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Optical and magneto-optical investigation on electronic structure
of ordered ferromagnetic Fe 5Pt
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The optical and magneto-optical properties of orderedPFehave been investigated by
spectroscopic ellipsometry and magneto-optical Kerr spectroscopy. The diagonal component of the
optical conductivity tensor of the compound exhibits a broad absorption peak at about 2 eV, which
is shifted by about 0.5 eV to lower energies from the corresponding one in pure bcc Fe. The Kerr
angle spectrum of the compound disperses quite similarly in both spectral trend and magnitude to
that of pure Fe below 3.5 eV but differently above it. The lower-energy shift of the 2-eV-absorption
structure of the compound is interpreted as due to the shift of the minority-spilnstéges toward

Er through the hybridization with Ri-states. The Kerr effect of the compound is attributable to a
large spin-orbit coupling in Pt as well as the well-hybridized spin-polarized bands20@@L
American Institute of Physics[DOI: 10.1063/1.1331064

I. INTRODUCTION states and a resultant unusually high density of stdR€xS
at the Fermi leveEr compared to other strong ferromagnets

The Fe—Pt alloy system has recently received considersuch as Fe, which is thought to provide a necessary condition
able attention because of its potential applications tdor a magnetic instability in the compound. Ebert and Akai
magneto-optic recording media. R _, alloys in the range calculated the absorptive parts of the diagonal and off-
0<x<1 can be both stoichiometric and nonstoichiometricdiagonal components of the optical conductivity tensor of
with various degrees of ordéf. For x<0.25 ordered and ordered FgPt using a spin-polarized linearized muffin-tin or-
disordered samples have a fcc lattice and a martensitic tranpitals method. Their calculational results disagree with the
formation to a bcc phase occurs for lower Fe compositionspresent experimental data, presumably because of a different
Nearx=0.5 an ordered phase of FePt with the CuAu struccrystal structure, the RAl structure, they adopted in the
ture can be grown. It exhibits strong tetragonal distortionca|culation. Katayamat al. reported MOKE measurements
along the[001] direction, leading to a large magnetic anisot- on several kinds of ordered and disordered Fe—Pt alloy films
ropy and subsequent high magneto-optical Kerr effectsn which annealing leads to substantial reduction in the Kerr
(MOKE).? Also, an ordered phase of R with the CyAu rotation anglé.
structure exists near=0.75. In the present work, the optical and magneto-optical

Magnetically, ordered Rt shows ferromagnetism with properties of ordered BBt have been investigated by spec-
T, about 435 K, while for its disordered phase drops to  troscopic ellipsometrySE) and polar MOKE measurements.
about 260 K° Both phases exhibit anomalies in the The diagonal component of the optical conductivity tensor of
thermal-expansion coefficient and spontaneous volume magqylids from the SE measurement gives the spectral depen-
netostriction but with different temperature dependenciesgence of electronic interband transitions from occupied to
Such Invar effects have usually been observed in chemicallyjnoccupied states acroBs . MOKE measurements on mag-
disordered and magnetically inhomogeneous phasesdof 3netic solids produce nonzero Kerr rotation and ellipticity due
intermetallic alloys such as Fe—Ni and Fe—Pd, giving rise tqq their different optical response to left- and right-circularly
d@ﬁiculties in theoretical ap_progch to the effects. Sinc_e thepolarized light. Upon reflection from a magnetized surface,
discovery of Invar anomalies in ordered and magnetically,ormally incident linearly polarized light becomes ellipti-
homogeneous FBt, there have been extensive experimentat|y nolarized with ellipticityex and its major axis rotated
and theoretical investigations on the compound for underby the Kerr angledy relative to the polarization axis of the
standing its electronic and magnetic structures and their repcigent beam. The two MOKE parameters are known to
lation to the Invar effects. _ arise from the combined effects of net spin polarization and

Theoretical band structure calculatiéfison ordered spin-orbit coupling in the magnetic materials. The off-
Fe;Pt revealed strong hybridization between Fe- andl Pt- 4iagonal components of the conductivity tensor can be esti-
mated using the MOKE and SE parameters. The experimen-
dElectronic mail: kikim@ameslab.gov tal conductivity spectra were compared with theoretical
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i e e in the saturation moment between 200 and 300 K is ob-
served, possibly due to a magnetic instability of the com-
pound with temperature.

