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Microscopic origin of the magneto-optical properties of CoPt alloys
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The microscopic origin of the magneto-optical~MO! properties of CoxPt12x alloys is studied on the basis of
Kerr effect measurements and first-principles band-structure calculations in a wide range of photon energy
(\v50.75–5.8 eV) and Co content (x50.03–0.5). Spin-polarized relativistic linear-muffin-tin-orbital
~LMTO! calculations performed within the local density approximation and supercell approach reproduce well
the spectral shape of the measured off-diagonal optical conductivity tensor components. Using theab initio
LMTO band-structure calculations, the band-by-band andk-space decompositions as well as the analysis of the
magneto-optical transitions between electronic states localized in different energy regions are performed. It is
found that for the alloys studied the uv part of the MO spectra with a pronounced peak at 4 eV photon energy
comes from optical transitions between initial and final states located within well-defined energy intervals that
are very close to those obtained for fcc Pt metal in external magnetic field. The correlation between the band
structure of the alloys and the energy dependence of their MO spectra is investigated. The importance of the
spin-orbit interaction for the transitions in different energy regions is demonstrated by calculating the state- and
site-projected density of the expectation value of the orbital moment. The evolution of the electronic structure
of Co-Pt alloys with the increase of Co content and the influence of the hybridization between the Co and Pt
electronic states are analyzed and discussed.
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I. INTRODUCTION

Since its commercial appearance in 1989, magne
optical recording has established its status as a remov
and erasable disk system with a high recording dens
Among many different systems the Co-Pt compounds
ceive significant attention as a high-density MO record
medium, owing to their large perpendicular magnetic anis
ropy, high remanence, capability of stable, and smoothly b
dered magnetic domain formation, and high readout e
ciency, given by the material parametersR ~reflectivity! and
uK ~Kerr rotation!. The Co-Pt alloy phase diagram reveals
continuous series of solid solution with the ferromagne
order over nearly the whole range of concentrations1 with
three well-established ordered phases: CoPt known as
tetragonalL10 structure and CoPt3 (Co3Pt) with the cubic
L12 structure. Many experimental and theoretical stud
have been done especially for the ordered alloys2–14and it is
established that the large magneto-optical Kerr eff
~MOKE! of the Co-Pt systems is caused by an interplay
tween the exchange splitting of Co and the spin-orbit~SO!
coupling of Pt in the hybridized bands.6 To understand
deeper how the spin-orbit coupling and the exchange s
ting work in the systems when the alloy composition chan
in a wide range, a detailed analysis of the band struc
evolution is desirable.

The characteristic feature of the experimental Kerr ro
tion spectra of Co-Pt compounds is a pronounced peak in
uv range at around 4 eV. Such a peak is observed als
0163-1829/2001/64~12!/125105~11!/$20.00 64 1251
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Fe-Pt alloys and in multilayered structures of Pt with Co, F
and Ni ~see, e.g., Refs. 15–20, and references therein!. As
has been recently shown,21 pure paramagnetic Pt metal in a
external magnetic field also exhibits the same feature in
uv spectral range, and the peak in the Kerr rotation spect
of paramagnetic Pt is closely related to that observed at
same energy in ferromagnetic strongly diluted Co0.07Pt0.93
alloy. In both cases the MO response is mainly due to
spin polarization of Pt atoms, notwithstanding that t
sources of the spin polarization~and underlying microscopic
mechanisms! are different in both cases. However, the phy
cal nature of this behavior has not been studied in detail
principle, a close relationship between peaks in pure Pt
strongly diluted Co-Pt alloys can be expected, but it is not
obvious for alloys with Co concentration up to 50%. Th
present study is aimed at an experimental and theore
investigation of the compositional dependence of the MO
enhancement in the uv range characteristic for Co-Pt allo
Also, we attempt to explain to what extent the MO spectra
the alloys are governed by the MO activity of Pt. Particu
attention is paid to a microscopic analysis of the mechanis
responsible for the change of the MO spectra as a functio
alloy composition.

The electronic structure, optical, and MO spectra for
model alloys of different compositions were investigated
the basis ofab initio band-structure calculations. Goo
agreement between the theory and the experiment has
found. To explain the relations between the shape of the K
spectra and the electronic band structure, theoretically ca
©2001 The American Physical Society05-1
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lated spectra are analyzed using decomposition into co
butions corresponding to the transitions between differ
initial and final states. A band-by-band decomposition of
interband transitions localized around different symme
points in the Brillouin zone~BZ! is also applied. This allows
us to identify the main electronic transitions responsible
the uv peak in Co-Pt alloys.

The paper is organized as follows. The description of
experimental procedure and the theoretical framework is p
vided in Sec. II. Section III presents the experimental a
theoretical MO spectra of Co-Pt alloys. The theoreti
analysis of the electronic structure and MO properties
Co-Pt alloys in correlation with those of paramagnetic Pt
an external magnetic field is presented in Sec. IV. Finally,
results are summarized in Sec. V.

II. EXPERIMENTAL AND THEORETICAL DETAILS

The Co-Pt alloy films under study have been prepared
face-to-face dc sputtering on glass substrates in an autom
and computer-controlled deposition system. Typical sput
ing conditions and other technical details can be found
Ref. 22. The film structure was determined by stand
Q-2Q x-ray diffraction ~XRD!. As was inferred from XRD
measurements the films studied exhibit weak fcc~111! tex-
ture. The alloy compositions were determined by x-ray flu
rescence analysis with an energy dispersive x-ray~EDX! sys-
tem.

