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We have studied the magneto-optical Kerr effect (MOKE) of L10 Fe0.5(Pd1�xPtx)0.5 alloy films

with both experiments and first-principles calculations. In the visible region, negative Kerr rotation

and ellipticity peaks are, respectively, observed in the regions of 1.5–2.0 eV and 1.7–2.6 eV. These

peaks are shifted towards higher energies, and their magnitudes are enhanced for larger x. The

MOKE evolution is mainly ascribed to the anomalous Hall conductivity contributed by the

spin-down d#;x2�y2 bands from Pd and Pt. We established a close correlation among the MOKE

spectra, the spin orbit coupling strength, and the band feature for this prototypical system. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4872463]

INTRODUCTION

As one of the most important properties of magnetic

materials, magneto-optical Kerr effect (MOKE) arises from

the interplay between the exchange splitting and the spin

orbit coupling (SOC). The MOKE has been generally

believed to scale linearly with the spontaneous magnetiza-

tion and has become a high sensitivity tool to probe the mag-

netization behavior of magnetic films, in particular magnetic

ultrathin films.1–4 The spectroscopic features of the Kerr

rotation hK and Kerr ellipticity eK can be assigned to specific

interband transitions, so the MOKE spectra have also been

widely employed to study the energy band structures.5–12

Remarkably, the close correlation between the MOKE and

magnetocrystalline anisotropy has been known for years due

to the same physical origins of the SOC.13,14 However, there

have been very few reports about the dependence of the

MOKE on the SOC strength.15 The exact correlation

between MOKE signal, energy band structure, and more

intrinsically the SOC strength hence remains mysterious,

although it has been extensively studied.16–20 This inspires

us to study the MOKE spectra of structurally ordered alloys,

in which the SOC strength and energy band structure can be

artificially controlled.

L10 Fe0.5(Pd1�xPtx)0.5 (¼FePdPt) alloy films are exclu-
sively ideal objects to address above issues, i.e., the qualita-

tive dependence of the MOKE on both the SOC strength and

the energy band structure. The energy band structure and in

particular the effective SOC strength of the FePdPt alloys

change with x in a simple way because Pd and Pt atoms have

different atomic order numbers. For the L10 FePt and FePd

alloys, the enhanced hK near E ¼ 2.0 eV and 4.5 eV is experi-

mentally observed, in comparison with those of disordered

FePt and FePd alloys.21,22 The hK of L10 FePt films is larger

than that of L10 FePd films, which was attributed to the

stronger spin orbit coupling of heavier Pt atoms. Moreover,

it was recognized that the hK peak of L10 FePt locates at the

high energy side, compared with that of L10 FePd

films,10,12,21,22 indicating the effects of the energy band

structures on the MOKE spectra. It is noted that the FePdPt

alloys are important media in high density recording and

their magnetic properties have been extensively explored in

the past decades.

In this work, we study the evolution of the MOKE spec-

tra of epitaxial L10 FePdPt alloy films with the Pt/Pd atomic

concentration, x. Through both density functional calcula-

tions and experimental measurements, the SOC tuning effect

is clearly demonstrated on the MOKE spectra. For all L10

FePdPt alloys, the measured hK spectra display a negative

peak and a dip in the visible region. When the concentration

of Pt increases, the peak and the dip shift toward higher ener-

gies, along with gradual enhancement in magnitude.

First-principles calculations show that the MOKE feature

can be attributed to change of the d#;x2�y2 band of the Pt/Pd

with x, where the arrow indicates the minority spin channel.

Our results provide clear understanding of both the mecha-

nism of the MOKE and electronic properties of the L10 or-

dered magnetic alloys.

EXPERIMENTS

A series of L10 FePdPt films were deposited by DC mag-

netron sputtering on MgO(002) substrates in an ultrahigh vac-

uum system with the Pt(002) buffer layer. The base pressure

and Ar pressure during deposition were 1.0 � 10�5 Pa and
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0.3 Pa, respectively. At first, 5.0 nm thick Pt layer was depos-