A planar mirror-like surface was achieved by mechani-
cal polishing with abrasives, the final grade being a paste of
1000 |- ] 0.05-um-diameter alumina. SE measurements on the sample

. were performed at room temperature using an automatic
rotating-analyzer ellipsometer in the 1.5-5 eV photon energy
region with energy intervals of 0.02 eV. Through the mea-
surement of the complex reflectance rati¢=r,/r) of the
p (paralle) and s (perpendicular field components of the
light beam defined with respect to the plane of incidence of
the sample the complex dielectric function can be obtained
from the equation

1600~y
. (111)

1400 |

1200 [ 3

800

Intensity (arb. unit)

600 |

q00 [

200

(1-p)?
(1+p)?

by using a two-phase modgdir and sample® The data were
taken at an angle of incidence of 68° and a fixed polarizer
gpgle of 45° with respect to the plane of incidence.

MOKE measurement on the sample was performed at 7
linear-muffin-tin orbitals (TB-LMTO) method® The elec- K n an .OIE)IICBJ crypstat Iln tr]l% 1'5\_/4;3 e\l( phg:ton energy
tronic and magnetic structures of ordered;HReare inter- (rjeglfn wit enetrgytL:\terva sto t eV d split-col sm:.pe%rclc()jn-
preted through comparison between the experiment and tqeu;: |_pgTrEagne In the cryostat can produce magnetic Tield up
theory. 0 T eaK and ey of the s.ample were mgasured under a

magnetic field of 1.4 T, at which the magnetic moment of the
sample is fully saturate(Fig. 2). In the present polar MOKE
II. EXPERIMENT measurements, an intensity method employing a photoelastic

A polycrystalline FgPt ingot was prepared by arc melt- modulator is used, in which the t\_/vo magneto—optic:_;ll param-
ing and subsequent annealing at 600 °C for 24 h. An x-rafters can be measured simultaneously with high
diffraction pattern taken with A « radiation of the sample, accurac.yl..’ The off-diagonal components of the optical
shown in Fig. 1, indicates that the sample is composed Ocpogducﬂwty are related to the magneto-optical parameters
randomly oriented grains with the well-ordered;8u struc- by
ture. Figure 2 shows the result of a magnetization measure- ©
ment on the sample using a SQUID magnetometer. The magrixy =, (—Afk+Bex) 0=~ 7 — (B +Aex), 2
netization data show that ordered ;Pe is a strong
ferromagnet with a saturation magnetic moment of about 9.@vhereA andB are given by
wg per formula unit at 7 K. However, a substantial decrease  p— _ 134 3n2k—k B=—n3+3k2n+n. 3)
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FIG. 1. X-ray diffraction pattern of ordered §# using AlK« x rays.

spectra evaluated using the spin-polarized band structure
ordered FgPt, which was calculated by the tight-binding

The optical constants andk, of the sample are obtained by
SE at room temperature. The angle of incidence in the

10 s e A R present MOKE measurement was less than 4°.
8| WWWW - IIl. THEORETICAL CALCULATIONS
B — YYYYYYYYYYTYVYVIYVYVYYY vv | The spin-polarized band structure of orderegHtén the
ol Av,vW""" " | CusAu crystal structure was calculated using the TB-LMTO
3 v method based on the atomic-sphere approximation including
N T the effect of the spin—orbit interaction. The exchange-
2 4 Y i correlation potential was included in the local spin-density
= Fe Pt approximation(LSDA) with the von Barth—Hedin form. The
3 o 7K ] k-integrated functions were evaluated by the tetrahedron
2 S ;ggﬁ . method with 144k points in the irreducible Brillouin zone.
v 300K | | The calculations were carried out using an experimentally
determined lattice constaat=3.735 A with the muffin-tin
e T T S— radii of Fe and Pt of 1.442 and 1.511 A, respectively.