The polar Kerr rotation (uK) and ellipticity (hK) spectra
were measured at temperature 290 K with a magneto-op
spectrometer based on the polarization modulat
technique23 in the photon energy range 0.75–5.8 eV. T
angle of incidence of the light on the sample surfa
mounted inside of the 1.8-T water-cooled electromagnet
3°. Details of the MO spectrometer used can be found
Refs. 5,21, and 24. The setup is fully automated and c
puter controlled via a data acquisition system and was
used to measureuK and hK hysteresis loops at fixed ligh
wavelength. The sensitivity of the Kerr spectrometer is of
order of 1024–1025 deg ~depending on the photon energ
and corresponding photon shot noise!. The optical
properties—refractive indexn and extinction coefficient
k—have been measured by spectroscopic ellipsometry u
the rotating analyzer method25 in the spectral range 0.75–5.
eV. The angle of incidence has been set at 67°, optimize
the averaged principal angle of incidence for the measu
samples and the spectral range used. The average error
determination ofn andk values is of the order of 0.003.

Self-consistent band-structure calculations were car
out using the spin-polarized relativistic~SPR! linear-muffin-
tin-orbital ~LMTO! method.26 The detailed description of th
relativistic extension of the LMTO method has been giv
elsewhere.27 The four-component basis functions were co
structed starting from the solution of the single-site Dir
equation for the spin-independent part of the effective o
electron potential. The matrix elements of the effective m
netic field were incorporated into the Hamiltonian at t
variational step as proposed in Ref. 28. This choice of
basis functions makes it straightforward to construct
12510
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~third-order! LMTO Hamiltonian and to include the com
bined corrections to the atomic sphere approximat
~ASA!,26 which are necessary to calculate accurately
conductivity tensor in a wide energy interval~Ref. 29; see
also Ref. 30!. A basis consisting ofs, p, d, andf LMTO’s was
used. Core-charge densities were recalculated at every i
tion of the self-consistency loop. Thek-space integrations
were performed with the improved tetrahedron method31 and
charge self-consistency was achieved within the range
1000–2000 irreduciblek points.

III. EXPERIMENTAL RESULTS AND COMPARISON
WITH THEORY

To discuss the microscopic origin of the composition
dependence of the MO response in Co-Pt compounds an
correlation with that observed in pure Pt metal we have m
sured optical and MO spectra for the series of CoxPt12x alloy
films with Co content increasing from 3.5% up to 48%. T
measurements of the field dependence of the MOKE h
shown that all the alloys are ferromagnetic at the measu
temperature of 290 K except for those with small Co co
centration (x<0.06) which are found to be paramagnetic.
Fig. 1~a! the MO spectra of Pt metal21 and CoxPt12x alloys
with x<0.06 measured in the external magnetic field of 1
T at 290 K are presented. As can be seen, theuk magnitude
is very small and increases from 1.5 mdeg in Pt up to 8 m
in Co0.06Pt0.94 alloy. The increase of theuk magnitude with
Co content is explained by the fact that the field-induc
MOKE is related to the paramagnetic susceptibility and
pends linearly on the induced magnetization.

In Figs. 1~b! and 1~c! the evolution of theuk spectra of
those CoxPt12x alloys that exhibit magnetic ordering at th
measured temperature 290 K is presented. The spectra
play two well-known features.32 There is a prominent broad
negative peak in the uv region and a smaller one in the
range. The characteristic peak around 4 eV in theuk spec-
trum is present for all CoxPt12x alloys studied and its ampli
tude increases from 0.017 up to 0.61 deg when the
amount changes fromx50.07 tox50.48. At the same time
the amplitude of fcc Couk spectra in the uv energy rang
included for comparison in Fig. 1~c! approaches the value o
0.43 deg and changes its sign at 5.1 eV. As one proce
from Pt to Co0.48Pt0.52 alloy, a relatively strong change of th
uk spectra in the ir spectral range is observed and an app
ing peak correlates with the peak at 1.5 eV in Co. The
served strong decrease in theuk magnitude of the alloys with
the decrease of Co content is due to a drop in magnetiza
and reflects the Curie temperature reduction. It is interes
to note that both ferromagnetic Co and paramagnetic Pt m
als exhibit theuk peak at 3.8 eV. However, from the ob
served compositional dependence of theuk spectra the con-
clusion can be drawn that the pronounceduk peak at 4 eV in
Co-Pt alloys is mostly correlated with the correspondi
peak in pure Pt metal. The detailed analysis of the ba
structure and identification of the states underlying the o
cal transitions responsible for the peak can help us to ve
this conclusion.

