution to the off-
film in the external magnetic field of 1.5 T aligned normal to diagonal optical conductivity is very small and usually ne-
the film plane over the photon energy range 674v glected in the case of magnetically ordered materials. For
<5.6 eV. Thick (~2000 A) polycrystalline fcc Pt films nonmagnetic metalavhich have zero spontaneous exchange
were prepared using a dc sputtering deposition system. Theplitting), the spin polarization induced by the external mag-
polar Kerr effect induced in Pt by the magnetic field of 1.5 T netic field available in the experiment is small, and the con-
is very small(below 2x10 3 deg) and was detected in a tributions of intra- and interband transitions to the off-
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diagonal optical conductivity tensor component can becoméLSDA) and the fully relativistic spin-polarized SPR
comparable. Therefore, the intraband term should be takebMTO method®~3’in the atomic-sphere approximation in-

into account on the same footing as the interband one.

cluding the combined correctiopSA+CC).>>* The basis

The usual way to incorporate the intraband contribution toconsisting ofs, p, d, andf LMTO’s was used. Core-charge

the optical conductivity tensor is to use the Drude mddel.

densities were recalculated at every iteration of the self-

The classical equation of motion for a free electron in aconsistency loop. Th&-space integrations were performed

magnetic field, with a damping constapt = 7-,51 , Wherer

with the improved tetrahedron methi8énd the charge self-

is a phenomenological Drude electron relaxation time, givesonsistency was achieved with 12000 irreduciblgoints.
the following expressions for the intraband contributions toThe effect of an external magnetic field on the band structure

the diagonaloy,(») and off-diagonalo,(w) part of the
optical conductivity tensot

(vp—io)
(yp—i®)?+ w?’

(4)

2

13)
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AT (yp—iw)?+ w?’

©)

Tew)=

with n=(m* w’/4me?)"? being the carrier concentration and
w, being the cyclotron frequency

w.=eH/m*c,

(6)

where H is the applied magnetic fields is the electron
charge,m* =m(1+\) is the effective mass of the carrier,

can be accounted for by including in the Hamiltonian the
sum of the Zeeman term

Hy=ugB- (1+2s), (12
which couples spis and orbitall moments of an electron to
the external magnetic fiel8, and the term responsible for
diamagnetic effects. However, the analysis of the Knight
shift and susceptibility of Pt by Clogstaet al*® shows that
the van Vleck second-order orbital susceptibility, Pauli spin
susceptibility of thes band, and the diamagnetic susceptibil-
ity sum to zero. Thus, the measured susceptibility should be
equal to the Pauli susceptibility of tlieband. In accordance
with this observation, in the present work the band structure
of paramagnetic Pt in an external magnetic field was calcu-
lated self-consistently with the matrix elements of only the

renormalized in solids by the electron-phonon interactiorsPin-dependent part of the Zeeman te@f) included in the

constant\, andw, is the plasma frequency.
To apply the formula5), suitable values of the param-

eters are needed. As a first approximation, zero-frequenc
values taken from dc-transport measurements can be us

The oy,(») and oy (w) conductivities fore=0 are

()

1
(T)?X(O) = E H

OH

T(0)=— .

(8
wherep andgy, are dc and Hall resistivity, respectively/?

On the other hand, from expressiof# and (5) the fol-
lowing formulas foro,,(0) anday,(0) can be obtained for
Vo> ¢!

D wp 1
o (0)= pp —D, )
2
w
a%mzzﬁﬁi (10)
D

From the comparison of the Eq§) and(9) and Eqs(8)
and (10), the yp can be expressed as

0

— W, . 11
o] ¢ (1

Yo=

Hamiltonian matrix of the LMTO method at the variational

step.
The optical conductivity of Pt has been computed from
e energy band structure by means of the

Kubo-Greenwoott linear-response expressiéh:

—ie?

AV

O-D[B(w) =

(k)
w—wnnr(k)-l-iy’
(13

z f(en) —fen) Hg’n(k)nfn’
o (K)

%

nn’

wheref(epy) is the Fermi functionfi w,,/ (K)= €, — €n/ IS
the energy difference of the Kohn-Sham energies, and
the lifetime parameter, which is included to describe the fi-
nite lifetime of the excited Bloch electron states. THE& ,
are the dipole optical transition matrix elements, which in a
fully relativistic description are given by
Hnn’(k):m<¢nklca| 'r//n’k>’ (14)
with ¢, being the four-component Bloch electron wave
function. The combined correction terms were also taken
into account in the optical matrix element calculations. A
detailed description of the optical matrix elements in the
Dirac representation is given in Ref. 11. Last, we mention
that the absorptive part of the optical conductivity was cal-
culated in a wide energy range and then the Kramers-Kronig