ited at 600 �C and then 45.0 nm thick FePdPt layer was depos-

ited at 520 �C from an FePdPt target. The deposition rates of

the Pt and FePdPt layers were 0.1–0.2 nm/s. Finally, the sam-

ple was post-annealed in vacuum at 520 �C for 2 h. In experi-

ments, the Pt(002) buffer layer was used to induce the

expansion of the a- and b-axes of FePdPt and the contraction

of the c-axis,23,24 resulting in highly ordered L10 FePdPt alloy

layer. The FePdPt target was formed by putting small pieces

of Pd and Pt on an iron target. In order to keep the Fe atomic

concentration unchanged, the area of Pt/Pd pieces was fixed

for all samples. The Pt/Pd atomic concentration was con-

trolled by changing the numbers of Pd and Pt pieces. The film

thickness and microstructure were characterized by x-ray

reflectivity (XRR) at small angles and x-ray diffraction

(XRD) at large angles, respectively. The composition of alloy

films was analyzed by energy dispersive X-ray (EDX) spec-

troscopy in combination with transmission electronic micros-

copy (TEM). Magnetization hysteresis loops were measured

by physics properties measurement system (PPMS-9 T,

Quantum Design, Inc.). The magneto-optical Kerr rotation

angle hK and ellipticity �K spectra were measured by a

home-made Kerr spectrometer in the visible region in the po-

lar geometry.25 The magnetic field is 10.0 kOe and angular re-

solution is 0.01�. The optical constants were measured by a

home-made scanning ellipsometer at an incident angle of

70�.26 Since the imaginary part of the refractive index k is in

the region from 2.5 to 5.0 for L10 FePt and FePd films,22 the

influence of the buffer Pt layer can be neglected for 45 nm

thick FePdPt layers, and the measured optical and MOKE

properties are the intrinsic ones of the FePdPt layers. All

measurements were made at room temperature.

FIRST-PRINCIPLES CALCULATIONS

In order to establish clear physical insights for the

MOKE, we performed density functional theory (DFT) cal-

culations with the Vienna ab initio simulation package

(VASP),27,28 at the level of the spin-polarized generalized-

gradient approximation (GGA).29 The interaction between

valence electrons and ionic cores was described within the

framework of the projector augmented wave (PAW)

method.30,31 The energy cutoff for the plane wave basis

expansion was set to 350 eV. Four different compositions of

the L10 FePdPt alloys were considered, with x ¼ 0.0, 0.25,

0.5, and 1.0, using a (2 � 2 � 2) supercell of 32 atoms.

Since the lattice constants of L10 FePt and FePd are very

close, we used the experimental lattice parameters of L10

FePt (a, b ¼ 3.86 Å, c ¼ 3.71 Å) for all cases. A 24 � 24 �
24 k-grid mesh was used to sample the Brillouin zone.

The complex Kerr rotation depends on both the diagonal

ðrxxÞ and off-diagonal ðrxyÞ elements of the conductivity ten-

sor and can be expressed as32

UK ¼ hK þ ieK ¼
rxy

rxx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ i4prxx=x

p ¼ rxy

D
; (1)

with D ¼ rxxð1 þ i4prxx=xÞ1=2
, hK and eK stand for the po-

lar Kerr rotation and Kerr ellipticity, respectively. The

optical conductivity tensor can be evaluated by means of the

Kubo-Greewood linear response theory33 and expressed as

rab ¼
�ie2

m2�hX

X

k

X

mn

fm � fn

xmn

Pa;nmðkÞPb;mnðkÞ
x� xmn þ id

: (2)

Here, a and b are the indices of coordinates (x, y, or z), m
and e are the mass and charge of an electron, �h is the Plank

constant, X is the volume of the unit cell, fm is the Fermi

function of electron occupancy, xmn is the energy difference

between the nth and mth eigenvalues ð�hxmn ¼ em � enÞ,
Pa;nmðkÞ ¼ hwnðkÞjPajwmðkÞi is the momentum matrix ele-

ment between the nth and mth eigenstates, and d is a broad-

ening parameter which is chosen as 0.3 eV. In the framework

of VASP-PAW approach, the momentum operator Pa should

be transformed to pseudo momentum operator ~Pa as30

~Pa ¼ Pa þ
X

i;j

j~piiðh/ijPaj/ji � h~/ijPaj ~/jiÞh~pjj: (3)

Here, ~pi stands for the projector functions, /i and ~/i are all-

electron and pseudo partial waves in the augmentation

region, respectively.

RESULTS AND DISCUSSION

The XRR was measured for all substrate-MgO(002)/Pt

(5 nm)/FePdPt (45 nm) samples. The film surface roughness

is about 0.8 nm. Figure 1(a) shows the XRD of Pt/FePdPt

bilayers with various Pt/Pd atomic concentrations. For all

samples, the diffraction peak is near 2h ¼ 24�, indicating the

long range structural ordering of the FePdPt layers. The

peaks near 2h ¼ 42 and 49 (deg) result from the MgO(002)

and FePdPt(002), respectively, the weak peak near 2h ¼
46.5� arises from Pt(002). Other peaks come from the MgO

substrate. With the intensity ratio between (001) and (002)

peaks, the chemical ordering degree S is calculated to be

0.8.34,35 Note that the FePdPt (002) peak is close to the

Pt(002) and MgO(002), so the XRD spectra in the region of

2h ¼ 42�–50� need to be fitted by three Lorentz line peaks.

Since the fabrication conditions of all samples are identical,

their chemical ordering degree is expected to be about 0.8.