To describe the compositional dependence of the M
5-2
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MICROSCOPIC ORIGIN OF THE MAGNETO-OPTICAL . . . PHYSICAL REVIEW B 64 125105
properties of the alloys studied, the supercell calculation
proach was used. The band structure and MO spectra w
calculated for a number of model-ordered structu
(CoPt31, CoPt15, CoPt7 , Co2Pt10, CoPt3 , Co3Pt5, and
CoPt! of different composition. The sequence correspond
a variation of the Co content in the range of 3–50 %. T
crystal structure types, corresponding space groups, and
tice constants of the alloys are presented in Table I. T
experimental lattice constants were used in the calculat
for all the alloys ~for the disordered Co0.25Pt0.75 and
Co0.48Pt0.52 alloys the lattice constants agree with those p
lished in Refs. 35 and 36, respectively!. For CoPt7 and CoPt3
alloys, cubic and tetragonal lattices with unit cells with d
ferentc/a ratios were studied. For other alloys cubic (CoP31

FIG. 1. The polar Kerr rotation measured for CoxPt12x alloys of
different compositions~indicated in the legends!.
12510
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and CoPt15) and tetragonal (Co2Pt10 and CoPt! unit cells
were used. The unit cells of the alloys consist of a few v
tically and/or horizontally arranged adjacent fcc unit cel
with Co and Pt atoms distributed over nonequivalent atom
positions according to the specific alloy composition. As
example, the unit cells used for cubic CoPt7 and CoPt3 and
tetragonal CoPt structures are shown in Fig. 2.

A proper discussion of the electronic transitions under
ing the MO spectra requires an analysis of the conductiv
tensor of the medium. The off-diagonal components of
optical conductivity tensorvsxy

(2) were evaluated from the
measured complex polar Kerr spectra~polar Kerr rotation
and ellipticity! and the complex index of refraction (n andk)
in the usual fashion.5 In Fig. 3~a! the absorptive part of the
off-diagonal component of optical conductivityvsxy

(2) evalu-
ated from experimental data and in Fig. 3~b! the spectra cal-
culated for a selected group of Co-Pt alloys with composit
closest to the experimental one are presented. Becaus
frequency dependence of the optical constants of the alloy
essentially featureless, a close correlation between the
rotation andvsxy

(2) spectra is observed. The experimen
vsxy

(2) spectra have been scaled by the factors@indicated in
Fig. 3~a!# equal to the ratio of their magnetizations at lo
temperature and at 290 K to take into account the decreas
the Curie temperature of CoxPt12x alloys with the decrease
of Co content.37,38At a first glance, both the theoretical an
the experimental spectra exhibit very impressive similarity
the evolution of their spectral features with the change of
content. However, the experimental peaks are more br
which is due to the existence of a variety of local enviro
ments in the disordered phase.39 Weak but systematic
changes in the energy position of the spectral peculiari
can be seen in Fig. 3. There is a slight increase in the en
position of the uv peak with an increase of Co content in
experimentalvsxy

(2) spectra, and even a more pronounc
increase in the corresponding theoretical ones. In the ir
of the experimental spectra, the shoulder near 1 eV obse
already for Co0.07Pt0.93 becomes more prominent with an in
crease of Co content and transforms into a distinct pea
1.5 eV in the Co0.48Pt0.52 alloy. The same tendency in th
evolution of the ir spectral features is observed for the c
culated spectra. Thevsxy

(2) spectrum magnitude increase
systematically with an increase of Co concentration and
hibits saturation for the CoPt alloy. It is worth noting that th
relative amplitudes of the low- and high-energy peaks of
experimental spectra agree well with the theoretical one
the whole range of investigated Co concentrations. Howe
the calculatedvsxy

(2) spectra of the CoxPt12x alloys are of
larger values. The discrepancies can arise due to~i! chemical
disorder and the presence of defects in the disorde
samples studied~it is known that the MOKE is enhanced i
an ordered phase due to modification of Pt-Co coordina
in the ordered versus disordered phase2,10,35! and ~ii ! high
sensitivity of the optical properties on the sample surfa
quality ~thesxx spectra evaluated from the measuredn andk
functions are about 50% smaller as compared to the co
sponding calculated spectra which leads to an underest
5-3
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TABLE I. Characterization of the model crystal structures of the Co-Pt alloys assumed in the L
calculations. For all structures, alloy composition, type of the structure, space group designation, and
number~Ref. 33!, unit cell edges and calculated spin and orbital magnetic moments of Co and Pt~in mB) are
listed.

Alloy Structure Space Lattice MS ML

type group constants
a c/a Co Pt Co Pt

Pt A1 a Fm-3m ~No. 225! 7.776 1 – 0.160b – 0.028b

CoPt31 – Pm-3m ~No. 221! 7.827 1 1.967 0.051 -0.044 0.001
CoPt15 – Im-3m ~No. 229! 7.810 1 1.950 0.085 0.014 0.015
CoPt7 – Fm-3m ~No. 225! 7.776 1 1.941 0.156 0.031 0.033
CoPt7 – P4/mmm~No. 123! 3.888 2 1.917 0.168 0.022 0.030
CoPt7 – P4/mmm~No. 123! 7.776 0.5 1.939 0.173 0.036 0.032
Co2Pt10 – P4/mmm~No. 123! 3.876 3 1.862 0.201 0.045 0.040
CoPt3 L12

a Fm-3m ~No. 225! 7.706 1 1.736c 0.238d 0.047 0.050
CoPt3 D022 I4/mmm~No. 139! 3.853 2 1.758 0.216 0.019 0.040
CoPt3 D023 I4/mmm~No. 139! 3.853 4 1.777 0.232 0.042 0.048
CoPt – P-42c ~No. 112! 3.725 2 1.604 0.296 0.052 0.056

aThe unit cell contains eight standard unit cells.
bCalculated at a magnetic field of 920 T.
cThe calculated and experimental values reported in Refs. 10 and 34 are 1.72mB and (1.6460.04)mB ,
respectively.