The details of the computational method used for the lintransformation was used to calculate the dispersive parts of

ear muffin-tin orbital(LMTO) calculations are described in
our previous papé? and here we only mention a few as-

the optical conductivity from the absorptive ones. For the
interband relaxation parameter we used the valye

pects. The electronic structure of Pt was calculated self=0.5 eV. The plasma frequency, in Egs.(4) and(5) was

consistently using the local spin-density approximatton

calculated using the expression
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Pt Pt

Kerr ellipticity (mdeg)

Kerr rotation (mdeg)

0 1 2 3 4 5 6 Energy (e V)
FIG. 2. Comparison between the experimental off-diagonal op-

Energy (e V)
FIG. 1. Comparison between the experimental polar Kerr rotalical conductivity woy, spectra(circles, with error bars indicated

tion and ellipticity spectracircles, with error bars indicated by by dotted lines, of fcc Pt metal film measured in the applied fie_ld of
dotted lines, of fcc Pt metal film measured in the applied field of 1.51-5 T and the spectra calculated by the SPR LMTO method without
T and the spectra calculated by the SPR LMTO method withoufntraband transitiongdashed lingsand with the intraband transi-
intraband transitiongdashed linesand with the intraband transi- t0NS included withyp=0.34 eV (full lines).

tions included withyp=0.34 eV(full lines).
of the experimental Kerr ellipticity spectrum are the zero

crossings at 1.5 eV and around 3.5 @vhich correspond to
> S(en—Ep) |2, (15)  the peak positions in the Kerr rotatipiwith a broad positive
nk structure between them and a negative shoulder at the energy

of ~4 eV. A narrow negative peak is observed in the Kerr
whereEg is the Fermi energy. rotation at~0.8 eV near the edge of the energy interval in
which the measurements were performed, which coincides
with the Kerr ellipticity zero-crossing at the same energy.
We should mention that while the sensitivity of the experi-
mental procedure used in the present work is generally

Averaged experimental MOKE spectra of the paramagwithin the 0.01-0.1 mdeg rangelepending on the photon

netic Pt metal flm measured in a magnetic field of 1.5 Tenergy and corresponding photon shot npiiee variances
(circles are compared to the corresponding theoretically cal{indicated in Fig. 1 by the dotted linemcrease significantly
culated spectrddashed linesin Fig. 1. The Kerr rotation (up to =0.2 mdeg) at the high-energy edge of the measured
and ellipticity in the ir and uv spectral ranges are of compa-energy interval.
rable magnitude and do not exceed the value ~o2 The agreement between the experimental and calculated
x 103 deg in a field of 1.5 T. The characteristic features ofpolar Kerr rotation spectrum in the vis-uv spectral range is
the measured Pt Kerr rotation spectrum are a broad maxgood. The theoretical calculations reproduce the main peak
mum in the ir spectral range at1.5 eV and a prominent at 3.8 eV and even the smooth shoulder visible in the experi-
negative peak in the uv range at 3.8 eV. The essential pointsental Kerr rotation spectrum at3 eV. For the Kerr el-

47e?
m2V,,.

(wp)ZE

IIl. EXPERIMENTAL RESULTS AND COMPARISON
WITH THEORY



16 514 UBA, UBA, ANTONOV, YARESKO, AND GONTARZ PRB 62

lipticity, a quantitative discrepancy between the theory and
the experiment is somewhat larger, but the overall shape of
the spectrum is reproduced well by the calculations. How-
ever, the low-energy part of the spectra below 1.5 eV exhib-

its considerable discrepancies. While the theoretical Kerr ro-
tation forms a positive maximum around 1 eV and then goes
smoothly to zero as the photon energy decreases, the experig
mental curve remains negative in the whole energy range and o,
shows a sharp narrow minimum at0.8 eV. The same type o
of disagreement is seen also between the theoretical and ex-5
perimental Kerr ellipticity spectra for which again below 1.5 [f] .
eV the theoretical curve goes to zero, whereas the experi-
mental curve forms the negative minimum and then in-
creases abruptly towards the positive values after the zero
crossing at 0.8 eV. It should be pointed out that the above-
discussed experimental spectra were compared to the theo-
retical spectra calculated with neglect of the intraband con-

N

tribution to the off-diagonal part of the optical conductivity. T X WK T L WUX
The importance of this contribution and its effect on the
MOKE spectra of Pt will be discussed below. FIG. 3. Energy-band structure of fcc Pfull lines) and Pd

The interpretation of the MOKE spectra in terms of elec-(dotted lines.
tronic transitions is a nontrivial task because the complex