The calculated spin-polarized band structure of ferro-
magnetic FgPt produced a total magnetic moment of 8.13
FIG. 2. Magnetization measured on orderedFEe mg per unit cell, smaller than the experimental value of 9.2

Field (kOe)
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10 F;Pt' — T T g ) for ferromagnetic FgPt (without\ andu) is 9.57 mJ/mol B
8 - 3

- from the present calculation. It is in good agreement with the
] experimental result of 9.6 mJ/moPKoy Sumiyamaet all®
The interband contribution to the diagonal and off-

3 i ¢ diagonal parts of the optical conductivity tensor was calcu-
3 2r lated using Kubo’s linear-response theory expressed as
0
o 0 F a2 +12 -2
§ 3 ~ () e |7Tn|| +|7Tnl|
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FIG. 3. Spin-resolved density of states of ordered ferromagnetjetid 1 1
states from Fe and Pt sites are separately drawn. ( i - T i) (6)
W~ Wq) le W T Wq) le

wheren andl represent the unoccupied and occupied energy
ug by Ishikawaet al® and the present magnetization mea- band states at wave vectkr respectively. The momentum

surement result of 9.0.5 . The magnetic moments of the Fe operator is replaced by
and Pt sites are evaluated to be 2.60 and .33 respec- 3
tively, close to the result of Podgorny, 2.54 and 0,21 7=p+ ——oXVV, (7)
from a LMTO calculatiorf, and rather different from the re- 4mc’
sult of Hasegawa, 2.5 and Qb from an augmented plane- where oXVV represents the spin-orbit contribution. Then,
wave method. The calculational results were reported to bethe matrix elements are expressed by
very sensitive to the values of the lattice constant and the
approximations made on the shape of the potefitial. i_i KT 7 +im ik 8

The magnetic moment of the Fe site is enhanced com- ™ \/§<n [T mctimik), ®
pared to that in bcc F&.22 ug) while the Pt site also has - . .
substantial magnetic moment mostly due to a polarization oWhereTr”' reprgsent matrix elements for the left- and right-
Ptd bands through the hybridization with Febands. The Circularly polarized components of the momentum operator,
nearly filled nature of the majority-spid bands of Fe can rg_specnvely. T_he theoretlcz_il form afy, mo_hcates a possi-
explain its enhanced ferromagnetic moment compared to théﬂ!IIty of exter_15|ve _cancellaﬂon of terms V(\)”th Opposite signs
of pure bcc Fe which has partially filled majority-spéh SO that"TXY' Is typically O.f -the order of 1% Ofaxx'.’ Thus
bands. oy Can be a more sensitive test of the electronic structure

Figure 3 shows the spin-projected DOS of orderedthan Txx:
FesPt. Thed-band contributions from Fe and Pt sites are also
displayed separately. It is seen that the upper part of th&/- RESULTS AND DISCUSSION
valence bands is dominated by Fe-derivcedtates due to In Fig. 4, the real(absorptivé and imaginary(disper-
their lower binding energies than Pt-deriveldstates. Al-  sjve) parts of the diagonal component,(,= o+ i 0725y Of
though the Fe and Pt subbands are well separated for bo#ptical conductivity tensor of ordered Rt from the present
spins, hybridization between them is strong enough to havgE measurement are exhibited. A strong interband absorp-
considerable Pt- DOS nearEr. The minority-spin Fed  tion structure exists around 2 eV in the spectra. Also, the
bands are seen to disperse acrBgsand have the largest experimentaloy,, spectrum is compared with theoretical
contribution to the total DOS nedfr, which is larger by  spectrum calculated from the spin-polarized band structure
about a factor of 2 than that of pure bcc Félhe calculated  of ordered FgPt in the figure. For a direct comparison with
total DOS atEg, N(Eg), for the compound is 4.83 states/eV the experimental spectra the calculated spectra were convo-
cell. From the experimental electronic specific heat, one cafuted with a constant Lorentzian broadening factor of 0.5 eV
estimateN(Eg). The coefficienty of the electronic specific to take into account the lifetime broadening of the excited

heat is given by quasiparticle state. Although the theoretieal,, spectrum
2 shows a substantial discrepancy with the experimental spec-
y= ?N(Ep)ké(lﬂwu), (4)  trum in the absorption strength, it reproduces well the ab-