dThe calculated and experimental values reported in Refs. 10 and 34 are 0.25mB and (0.2660.02)mB ,
respectively.
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tion of the magnitude of thevsxy
(2) spectra evaluated from

experimental data!.
It is important to point out that for an alloy of a give

composition the fine details of thevsxy
(2) spectrum are sen

sitive to its actual crystal structure. It is illustrated in Fi
3~b! for alloys of the same nominal composition Co0.25Pt0.75
having different symmetries and local environments of
and Pt sites. The spectra were calculated for cubicL12 and
tetragonalD022 andD023 crystal structures. As can be see
the change of an atomic arrangement and accompan
changes of the local symmetry of atomic sites result in
shift of the uv-peak energy position as well as in changes
the relative magnitude of ir and uv maxima of thevsxy

(2)

spectra. Modeling of the chemical disorder by averag
over different configurations39 would lead to a uv-peak
broadening and to less pronouncedvsxy

(2) spectral features
and, consequently, to a better agreement with the experim
tal spectra. The same considerations are also true for a
of other compositions@not shown in Fig. 3~b!#. It should be
noted that in order to account for the effect of a rand
orientation of microcrystals in the tetragonal structures,
calculated MO spectra were averaged over different orie
tions of the magnetization with respect to the crystal
graphic axes according to the approach of Ref. 39.

We should mention that the paramagnetic Co0.035Pt0.965
and Co0.049Pt0.951 alloys exhibit a maximum at;1.5 eV in
uk spectra~corresponding to a minimum invsxy

(2)), which is
not observed in the theoretical spectra. The same freque
dependence in the ir range is observed for Pt metal.
explanation of this behavior is given in Ref. 21 as comi
from the intraband contribution to theoff-diagonal part of
12510
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the optical conductivity which has not been included in t
calculated spectra of Co-Pt alloys. As was shown in Ref.
the intraband contribution tosxy is very small and can usu
ally be neglected in the case of magnetically ordered m
rials. However, for metals that have zero spontaneous
change splitting the spin polarization induced by an exter
magnetic field available in the experiment is small and
contributions of intraband and interband transitions to
off-diagonal component of the optical conductivity tens
can become comparable.

IV. CORRELATION BETWEEN THE ELECTRONIC
STRUCTURE AND THE MAGNETO-OPTICAL

PROPERTIES

To associate the electronic structure with the MO prop
ties we consider first the changes of the electronic struc
with increasing Co content. The well-known characteris
feature of the electronic structure of Co-Pt alloys is t
strong hybridization of Co 3d and Pt 5d states, the latter
being much more delocalized. Figure 4 shows the calcula
spin- and site-projected densities of the electronic sta
~DOS! for Co and Pt sites in CoPt7 , CoPt3, and CoPt alloys.
The DOS for fcc Pt calculated in the magnetic field of 920
is considered here and henceforth as a reference system~this
value of magnetic field is needed to induce the Pt magn
moment of 0.16mB close to the average Pt moment calc
lated for ferromagnetic CoPt7 alloy!. As is seen, the elec
tronic structure depends strongly on the alloy compositi
This is the result of the strong dependence of hybridizat
details between Co 3d and Pt 5d states on the number o
5-4
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MICROSCOPIC ORIGIN OF THE MAGNETO-OPTICAL . . . PHYSICAL REVIEW B 64 125105
nearest Pt~Co! neighbors for each Co~Pt! atom. Pt lends its
strong spin-orbit coupling to the system while inside C
atomic spheres the effect of the spin-orbit coupling is mu
weaker than the effect of the exchange field. The electro
states at the bottom of the valence band are formed ma

FIG. 2. Unit cells used for~a! Co1Pt7 (Fm-3m), ~b! Co1Pt3
(Fm-3m), and~c! Co1Pt1 (P-42c) alloys.
12510
h
ic
ly

by Pt states. The high density of both Pt 5d and Co 3d states
in the energy range from23.5 to 1.0 eV suggests a hig
degree of hybridization between them. However, as co
pared to the spin-up states the spin-down ones are hybrid
to a far lesser extent. On the contrary, in the vicinity of t
Fermi energy (EF) stronger hybridization occurs for th
spin-down states. With the increase of Co content
CoxPt12x alloys the hybridization of Pt states with th

FIG. 3. The comparison of the absorptive part of the o
diagonal componentvsxy

(2) of the optical conductivity tensor, deter
mined from the ellipsometric and the complex polar Kerr an
measurements for CoxPt12x alloys (x50.035, 0.07, 0.123, 0.14
0.22, and 0.48! ~a! with the spectra calculated for the mod
CoPt31, CoPt15, CoPt7 , Co2Pt10, CoPt3 , and CoPt alloys~b! ~the
corresponding alloy compositions are given in the legend!. In the
panel ~b! triangles and dashed and dash-dotted lines denote
spectra ofD022, D023, andL12 structures, respectively. The spe
tra marked with solid circles are to scale; all other spectra
shifted by a constant offset of 1 and 331029 s22 towards each
other in panels~a! and ~b!, respectively.
5-5
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UBA, UBA, ANTONOV, YARESKO, AND GONTARZ PHYSICAL REVIEW B64 125105
exchange-split Co states increases. This leads to an incr
of the difference in occupation of Pt majority and minori
spin states and, as a consequence, of the magnetic mo
induced on the Pt site which approaches the value of 0.3mB
for the alloy of equiatomic composition. On the contrary, t
magnetic moment on Co atoms decreases. The composit