Kerr rotation is a rather complicated function of both thepe Egs.(15) and(6), respectively. To estimate the renormal-
diagonal and off-diagonal components of the optical conduc;, e effective electron mass* we used the constant of the
tivity tensor[Eq. (1)]. The off-diagonal part of the conduc- ¢ acron-phonon interaction=0.7 calculated in the rigid

tivity tensor of Pt obtained from the experimental MOKE 1500 oximation in Ref. 8. The inverse intraband Drude

spectra and the cqmplex index of refractiongndk) deter- relaxation timeyp can be estimated from the dc and Hall
mined from the ellipsometry measurements are presented Irr(]asistivity data using expressi@hl). Such an estimation us-
Fig. 2. As seen from the comparison of Figs. 2 and 1 there is - 6 N

a close resemblance between the complex Kerr rotation speglg Ege values of 2= 10.8<10 Q cm and ¢,=3.3

tra and the off-diagonal optical conductivity tensor compo-><10 ~ {2 cm (at 300 K in the magnetic field of 1.5)Taken
nentswoy) and wol). This can be explained by the fact from Ref. 43 givesyp=0.34 eV.

that in the considered energy range the optical constants _Adding the intraband contribution term to the off-
andk are essentially featureless functions of the photon endi2gonal conductivity with the value of the relaxation time
ergy, and all peculiarities of the Pt MOKE spectra are deterParametetyp=0.34 eV leads to the substantial improvement
mined by the corresponding features of thg, spectra(the of the agreement between theoretical and experimental spec-
measuredh andk spectra agree well with those in Rej. n ~ tra, especially in the ir energy rangsolid lines in Figs. 1

the energy region above2 eV (see Fig. 2the experimen- and 2. We should point out that the contribution of the in-
tal wo{?(w) spectrum agrees well with the calculated onetraband transitionsry“)(w) to the absorptive part of the
both in the shape and the amplitude. In particular, the energgff-diagonal optical conductivity is proportional tol? for
position and the magnitude of the peak at 3.8 eV are veryo>vyp and is important only in the ir energy range. As a
well reproduced. On the other hand, the low-energy part otonsequence, this contribution determines the low-frequency
the spectrum below 2 eV exhibits considerable discrepanbehavior of the Kerr rotation spectrum, whereas in the vis-uv
cies. The same type of disagreement as in the case of Kefange its effect is relatively small. At the same timé)( o)
elllpthlty spectra is also sleen between the theoretical angdng the Kerr ellipticity are affected by the off-diagonal
experimental spectra abo})(w), where below 1.5 eV the pryde term in the whole energy interval studi@gs. 1 and

theoretical curve gradually tends to zero, whereas the exper'g) asa2W(w) decreases only asa? at high frequencies. In
” .

y
mental curve crosses thg_zero level and tends to Ch"_’mq,eonclusion it can be stated that the energy dependence of the
abruptly towards the positive values. One of the possibl

. : G&)ff—diagonal optical conductivity as well as the MOKE spec-
reasons for the observed large discrepancy in the energy d?ré of Pt are greatly affected by the contribution from the
pendence of thao,,(w) in the ir energy range is the con-

- ) " . intraband optical transitions.
tribution from the intraband transitions to the off-diagonal .
conductivity that has not been included in the calculations of Although both the spectral shape and the magnitude of the

the theoretical spectra. experimental optical condu_ctivit_y spectra arg_well repro-
To study the influence of the intraband contribution on theduced by the LSDA calculation&ig. 2)'_t2e position of the

MO properties of Pt the phenomenological Drude-like modelcalculated prominent peak at 0.8 eV if})(w) and corre-

has been adopted in the present work. To use the Drudgponding structures ixy)(w) are shifted to smaller energies

model in the form of Eqs(4) and (5) we need three param- as compared to the experimental spectra. One of the possible

eters: the plasma frequeney,, the cyclotron frequency., reasons is that due to the nonexact treatment of the electron

and the damping constant, . The first two parametersy,  exchange and correlations, the LSDA overestimates the

=7.32 eV andw,=1.02x10 * eV, were calculated using d-band widths for transition metals of the end of the series.
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Pt Although the spin-orbit interaction in Pt is three times larger
than that in Pd, the peak-to-peak amplitude of Kerr rotation
in Pt is of comparable value with that of Pd. It is due to a
100 + . notable difference in their paramagnetic susceptibility. The
all transitions . . L e
magnetic moments induced by the external magnetic field of
ol 1.5 T are equal to 0.2010 3ug and 0.96<10 3ug in Pt
< Y and Pd, respectively, as was estimated from paramagnetic
2 0 1 456 susceptibility datdthe values agree well with those obtained
;§ ; from the calculations
o
A. The band-by-band decomposition
0 To identify the electronic interband transitions responsible
for MO effects, the analysis of the spectral dependence of the
optical conductivity tensor should be performed. The absorp-
002 1 tive parts of the diagonal optical conductivity tensor element,
T ol , and of the off-diagonal element(?), are directly con-
a nected via Eq(13) to the microscopic interband optical tran-
2 sitions.
az 0.00 As the absorptive parts of the optical conductivity are
8 additive quantities, to explain the microscopic origin of the
MOKE activity of Pt in terms of individual electronic tran-
sitions, we performed the decomposition of the calculated
i ——t ol and i) spectra into the contributions arising from

separate interband transition8/Ne neglect the intraband
contributions for simplicity. As one can see in Fig. 4, for
FIG. 4. Contributions of different interband transitions to the phqton energies up to 6 eV thé&) of Pt is formed almost
diagonalo{}) and off-diagonab-{?) spectra(solid lineg of fcc Ptin  entirely by the transitions between 3, 4, 5 and 5, 6 bands.
the magnetic field of 1.5 T:3:5 (long-dashed lines5—6 (short-  Having a look at the band structu¢gig. 3) one can see that