In order to prove the epitaxial growth of FePdPt and Pt layers

on the MgO(002) substrate, pole figures are given at 2h ¼
36� and 42� in Figs. 1(b) and 1(c). The image of a typical

cross-sectional MgO(002)/Pt(002)/L10-FePd sample and the

selected area diffraction pattern were also made. The results

in Figs. 1(d) and 1(e) further confirm the epitaxial growth of

FePdPt layer on MgO(002) substrate. As shown in Fig. 1(d),

the sample is of ideal Pt/FePd interface. Figures 1(f) and

1(g) show the out-of-plane magnetization hysteresis loops of

typical FePdPt samples. The samples are of in-plane anisot-

ropy for small x and are perpendicularly magnetized for large

x. For x ¼ 1, the remnant ratio is equal to 1.0, and the out--

of-plane saturation field is about 20 kOe, demonstrating

strong perpendicular magnetic anisotropy. Other samples

have the remnant ratio smaller than 1.0, indicating that the

perpendicular magnetic anisotropy is smaller than the

demagnetization energy. Therefore, the perpendicular

183903-2 Ma et al. J. Appl. Phys. 115, 183903 (2014)
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magnetic anisotropy gradually increases with the increasing

Pt/Pd atomic concentration.36

In polar MOKE measurements, all ternary alloy films

except for x ¼ 1 are saturated under the maximal magnetic

field of 10 kOe in the polar geometry, whereas the x ¼ 1

sample cannot be saturated. As well known, since the hK and

eK for a specific sample are both proportional to the magnet-

ization,1 the saturation hK and eK can be obtained by the fol-

lowing equation UK ¼ UKðH0Þ � ms=mðH0Þ, where ms and

m(H0) are the saturation magnetic moment and that of the

out-of-plane minor hysteresis loop with the maximal mag-

netic field H0 ¼ 10 kOe, respectively. Figures 2(a) and 2(b)

show the hK and eK spectra of typical FePdPt samples. A

negative peak and a dip appear in the photon energy regions

of 1.5 eV–2.0 eV and 2.5–3.5 eV, respectively. It is interest-

ing that the hK peak and dip are gradually shifted towards

higher energies with increasing x. In particular, the peak

magnitude increases from 0.2� to 0.61� for x changing from

0 to 1.0. The hK peaks of L10 FePt and FePd films are

enhanced, in comparison with those (0.18� and 0.41�) of dis-

ordered FePd and FePt alloys.37,38 At the same time, the eK

has a negative peak in the 1.7–2.6 eV region and a dip in

3.5–4.0 eV region. The position of the eK peak is located at

the energy for the sharp variation of hK. For the present L10

FePd and FePt films, the hK and eK spectra are close to the

results provided by Lairson and Clemens2 and their magni-

tudes are slightly smaller than the observed values by

Cebollada and Armelles et al.,6,21,22 possibly due to the less

perfect chemical ordering degree (S < 1).3

For comparison, the DFT calculated Kerr rotation hK

and ellipticity eK spectra are plotted in Figs. 2(c) and 2(d),

respectively. Clearly, the theoretical spectra nicely follow

the trend of the measured ones, although the peaks of hK and

eK spectra shift upwards by about 0.3 eV and their magni-

tudes are about twice of the experimental values due to the

assumption of perfect chemical ordering. These results dem-

onstrate the validity of our method and parameters for the

determination of the MOKE spectra of FePdPt alloys and

serve as the foundation for the electronic analyses below.

To better understand the mechanism of the changes of

the hK and eK spectra in Fig. 2, optical constants of

MgO(002)/Pt(002)/L10 FePdPt samples were measured in

the visible region. With the following relationship exx ¼
exx1 þ iexx2 ¼ 1 þ i4prxx=x and exx1 ¼ n2 � k2 and

exx2 ¼ 2nk, the real and imaginary parts of the diagonal ele-

ment rxx are obtained. Figures 3(a) and 3(b) show that the

real part rxx1 slightly increases with decreasing energy, and

the imaginary part rxx2 exhibits a broad weak peak. The

results of L10 FePt and FePd films are similar to those

reported by Armelles et al.22 More importantly, since neither

rxx1 nor rxx2 changes much with x, the term 1/D in Eq. (1) is

almost independent of the Pt/Pd atomic concentration and

thus the evolution of the measured MOKE cannot be attrib-

uted to changes of the optical constants.

FIG. 1. XRD h-2h pattern of all samples (a), pole figures of MgO (002) sub-

strate (b) and L10 FePd layer (c), and TEM cross sectional image (d), and

selected area diffraction pattern (e), of a MgO(002)/Pt(002)/FePd(001) sam-

ple, and out-of-plane hysteresis loops of samples with x ¼ 1 (f) and 0.38 (g).