FIG. 4. Spin-projected densities of Pt~solid line! and Co~dotted
line! d states@in electrons/~unit cell eV!# calculated for fcc Pt in a
magnetic field of 920 T, CoPt7 , CoPt3, and CoPt alloys. The verti
cal dashed lines indicate the energy windows for initial and fi
statesDEi andDEf ~see text! and the vertical solid line marks th
Fermi level.
12510
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dependence of the average value of the Co and Pt spin m
netic moments is presented in Table I. It has been veri
that, as opposed to the magnetic moments, the spin-o
coupling strength on Pt sites is much less sensitive to
alloy composition and changes only within 2.5% for Pt 5d
states which agrees with the observation reported in Ref.
Thus, although the SO interaction plays a crucial role in
formation of the MO response,40 one can conclude that th
dependence of the MO spectra of the CoxPt12x alloys on the
Co content is hardly related to the changes of the Pt
coupling strength but rather to the change of the hybridi
tion and to increased Pt exchange splitting.

A. Decomposition of thevsxy„v… spectra

To examine and identify the energy position of the init
and final states responsible for the main spectral feature
CoxPt12x alloys and their relation with that of Pt metal, a
analysis of the transitions arising between different narr
energy ranges has been performed. We decomposed the
culatedvsxy(v) spectra into contributions coming from th
initial states lying in different energy ranges below the Fer
level to all final states, as well as into contributions comi
from all initial states to the states lying in different ener
intervals aboveEF .

In Figs. 5~a!–5~d! the contributions to thevsxy(v) spec-
tra of the CoPt7 , CoPt3, and CoPt alloys and to the spectru
of strongly magnetized Pt coming from the initial states
cated within well-defined energy windows are shown. T
dashed lines in Figs. 5~a!–5~d! denote the contribution com
ing from a 0.8-eV-wide energy interval of the initial state
just belowEF to all possible final states. For all compoun
these transitions give an almost constant off-diagonal opt
conductivity in the 2–6 eV photon energy range. The so
lines in Figs. 5~a!–5~d! show the contribution coming from
the occupied states situated within an energy intervalDEi
between24.2 and23.4 eV in Pt which extends down to
24.8 eV in CoPt. In Figs. 5~e!–5~h! the results of the analy
sis of transitions coming from all possible initial states
different final states are presented. It was found that a r
tively narrow energy windowDEf lying just aboveEF and
equal to 0.3, 0.6, 0.8, and 1.0 eV for Pt, CoPt7 , CoPt3, CoPt,
respectively, can be specified. The transitions to the fi
states withinDEf are responsible for the main spectral fe
tures ofvsxy(v), i.e., the peaks in the ir and uv regions. Th
transitions to the final states lying aboveDEf give both for
Pt and for CoxPt12x alloys merely a more or less consta
contribution in the 2–6 eV photon energy range.

It should be noted that for all alloys studied an addition
peak arises at\v51 –2 eV in thevsxy(v) spectra, the
amplitude of which increases with increasing Co content
was found that the ir peak comes from the transitions
tween initial states located in the energy range from21.9 to
20.8 eV to the states within theDEf window just above
EF . The energy windows coincide well with those respo
sible for the ir peak of pure fcc Co. However, it was foun
that thevsxy(v) spectrum of Co cannot be described by t
same kind of contributions as in the alloys studied.

l

5-6
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MICROSCOPIC ORIGIN OF THE MAGNETO-OPTICAL . . . PHYSICAL REVIEW B 64 125105
From the analysis of the decomposed spectra the con
sion, valid for all the examined CoxPt12x alloys as well as
for Pt metal, can be derived that thevsxy(v) spectra above
2 eV can be represented with a good accuracy as a su
two contributions.

~a! The pronounced peak at 4 eV in thevsxy(v) spectra
which is almost exclusively determined by the interba
transitions from the deep-lying occupied states within
relatively narrow energy intervalDEi equal to 0.8, 1.0, 1.1
and 1.4 eV for Pt, CoPt7 , CoPt3, and CoPt, respectively, to

FIG. 5. Calculatedvsxy
(2) spectra~solid lines with circles! of fcc

Pt in a magnetic field of 920 T~a!, CoPt7 ~b!, CoPt3 ~c! and CoPt
~d! alloys. Solid and dashed lines show the contributions from
initial states localized within the indicated intervals~in eV! below
the Fermi energy to all final states~left panels! and from all initial
to those final states that are localized within the indicated inter
~right panels!. Dotted lines denote the transitions between
groups of initial and final bands. Their numbers are given in par
theses in the legend.
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the unoccupied states spanning the energy intervalDEf .
These energy intervals responsible for the MO peak at 4
are indicated by vertical dashed lines in Fig. 4.

~b! The weakly energy-dependent in the 2–6 eV pho
energy range contribution to thevsxy(v) coming from the
transitions between the occupied states lying in the ene
window 20.8 to EF eV and the unoccupied states locat
aboveDEf .