4
Energy,eV

dashell 4— 6 (dashed-dotted and 4—5 (dotted lines. the initial states for these transitions, bands, 34, ,, and
5;,, are rather narrow bands predominantlydo€haracter,
IV. ANALYSIS OF THE MAGNETO-OPTICAL while the final states £, are wide free-electron-likes-p

TRANSITIONS IN Pt bands. The characteristic for the Pt intensive peakrif

To elucidate the microscopic origin of the MO properties@ound 1 eV is mainly determined by the-& and the 4
of Pt metal in terms of electronic transitions, in the first step—95 transitions. The 4-6, 3—6, and 3-5 transitions be-
we consider its electronic structure in detail. The electronic@inning above 1 eV exhibit no pronounced structure in the 1
structure underlying the optical transitions responsible folt® 6 eV energy interval.
the MOKE spectra of Pd metal was studied in Ref. 30. To The characteristic features ofi;) of Pt are a negative
understand the cause of the observed differences in the reeak at 1 eV, a positive structure in the range 2-3 eV, an
sulting MOKE response of both metals, in the following dis- intensive maximum at 3.8 eV, and a weaker positive peak at
cussion a direct comparison between the results for Pt and Fl5 eV. As it can be seen in Fig. 4, all the?) features,
will be performed. The calculated band structure of fcc Ptexcept the prominent peak at 3.8 eV, are mainly determined
and Pd(included for comparisonis shown in Fig. 3. In the by the 56 and 45 transitions. The sharp peak at 3.8 eV,
absence of magnetic field, due to time-reversal symmetry, alivhich can be considered as the “fingerprint” of the Pt MO
bands of Pt and Pd are at least twofold degenerate. The exesponsesee Fig. 2 is completely determined by the-35
ternal magnetic field lifts the degeneracy. In the following transitions that overlap in the energy range, with almost con-
analysis, to distinguish individual bands it will be convenientstant contribution arising from the-56 transitions. It should
to keep the numeration of the bands by pairs, adding a sulie pointed out that the main features in the resul&ﬁf;j and
script if necessary. Thus, for example, the “transition ag) energy dependence of Pt are formed by different sets of
n—m” means the sum over the four possible interband traninterband transitions. The!) spectrum features are mainly
sitions between the initial pairs of bands, and final pairs  determined by the 5-6 transitions with smaller contribution
of bandsm, 5. of the 4-5 transitions, whereas in the formation of>)
Although the energy-band structures of PtandFd. 3 gpectra the 3-5 transitions play additionally an important
are very similar, there are some distinctive differences ing|e.
bandwidths and the energy positions of the baedpecially
in X and L symmetry points near the Fermi leyelt is
mainly due to different spin-orbit splitting, slightly different
lattice constants, and the difference in the spatial extent of To see how the interband transitions between the indi-
4d and = valence wave functions of Pd and Pt metals.  vidual bands are located in the reciprocal space in both Pt
The small differences in the band positions lead to signifi-and Pd, we performed the-space decomposition of the in-
cant differences in the MO properties of two sister metalsterband transitions into transitions occurring in the vicinity

B. The k-space decomposition
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e FIG. 6. Decomposition of the?) n—m interband transitions in
I"/ A P Pt and Pd into transitions localized around different symmetry

points in the BZ in a magnetic field of 1.5 T.

325
TSN\ - L The final state for the 4:5 and 3-5 transitions is the
I same and, as a result, the transitions are located inside the
5 R U w same parts of th& space. The overall structure of both the
i AN B 4—5 and 35 oY) spectra is formed mainly by the transi-
o LN PN\ . . tions at theXUW edge plane of the BZ neat; U, andW for
0 2 4 6 6 both metals. Due to the larger spin-orbit splitting, the corre-

Energy (V) Energy (eV) sponding features of the-35 and 45 transitions in Pt are
FIG. 5. Decomposition of the'Y) n—m interband transitions in Shlfte.d. towards hlgher energy as ‘?°mp"’?“?d to Pd. For pOth
Pt and Pd into transitions localized around different symmetrytra_nSltlons there '$ also a contrl_b_utlo_n arlsmg from the mid-
points in the BZ. point of theU-L line (the transition is very important for
o{3) spectra; see Fig.)6For the 3-5 transitions it mani-
fests as sharp peaks at 2.5 and 3.8 eV in Pd and Pt, respec-

of the high-symmetry points of the Brillouin zoBZ). For  tjyely. The same part of thie space is responsible for small
this aim we summed all transitions between the banead peaks at 2 and 2.8 eV i) for 4—5 transitions in Pd and

m in a cubic volume surrounding a given point with a cubepy yegpectively.