sorption peak near 2 eV as well as the spectral trend in the
where kg is Boltzmann’s constant andl and x the mass whole energy range. Due to the high surface sensitivity of
enhancement factors due to electron—electron and electrorellipsometry, measured conductivities frequently fall below
phonon interactions, respectively. The theoretical valug of calculated values for rough or contaminated surfaces. So,
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FIG. 4. Real and imaginary parts of diagonal component of optical conducFIG. 6. Real and imaginary parts of off-diagonal component of optical
tivity tensor (o) Of ordered FgPt. Real part of the conductivity is com- conductivity tensor of ordered Eet. Experimental data are compared with
pared with calculated . result of theoretical calculation.

such a discrepancy can be partly due to surface roughness lar to that of pure bcc Fé’ below 3.5 eV, in magnitude as
an oxide overlayer. The 2 eV absorption in the compound isvell as in spectral trend. Above 3.5 eV, thg of FgPt goes
interpreted as mainly due to direct interband transitions indown to more negative values while that of bcc Fe remains
volving Fe-like d character in the minority-spin bands dis- nearly constant at about0.3°. Although it is now clear that
tributed acros&g, that is, between occupiatiand unoccu- the MOKE is caused by the interplay of net spin polarization
piedp (d—p) and occupieg and unoccupied (p—d). In  and spin-orbit coupling, the origin of the spectral feature of
pure bcc Fe, such absorption structure is located around 2 andeg has not been understood in detail. Comparison of
eV.1® The lower-energy shift of the 2-eV-absorption struc-the experimentady of FePt with FePt showed that the two
ture of the compound compared to that of pure Fe is interspectra vary similarly in the whole energy regih5-4.5
preted as due to the shift of the Bestates towardEg  €V) but the magnitude ob), of FePt is larger than that of
through the hybridization with Ri-states. FePd at higher energies, which is interpreted as due to a
Figure 5 shows the measuratk and ex of ordered larger spin-orbit coupling in Pt than in Pd. Also, by numeri-
FesPt. The 6 spectrum exhibits a broad peak at about 3.5cally manipulating the spin-orbit coupling strength the mag-
eV, whereas the, spectrum shows a large slope in the samenitude of 8 was reported to increase at the higher energies
energy region, consistent with the Kramers—Kronig relationfor these compound$. Therefore, the Kerr effect of BBt is
A remains negative in the whole energy range, droppingttributable to a large spin-orbit coupling in Pt as well as the
towards lower and higher energies, reachin@.5° at 1.5 well-hybridized spin-polarized energy bands of the com-
and 4.5 eV. Also, thé@y spectrum of the compound is simi- pound.
The experimental MOKE spectra are compared with the
result of theoretical calculations in Fig. 5. The overall trends

Fe;Pt (7K, 1.4 Tesla) of the theoretical spectra reproduce the obsermig@nd e

4r——- 1+ reasonably well, except that the peakdinin the theoretical
i —————— ;pectrum sh.ifts to higher energies by abpqt 0.5 g\/_ from that

02 e g:eo?é (Kerr roation) . in the gxperlmental spectrum and the minimumegnin the
T o) e theoretical spectrum shifts to higher energies by about 0.5

eV from that in the experimental spectrum. Such discrepancy
is interpreted as due to errors in using the wave functions and
energies of the ground state obtained from LSDA for de-
scribing the excited state of transition-metal compounds with
localizedd electrons, i.e., neglecting self-energy corrections.
In ferromagnetic Fe, Co, and Ni, the theoretical MOKE
structures are usually displaced toward higher energies with
respect to the experimental specttahe shift is the highest
for Ni and the smallest for Fe. The discrepancy becomes
smaller by increasing the lattice constant because a larger
lattice constant leads to a narrower band width.

In Fig. 6, the real ¢1,y) and imaginary &,y,) parts of

FIG. 5. Kerr rotation 6y) and ellipticity (ex) data for ordered Fet. Ex-  the eXperimemal off-diagonal conductivities of orderegHte
perimental data are compared with result of theoretical calculation. evaluated using the measured MOKE and SE spectra are

MOKE (degrees)

1.5 2.0 2.5 3.0 3.5 4.0 45
Energy (eV)
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