Broadly speaking, the overall spectral shape of both c
tributions discussed above looks similar and remains clos
that observed in Pt, but their magnitude changes consi
ably with Co content. This observation can be explained
the basis of simple considerations that the increase of
Co-Pt alloy spectra magnitude with an increase of Co con
is related mainly to the increase of Pt exchange splitting
to direct hybridization between Pt orbitals and spin-polariz
Co orbitals. As was shown in Ref. 21, the MO spectra a
plitude of Pt metal scales in a wide range with induced m
netic moment. This is definitely seen in Figs. 5~a! and 5~b!,
where the same magnetic moment on Pt sites in CoPt7 alloy
and Pt metal in the external magnetic field results in a co
parable amplitude of the contributions to thevsxy(v) spec-
tra. We found that the conclusion qualitatively holds also
the case of CoPt3 and CoPt alloys. The origin of the behavio
can be understood because in spite of the low magnetic
ment of (0.16–0.3)mB on Pt as compared to (1.92
21.6)mB on Co, due to the large spin-orbit coupling th
amplitude of thevsxy(v) spectra of Pt in the uv range i
3–4 times larger as compared to that of fcc Co. This conc
sion is consistent with the results of test calculations
tained with manipulation of the SO coupling strength on a
site in Co-Pt alloys.2,5 It has been verified that, even in th
case of CoPt alloy, thevsxy(v) spectra amplitude afte
switching off the SO coupling on Pt decreases to;10% in
the uv range and to;30% in the ir range.

The above explanation can be considered as giving on
rough, qualitative estimate of thevsxy(v) spectra. The dis-
tinctions between the shapes of the spectra in different s
tral regions arise with changes of alloy composition@Figs.
5~a! and 5~d!#. In particular, the peak at 4 eV has almost
symmetric shape in Pt but rather an asymmetric one in
alloys. The distinctions in the fine structure of the spec
come from the fact that thevsxy(v) spectra of CoxPt12x
alloys cannot be represented by simple superpositions o
and Pt contributions, but depend on details of the band st
ture which are influenced by various factors such as the a
composition, the lattice symmetry, and the local environm
of Co and Pt atoms. These details can be only investigate
analysis of the evolution of the band structure of the allo
with the change of Co content.

B. Correlation between the band structure and the MO peak
at 4 eV

It is well known that the optical and MO spectra refle
information on both the initial and final states simultaneou
~joint density of states!. Besides, they are strongly influence
by the optical transition matrix elements, which in the ca
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of the MO spectra depend on the spin and orbital polar
tion of the initial and final states.

To illustrate the influence of the spin-orbit interaction
the initial and final states involved in the transitions let
introduce a site-dependent functiondmtl(E) given by24

dmtl~E!5(
nk

^C t l
nku l̂ zuC t l

nk&d~E2Enk!, ~1!

where l̂ z is thez projection of the angular momentum oper
tor, andEnk andC t l

nk are the energy of thenth band and the
part of the corresponding LMTO wave function formed
the states with angular momentuml inside the atomic spher
centered at sitet, respectively. In analogy to thel-projected
density of states,dmtl(E) can be referred to as site- an
l-projected density of the expectation value ofl̂ z . This quan-
tity has purely relativistic origins and when the SO intera
tion is equal to zero,dmtl(E)[0. As van Vleck41 showed for
a free ion, the absence of orbital degeneracy is a suffic
condition for the quenching of the orbital moment, whi
means that the first-order contribution should vani

^Cku l̂ zuCk&50. Thus, dmtl(E) can be considered as th
measure of the SO interaction of the electronic states.
can expect that the electronic states for which the magnit
of the dmtl(E) function is large should give a strong contr
bution to the MO spectra. Due to the dipole selection ru
only the electronic states with an appropriate symmetry c
tribute to the spectra. In our case the most important are
interband transitions betweend and p states. Figures 6~a!–
6~f! present the Co and Pt site-projecteddml(E) functions
for l 51 and l 52 orbital quantum numbers calculated f
CoPt7 and CoPt3 ~fcc Pt is also included for comparison!.
Let us concentrate our attention on the electronic sta
which give the largest contribution to the prominent 4 e
peak in the off-diagonal optical conductivity indicated b
vertical dashed lines in Figs. 6 and 4. As has been shown
peak at 4 eV is determined by transitions to the final state
the windowDEf just above the Fermi level which are pr
dominantly of Pt and Cod character. With an increase of C
content the magnitude of both Co and Ptdml 52(E) increases
appreciably in this range. The initial states for these tran
tions lie in the narrow energy intervalDEi below 23.4 eV
and, due to the dipole selection rules, are mainly ofp char-
acter. Remarkably, thedml(E) for Pt p states reaches it
maximal magnitude exactly in the same energy range. Go
from fcc Pt to the CoPt3 alloy one can note that the structu
of the peak becomes more complex but its position rema
approximately the same. The change of thedml(E) shape in
this energy range reflects to some extent the change o
Pt-d–Co-d hybridization. An indication for this is the ap
pearance of the peak in thedml(E) of Co d states at the
border of the energy windowDEi . The qualitative analysis
discussed above can serve as a tool for the determinatio
the initial and final states most probable for the MO-act
interband transitions.