edge equal to 0.125 of tHe-X distance(it contains approxi- The 4—6 transitions for both metals are located in the
mately 1.5% of a whole BZ volumeAlthough the results ggme parts of the BZ, mainly near thepoint in thel'-U-L
depend on the volume of the cube, one can identify the tranp|ane and neaX. However, the energy positions of the tran-
sitions essentially with these points and their nearest neighsjtions are significantly different in both metals. The maxima
borhood. _ . of 4—6 transitions in Pd occur nearandX at 1.2 eV and 4
Figures 5 and 6 illustrate the results of the decompositiongy, respectively, but both corresponding maxima in Pt occur
As it can be seen from Fig. 5, the main peak position of Piyt the same energy, 2 eV. Such a large difference is ex-
arising from 45 transitions ino{y) at 1 eV is determined plained by significantly different energy positions of the 4
by the transitions near th¥ symmetry point. It should be and 6 bands of Pd and Pt in theéand L points (Fig. 3
pointed out that the spin-orbit interaction in solids splitselative to the Eermi level.
some energy band states, eBop—Tg + I';, Xs—Xg The most intense 56 transitions in both metals arise
+X7 , and so on. In the central symmetry field model such &rom the same parts of BZ located near thgoint alongL-T
splitting is described by the spin-orbit parametgr. This  and near theX point along theX-I" direction. In the energy
parameter is energy dependent in solids, and in cubic synrange from~2 to 6 eV, the 56 transitions are located
metry crystals can be estimated as the splitting of the top o&round the midpoint of th&J-L line in both metals. As can
the d energy band,(E)=E(X;)—E(Xg).* So, the en- be seen, for all the 5:6 transitions the initial states are
ergy position of the main peak of the-45 optical transi- located within the energy range of 0.5 eV below the Fermi
tions, which mainly occurs in the vicinity of th¥ point, level. The optical conductivity in Pt is larger than that in Pd.
gives direct information on the spin-orbit parametgf(E) This, we believe, can be explained by the significantly larger
in the Pt and Pd metal§ig. 5). spatial extent of the Ptdbas compared to the Pdddwave
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Pt 5-6 35 differences in band structure of Pd and Pt due to spin-orbit
100 coupling strength and spatial extent af 4nd 5 wave func-
A tions result in different energy positions and intensities of the
D individual transitions that sum up to quite different overall
*_; so optical and MO spectra in Pt and Pd.
;':65 C. Influence of the magnetic field and spin-orbit coupling on
0 the interband transitions in Pt
20 To study the nature of the transitions responsible for the
MO spectra features of Pt, we consider the structure of the
0 selected interband transitions;-% and 3—5, by consider-
ing their component transitions. In Fig. 7, the contributions
= 20 to o)) and o) of Pt arising from the four possible transi-
B tions between the pair of band states are shown, together
> with their sums. For the magnetic field used in the MOKE
E‘; 0.005 measurements, induced splitting of the bands is very small as
2'6* compared to the bandwidths. In consequence, the joint den-
0.000 sities of states for the transitions are similar, and the differ-
ence in the transitions’ intensities is due to the corresponding
-0.005 matrix elements.
o010 L . . ] . . It should be recalled that, in the limit of zero spin-orbit

o 2 4 & 0 3 4 6 coupling strength, the band indices 1 and 2 enumerate differ-
Energy (eV) Energy (V) ent projections of the electron spin, which is a good quantum
number in this case, and the spin-flip—m, andn,—m,

FIG. 7. Contributions of the individual transitions between thetransitions are forbidden. The matrix elements of the spin-
fifth and sixth pairs of the bands as well as between the third andlip transitions depend on relative magnitudes of the spin-
fifth pairs to theo{}) and %) spectra of fcc Pt in a magnetic field orbit splitting and crystal-field splitting and differ in different
of 15T. parts of the Brillouin zone.

As it is seen in Fig. 7, the spin-flip transitions have the
functions, which results in larger optical interband matrix |argest intensities mainly in the ir spectral range. As it was
elements in Pt in comparison with Pd ones. shown above, in this energy region-& transitions take