To find a direct correlation between thevsxy
(2) spectra of

Co-Pt alloys and corresponding band structure, in the follo
ing discussion we focus our attention particularly on the o
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gin of the pronounced peak at 4 eV by identifying the init
and final states involved and theirk-space localization. It is
obvious that the interpretation of the MO spectra of comp
compounds in terms of electronic transitions is quite a co
plicated problem. The initial and final states involved in o
tical transitions of Co-Pt systems are hybridized states
their wave functions are delocalized. Moreover, in the f
mation of the optical as well as magneto-optical spectra
the medium, the matrix elements of the interband transiti
and selection rules are also of great importance. In princi
to compare directly band structures of different alloys w
that of fcc Pt metal, we should use crystal structures with
same symmetry group and the same number of atoms
unit cell and, therefore, the same type of Brillouin zone. S
for this aim, we chose as a basic lattice the face-cente
cubic lattice of CoPt7 alloy of Fm-3m space group. The
primitive rhombohedral cell in this case contains 8 atoms a
the cubic unit cell containing 32 atoms is shown in Fig. 2~a!.
In such a representation, the corresponding cubic unit ce
fcc Pt has a doubled dimensions and contain 8 standard
A1 unit cells, and that of the CoPt3 alloy @Fig. 2~b!# 8 stan-
dard L12 unit cells of Cu3Au-type structure. Unfortunately

FIG. 6. Density of the expectation value ofl̂ z for Pt ~solid line!
and Co~dotted line! states withl 51 ~left panels! and l 52 ~right
panels! orbital quantum numbers in fcc Pt in a magnetic field of 9
T, CoPt7, and CoPt3 alloys @in electrons/~unit cell eV!#. The vertical
dashed lines indicate the energy windows for initial and final sta
DEi andDEf ~see text! and the vertical solid line marks the Ferm
level.
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we were not able to construct a corresponding face-cente
cubic unit cell of the enlarged volume for CoPt alloy.

Figure 7 shows the calculated band structures of
CoPt7, and CoPt3 alloys along symmetry lines of the Bril
louin zone. To illustrate the evolution of the band structu
with the increase of Co content, in Fig. 7 we selected~the
same for each case! two group of bands~initial, from 29 to
48, and final, – from 77 to 86! by denoting them by thick
solid lines~we will see further that optical transitions amon

FIG. 7. Fully relativistic spin-polarized band structure of fcc
in a magnetic field of 920 T and CoPt7 and CoPt3 alloys. Solid thick
lines at the left panels indicate the groups comprising the m
MO-active initial and final bands. Solid thick lines at the right pa
els indicate the most MO active bands in theL-U symmetry direc-
tion of the Brillouin zone, with the band numbers indicated at
right-hand side.
12510
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those groups of bands are responsible for the MO peak in
at ;4 eV). From Fig. 7, the conclusion can be drawn th
upon increasing the Co content the band splitting increa
and a strong shift of the occupied energy band positions
higher energy as a results of the Co(3d)-Pt(5d) hybridiza-
tion effects takes place. Looking at the band structure, i
definitely seen in Fig. 7 that, as one proceeds from p
paramagnetic Pt to CoPt7 and CoPt3 alloys, the hybridization
of the electronic states increases. This is clearly seen,
example, in the right panels of Fig. 7 from theE(k) depen-
dence of the 85,86 bands. In Pt, these energy bands al
do not hybridize, with low-lying bands having rather larg
¹kE(k) around theU symmetry point. They simply cross th
83,84 bands without any repulsion. In CoPt7 and CoPt3 al-
loys, the Co electronic states hybridize with the Pt states.
a result of the band repulsion, these states spread ove
energy scale up to;0.5 eV, whereas¹kE(k) becomes al-
most equal to zero at theU point in CoPt3 alloy. Similar
effects of energy level repulsion with accompanyi
mixing—hybridization—of states after quantum-mechani
crossing of levels can be seen in Fig. 7 in the whole Brillou
zone. Due to Pt(5d)-Co(3d) hybridization, theE(k) slopes
of the initial and final states become more similar arou
selected symmetry points, which leads to both an increas
the joint density of states and oscillator strengths of the
tical transitions. Another important effect that strongly a
fects the MO spectra in CoxPt12x alloys with increasing con-
centration of Co is a reduction of the Fermi energy due to
fact that Co has fewer valence electrons in comparison w
Pt. The deoccupation of the energy bands by electrons du
a decrease of the Fermi level involves additional final sta
into interband transitions which also increases the inten
of the transitions.

To identify which kind of interband transitions and par
of the Brillouin zone are responsible for the prominent pe
at 4 eV, we performed ak-space decomposition of the inte
band transitions into transitions occurring in the vicinity
the high-symmetry points of the Brillouin zone. This wa
accomplished via a theoretical analysis of about 800
10 000 individual interband transitions in high-symmet
points and lines of the BZ. For this aim, we summed
transitions between the bandsn and m in a cubic volume
surrounding a given point with a cube edge equal to 1/6
theG-X distance~it contains approximately 4.5% of a whol
BZ volume!. Although the results depend on the volume
the cube, one can identify the transitions essentially w
these points and their nearest neighborhood. A deta
analysis of the contributions shows that in both Pt and Co
alloys thesxy

(2) spectra are determined by transitions at t
BZ edge along theG-L, L-U, andU-W symmetry directions.
It was found that the most intensive transitions respons
for the MO peak at 4 eV come from the states located on
L-U symmetry direction. The initial and final bands for the
transitions are marked by solid thick lines in the right pan
of Fig. 7. Moreover, in the alloys the peak observed in the
range is formed by the transitions between the hybridiz
states in theG-L-U symmetry plane.