Figure 6 shows the results of thespace decomposition place atX and 56 transitions neat. in theI'-L direction.
for the 5-6 and 3-5 transitions, responsible for the main For the spin-orbit coupling switched off, the 4 and 5 bands
features of ther() spectra of Pt and Pd. It should be pointed become degenerate alofigX and the 5 and 6 bands along
out that the magneto-optical transitions underlying &ié) the I'-L direction. After switching on the spin-orbit interac-
spectra of Pt and Pd are located in the same regions & thetion, the resulting band splitting is accompanied by a strong
space as the correspondingl) optical transitions discussed intermixing of the spin-up and spin-down states. On the
above. The 5-6 transitions in the energy range 1.5-5 eV other hand, the states at an arbitrirgoint in the BZ, which
for Pt and 2—6 eV for Pd, occurring mainly at the midpoint are already split by the crystal field, do not undergo a further
of the U-L line in theT'-U-L plane, have more or less the splitting*® As a result, enhanced spin-flip transitions occur
same shape in both metals. On the other hand, the qualitativeainly in the high-symmetry regions &f space.
difference betweerr(xzy)’t-HG Pt and Pd is observed at the low-  Although forcrg)(w) the spin-flip transitions 5—6, and
energy region. As mentioned before, the theoretical analysis,— 6, are one order of magnitude smaller as compared to
shows that the 5:6 low-energy transitions, both in Pd and the direct spin-up and spin-down 5:6, and 5— 6, tran-

Pt, occur near thé& point along thel-I" direction and near sitions, the corresponding-35 transitions(spin-flip and di-
the X point along theX-I" direction. Due to the reconstruc- rect oneg are of the same order of magnitude. As seen in
tion of the fifth and sixth bands going from Pd to Pt, the 5Fig. 7, the amplitudes of the-35 component transitions are
—6 transitions around thé point manifest as an intense much smaller than the corresponding-% transitions.

negative two-peak structuréat 0.4 and 1.0 ey in Pd, In the absence of the magnetic field, the bands are degen-
whereas in Pt the corresponding structure forms a small posérate, and all the component spectra cancel exactly, leading
tive peak at 0.5 eV and a negative one at 0.6 eV. The tranto zero aizy) and MOKE. Due to the lifting of degeneracy
sitions that determine the characteristic shaper@ of Pt  caused by the magnetization, the component spectra are no
with the prominent peak at 3.8 elas discussed above, see longer equal and the resulting contribution of thesm tran-

Figs. 2 and #arise mainly from the 35 partial transitions, sition to o'%,)(w) is given by a small-value difference of the
which are located near thd and W points and at the mid- two large quantities. Although the amplitudes of the indi-
point of theU-L line. For both metals, the low-energy part of vidual transitions §;—m,, n,—m;, n;—m; and n,

the 3—5 MO transition is mainly determined by transitions —m,) responsible for the absorption of the left and right
at X. In conclusion, the individual interbana—m transi-  polarized light are different for eaatn— m interband transi-
tions arising from the samle points characterize essentially tion [Figs. 1b) and (e)], they combine and produce spectra
the same spectral shape in both metals. On the other hanaf, the same order of magnitude but from three to four orders
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FIG. 8. The dependence Oﬁy,sﬁsl ando,y’s, .5, cOmponents . . .
(a) and their sum, normalized vs the induced momeme text FIG. 9. Comparison between the experimental absorptive part of
wag,?%s (b) on the value of the magnetic field in fcc Pt. the off-diagonal optical conductivitywo,, spectra of the

Coy oP1 g3 diluted alloy [panel(a), circles, in arbitrary unitsand
smaller than the component orf@s the magnetic field of 1.5  the spectra calculated for the model,€g5 alloy (a) and fcc Pt in
T, see solid lines in Figs.(€) and 1f)]. As it will be shown  a magnetic field of 440 Tb) (solid line9. In the panelga) and (b)
later, when the magnetic field splittin§E of the bands is dotted and dashed lines show the calculated contributions to spectra
much smaller than the width of theband, which occurs in  of Co,Pt;5 and fcc Pt coming from the transitions from shallow
the considered case of Pt, the resultiri§), ., spectra mag- (—1.8<E"'<0 eV, dotted lines and deep ¢3.9<E?
nitude is proportional to the average bands’ splitting. For<—3.1 eV, dashed lingsnitial states, respectively.
both 3—5 and 5- 6 transitions, the contribution of the spin-
flip transitions themselvegshown by dotted lines in Figs. level, the induced band splitting results in a shift of the

7(0), 7(f)] to the totalo3)(w) remains relatively large for o), . spectra relative tey), . ones, and the resuit-
transitions occurring at high-symmetry points. ing 0-55).\,((90-)(5/)“ o [IE)H.

) . .

To study the dependenc_e of thézy on th? magn_euc f|eld{ On the other hand, when the band crosses the Fermi level
we perfo_rmed the calcglatlon_s gradually increasing f{he f'el%t a givenk of reciprocal space, the induced band splitting
valulg. It |sdknowg that mfa Kwd_e crjangg of magnetic field theAE leads to changes of state occupations. The spin-up states
nonlinear dependence of the induced magnetic moment oy ., me occupied and spin-down states unoccupied within a
the field magnitude exists. It was verified that linear Sca"ng\/olume ofAk of BZ proportional to the splitting\ E. For the
in Pt up t_o a f'.eld. of abou_t 300 T holds,_w_hereas in Pd the[ransitions to(or from) such states, only transitions to the
range of linearity is three times smafi®tthis is because the spin-down (or from the spin-up states are allowed, and a

magnetic susceptibility of Pt is about three tim_es _sma_ller_ a%trong linear dependence of the amplitude of the component
compared to P In the ranges of the magnetic field indi- transitions onAE arises. The contribution of these transi-

cated, the linearity beh/yegn thé(y amplitude and the value < (2) spectra is proportional to the(® itself,
of the external magnetic field is preserved. Xy _ _ XY2Nn =My 2
In Fig. 8@ the influence of the magnetic field on the @nd, as it can be easily shown, is of the forvu,

.. 2
o?); s spectra is illustrated for the selected values of the~[o%n —m /VKE(K)]H. It can be seen that for a band

external magnetic field. As can be seen, the calculated specrossing the Fermi level horizontally, thhcrg,) can add a
tra fora&f,?e,ﬁsl and—aff,?azﬁz components change consid- very substantial contribution to the component spectra as

sulting spectrdFig. 8b)] are very close to each other. The intensity of 'Fhe .3—>5 transition at .3.8 eV and its behgvior in
resultingo %), 5 spectra have been normalized via a scaling"® magnetic field. It was verified that the resultingg)
down by a factor equal to the ratio of calculated magneticSPectrum magnitude scales with the induced magnetic mo-
moment to the moment obtained at a field of 1.5 T. ment and with the magnetic field as long as the proportion-

2 and ality between the band splitting and magnetic field holds.

The dependences of the componefb'tf(y?nﬁm2

T\4n,m, SPectra and their sum on the magnitude of the

external magnetic field in different energy regions are deter-
mined by the nature of the transition. For the transitions for To show that the peak at3.8 eV in the Kerr rotation
which both the initial and final states do not cross the Fermspectrum of paramagnetic Pt is closely related to the peak