It was identified that the transitions from the bands~35–
48!, ~33–44!, and~29–40! in Pt, CoPt7, and CoPt3, respec-

st
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tively, to the same specified group of empty bands~77–86!
are responsible for the pronounced peak at 4 eV in MO sp
tra. The intensity of these transitions@marked by dotted lines
in Figs. 5~a!—5~c!# almost coincides with the intensity of th
peak derived from theDEi and DEf energy windows. It
should be pointed out that when the Co content increases
alloy d-band width systematically decreases~see Figs. 4 and
7! and the deep-lying initial bands shift to higher ener
giving, as was found, a significant contribution to the peak
4 eV.

It was verified that the intensities of interband transitio
from the analyzed initial states to individual final bands
crease with Co content. In particular, the transitions to
~85,86! final bands contribute only about 2% to the to
intensity of the pronounced peak in pure Pt, but their con
butions increase to about 10% and 25% in CoPt7 and CoPt3
alloys, respectively. The high increase of the intensity of
transitions to unoccupied~85,86! bands is a good illustration
of the role of the hybridization. The Pt(5d)-Co(3d) hybrid-
ization effects that determine the details of the band struc
of the alloys are responsible also for the increase of the
tensity of the second contribution~i.e., transitions from the
window just belowEF to all final states! with an increase of
the Co content. To study the influence of the spin-orbit a
the exchange splitting on the band structure of Co-Pt allo
we performed test calculations through manipulation of
magnitude of the interaction on a particular site. We fou
that the deep-lying initial states undergo the largest chan
with a change of the spin-orbit coupling strength, where
the empty bands are more sensitive to the influence of
exchange splitting arising as a result of hybridization b
tween Pt and Co wave functions.

Although details of the band structure change dram
cally upon an increase of Co content, it should be noted
the structure of the peak at 4 eV changes only weakly
remains close to that of Pt metal. To understand the c
resemblance between the peak at 4 eV in paramagnet
and in Co-Pt alloys, we examined the role of the final sta
involved in the transitions. In both cases the final states
sponsible for the peak at 4 eV are located within a very cl
energy range in the vicinity ofEF and within the same par
of k space. It was found that an increase of band splitting
the external magnetic field in Pt or due to the direct hybr
ization ~between Pt orbitals and spin-polarized Co orbita!
mechanism in alloys results mainly in changes of the oc
pation of the bands at the Fermi level~i.e., the density of
empty spin-down states increases!. Thus, the evolution of the
vsxy

(2) spectra of Co-Pt alloys with composition in the ran
studied can be qualitatively considered as due to a sim
mechanism as in the case of the induced spin polarizatio
pure Pt in an external magnetic field, notwithstanding t
the characters of the final as well as the underlying ini
states are different.

In conclusion, the individual interbandn→m transitions
arising from the vicinity of the samek points characterize
essentially the same MO spectral shape in Pt and Co-P
loys. On the other hand, the differences in the band struc
of Pt and Co-Pt alloys due to the different position of t
Fermi level and different degree of Co-3d–Pt-5d hybridiza-
12510
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tion result in different intensities of the individual transition
that sum up to basically similar but different in details M
spectra of Pt and Co-Pt alloys.

V. SUMMARY

We have studied, both experimentally and theoretica
the magneto-optical spectral properties for a series of di
dered CoxPt12x alloys. The electronic structure and the M
properties of the alloys in comparison with that of fcc
metal in an external magnetic field were investigated
means of theab initio fully relativistic spin-polarized LMTO
method. It was shown that the spectral dependence and
main spectral features of the measured MO spectra are
produced in a very satisfying way by calculations within t
supercell approach for a wide range of alloy concentrati
from x50.03 up tox50.5.

In this work, a complete study of the correlation betwe
the electronic structure and the MO properties of the syste
is presented. The importance of the spin-orbit interaction
transitions in different energy regions is demonstrated by
culating the density of the expectation value of the orb
moment. The microscopic origin of the characteristic for t
Co-Pt alloys prominent peak in the uv range in the MO sp
tra at 4 eV photon energy was investigated in detail. It w
found that the Kerr rotation and thesxy

(2) spectra of Pt and
Co-Pt alloys are mainly determined by two contribution
The prominent peak at 4 eV photon energy mostly com
from the interband transitions from occupied states withi
relatively narrow energy intervalDEi lying at 23.4 eV be-
low the Fermi level (DEi50.8, 1.0, 1.1, and 1.4 eV! to an-
other narrow intervalDEf just above the Fermi level (DEf
50.3, 0.6, 0.8, and 1.0 eV for Pt, CoPt7 , CoPt3, and CoPt
alloys, respectively!. The band-by-band andk-space decom-
position of the MO spectra were performed and the tran
tions responsible for the 4 eV peak in the spectra were id
tified. It was found that in Pt as well as in the Co-Pt allo
these interband transitions are localized essentially aro
the samek points. Moreover, the interband transitions at t
edge of the Brillouin zone, namely, along theG-L, L-U, and
U-W symmetry directions, play a crucial role in the form
tion of the MO spectra of Co-Pt alloys of different compos
tion.

Although the fine details of the MO spectra of th
CoxPt12x alloys for x up to 0.5 depend on the details of th
spin-polarized band structure, the characteristic enhancem
of the spectra in the uv range can be considered as com
mainly from spin-polarized Pt. The comparative analysis
the off-diagonal optical conductivities in Pt and Co-Pt allo
clearly demonstrates that MO spectroscopy is a very se
tive method to investigate minor differences in the electro
structure of solids.
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