D. Magneto-optical properties of Pt in dilute magnetic alloys
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observed at the same energy in magnetic TM—Pt metal syshifferences between the spectra formed by the shallow states
tems we present as an example in Fi¢g)@he absorptive will become more pronounced with an increase of tle 3
part of thewo,,(w) spectrum for the dilute G g3al-  metal content. On the other hand, focusing our attention on
loy. The spectrum was derived from the complex Kerr rota-the main spectral feature of theo,, () spectrum of Co-Pt
tion spectra and ellipsometric data measured for the sputteeompounds(i.e., the peak at 3.8 @Y we can state that the
deposited disordered fcc GgPt o3 alloy film.*® Comparing ~ contribution of the transitions with the initial states lying in
the spectrum to the spectrum of paramagnetiFRy. 2 one  the range—3.9<E")<-3.1 eV for the CgPt;5 alloy and
can note that their overall shapes are strikingly similar.Pt are basically the same. Moreover, it was verified that the
Marked differences between thgr,,(w) spectrum of fcc Pt final states for these transitions are located in the narrow
and CQ.O7PtO.93 a||oy observed in the ir range arise in par'[ energy range up to 0.3 eV above the Fermi level. We found
due to the negligible contribution of the intraband transitionsthat both groups of transitions are responsible for the
in the magnetic alloy. However, the position and shape of th& dxy(@) spectrum in the case of the R4 alloy.
prominent peak in uv range at 3.8 eV in both systems are the The main features of th@oyy(w) spectra in strongly
same. This leads to the conclusion that the MOKE responsgilute TM—Pt magnetic alloys and their close resemblance to
of Pt-rich alloys with the magneticdBmetals in the uv range the spectrum of Pt metal in external magnetic fields can be
is mainly determined by MO properties of spin-polarized Pt,understood if we consider the hybridization effects of the Pt
which is supported by the results of model calculations. ~ 5d and TM 3d states. In TM-Pt alloys with small TM con-
Figure 9a) shows the calculated oy (w) spectrum of an tent there is a large number of Pt atoms that have only a few
ordered CgPt;s alloy (Im3m space group symmetryith ~ TM nearest neighbors, and the electronic states well below
the composition closest to the experimentally studied onethe Fermi level are formed mainly by PtSstates. These
A|though the experimenta| spectrum is less structured astates, which are the initial states for the interband transitions
compared to the theoretical spectrum owing to the broaderforming the peak at 3.8 eV in the MO spectra, are modified
ing effects caused by the disordered structure of the sampl@nly weakly by the hybridization with TM @ states but
the spectral dependence of the theoretical optical conductivievertheless acquire a large exchange splitting. On the other
ity agrees very well with the experimefpresented in arbi- hand, TM 3 states contribute more strongly to the states in
trary units in Fig. %a) to simplify shape comparisgn the vicinity of the Fermi level and their contribution mani-
The theoretical spectrum of @Rt alloy is to be com-  fests itself in the changes of the MO spectra in the ir range.
pared with thewoy,(w) spectrum of paramagnetic Polid In conclusion, it can be stated that although the microscopic
line in Fig. Qb)] calculated for the external magnetic field of mechanisms of Pt spin polarization in the Pt-rich magnetic
440 T that is enough to induce the Pt magnetic moment oftlloys and Pt metal differ, the spectral dependence of the MO
0.085u5 close to the average Pt moment calculated for ferfesponse in the uv range of both systems is basically the
romagnetic CgPt;5 alloy. The comparison of the theoretical Same.
spectra reveals again their close similarity in the energy
range 3-5 eV. Detailed analysis and the identification of the V. CONCLUSIONS
bands and transitions responsible for the main spectral fea-
tures in TM—Pt compounds as a function of composition lead The magneto-optical response of the paramagnetic fcc Pt
to a series of results the exhaustive presentation of which igetal film measured in an external magnetic field of 1.5 T
beyond the scope of the present paper and will be givemver the photon energy range 0#4w<5.6 eV is pre-
elsewherd! sented. The band-structure and MOKE spectra calculations
Here we restrict ourselves to performing the decomposiof paramagnetic Pt have been performed by the spin-
tion of both the alloy and Pt spectrum into the contributionspolarized relativistic LMTO method within spin-density-
from the interband transitions coming from the initial statesfunctional theory, with the term2gB- s added to the Hamil-
lying in different energy ranges below the Fermi level to alltonian that couples spin of the electron to the external
final states. The dotted and dashed lines in Fig. 9 show th@agnetic field.
contribution to thewo,(w) spectra of CePYs and strongly It was shown that the frequency-dependent behavior of
magnetized fcc Pt coming from the transitions from shallowthe off-diagonal optical conductivity is greatly affected by
(-1.8<EMW<0 eV) and deep {3.9<E)<-3.1 ev) intraband optical transition contribution. If the influence of
initial states, respectively. It should be noted that these twdhe intraband transitions on the absorptive part of the optical
groups of transitions determine practically the whole resultconductivity tensorcr(xf,)(w) manifests mainly in the ir en-
ing spectra of both Pt and the alloy. In Pt, the optical transi-ergy range from 0 to 1.5 eV, the dispersive part of the optical
tions from shallow and deep states are clearly identified asonductivity tenSOb'%,)(w) is affected by the intraband tran-
the transitions mainly from fifth to sixth and from third to sitions in the wide energy interval studied. The calculations
fifth bands, respectivelisee Fig. 4 Although in the CePt;s  reproduce the experimentally observed Pt MOKE spectra in
alloy the electronic band structufeot shown changes due a very satisfactory way and explain their microscopic origin
to hybridization with Co 8 states, the spectral shapes of thewhen the intraband and interband transitions are included
contribution from the both groups of transitions in®ts  simultaneously.
are closely related to those of fcc Figs. 9a) and 9b)]. The band-by-band and thespace decomposition of the
However, the modification of the part of the spectrumfcc Pt and Pd MO spectra have been performed and the tran-
formed by the transitions from the shallow states in the irsitions responsible for the prominent structures in the spectra
energy range due to the presence dfs8oms is clearly seen identified. The main role of the transitions from the states in
for the CqPt;5 alloy. It can be supposed in advance that thethe vicinity of the Fermi level in the formation of Pt MOKE
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spectra is found. The dominant contribution which deter-magnetization and the magnitude of the Pt MOKE spectra
mines the characteristic shape of tf@ spectrum of Pt with  holds in the wide tested range of the external magnetic fields.
the prominent peak at 3.8 eV mostly comes from the 8  The correlations between the pure Pt MO spectrum and that
transitions at the edge of the BZ, namely, the middle point orof TM—Pt systems were found. It was shown that in the

the U-L direction and thaV andU symmetry points. It was Pt-rich magnetic alloys the characteristic for the systems,
shown that the individual interband—n’ transitions in Pt strong enhancement of the MOKE spectra in uv range, can
and Pd metals are localized essentially around the dame be considered as coming mainly from the spin-polarized Pt
points of the BZ and have the very close shape. The indiand the resulting spectral dependence of the underlying op-

vidual behavior of the resulting optical and MO response oOftical transitions depends only weakly on the source of Pt
the Pt and Pd metals comes from the difference in their spinmagnetization.

orbit coupling strength and spatial extent af 4nd 5 wave
functions that result in different energy positions and inten-
sities of the individual transitions that sum up to quite dif-
ferent overall optical and MO spectra. Comparative analysis
of the off-diagonal optical conductivities in Pt and Pd clearly  V.N.A. gratefully acknowledges the hospitality during his
demonstrates that MO spectroscopy is a very sensitivetay at the Institute of Experimental Physics, University of
method to investigate minor differences in the electronicBialystok. This work was supported by the Polish State
structure of solids. It has been found and explained in term&€ommittee for Scientific ReseardiKkBN) under Contract
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