FIG. 2. Measured (a), (b) and calculated (c), (d) hK (a), (c) and eK (b), (d)

spectra of typical samples in the visible region. The inset numbers in (a) and

(c) refer to the Pt/Pd atomic concentration.

183903-3 Ma et al. J. Appl. Phys. 115, 183903 (2014)
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The calculated diagonal rxx and off-diagonal rxy compo-

nents of the conductivity tensor from DFT calculations are

plotted in Figs. 3(c)–3(f). The trend of monotonic decrease

of the real part of rxx from 2.0 to 4.0 eV for all cases agrees

very well with the experimental measurements.

Nevertheless, the broad peaks between 3.0 and 3.5 eV in the

measured imaginary part of rxx are not captured in our calcu-

lations using the perfectly ordered model. Both the real and

imaginary parts of rxx change slowly, so they contribute little

to the shapes of the hK and eK spectra, unlike the observed

results in (Ga, Mn)As.17 On the contrary, the real and imagi-

nary parts of rxy vary rapidly and show distinct features

around the peaks in the hK and eK spectra. Therefore, the

shapes of the hK and eK spectra are mainly determined by the

anomalous Hall conductivity rxy. On the other hand, the

magnitude of rxy decreases as the concentration of Pd

increases, resulting in the decrease of the amplitude of the hK

and eK peaks. This is understandable because the anomalous

Hall conductivity rxy derives from the SOC interactions and

the magnitudes of the rxy are proportional to the SOC

strength, according to the second order pertubation theory.

Now, we identify the electronic origin of the anomalous

Hall conductivity rxy, by splitting contributions from differ-

ent spin channels to rxx and rxy of FePt and FePd, as shown

in Fig. 4. In both cases, the rxx and rxy from the majority

spin channel are almost constant, while those from the mi-

nority spin channel have similar shapes to the total rxx and

rxy displayed in Fig. 3. Then, we calculated the element

resolved hK of FePt and FePd by selectively switching off

the SOC of either Fe or Pt(Pd).39 It can be seen from Fig. 5

that the contributions from Fe are negligible for both cases.

Furthermore, Pt has much larger contribution to hK than Pd,

because of its stronger SOC strength. This explains the rea-

son why the magnitude of the peak of the hK spectrum

around 2.0 eV decreases with increasing Pd concentration.

The peaks of the hK and eK spectra are related to the

transition of electrons from occupied bands to unoccupied

bands, as denoted in Eqs. (2) and (3). To reveal the corre-

sponding states for the transition, we analyzed the projected

density of states (PDOS) of Pt-5d and Pd-4d orbitals in FePt

and FePd. Since the p orbitals typically form featureless

PDOS curve in a broad energy range, we perceive that all

spectroscopic features only depend on the distribution of

d-states. As shown in Fig. 6, the majority spin states of both

Pt-5d and Pd-4d orbitals are almost fully occupied.

Moreover, the PDOS curves of the Pt-5d and Pd-4d orbitals

in the minority spin part are similar, except that the energy

separation between the occupied and unoccupied states of Pt

is larger than that of Pd. For example, the peak A of

Pt-dx2�y2 in FePt is at �2.3 eV whereas the corresponding

peak B of Pd-dx2�y2 in FePd is at �2.1 eV. For other samples

with both Pt and Pd, this peak locates between A and B, as

shown in the inset in Fig. 6(a) for x ¼ 0.5. We find that the

transition from A or B to the px=y orbitals above the EF in the

minority spin channel contributes the most to the peak of the

FIG. 3. Measured (a), (b) and calcu-

lated (c), (d) real (a), (c) and imaginary

(b), (d) diagonal element rxx of the

conductivity tensor of typical samples.

In (e) and (f) are shown the calculated

real and imaginary off-diagonal ele-

ments rxy, respectively.

FIG. 4. The spin resolved spectra of real (a) and imaginary (b) rxx and real

(c) and imaginary (d) rxy for L10 FePt and FePd.

183903-4 Ma et al. J. Appl. Phys. 115, 183903 (2014)
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hK around 2.0 eV. Meanwhile, the transition from states of

dxz=yz orbitals near �2.0 eV to the pz orbital above the EF

also has a sizable contribution. The energy shift of the peak

A to B during the substitution of Pt by Pd gives rise to the

shift of the peaks of the hK spectrum within 1.6–2.2 eV and

the eK spectrum within 2.6–2.8 eV.

It is significant to address the dependence of the MOKE

on the SOC strength because the MOKE of magnetic materi-

als arises from the interplay of SOC and exchange splitting.

As shown in Fig. 7, the magnitude of the hK peak and the

SOC strength n both increase with increasing x. Here, the

SOC strength of the Pt/Pd site was taken from elsewhere.36,40

The MOKE has been analyzed to mainly come from the

transition between d#;x2�y2 and p#;x=y bands of the Pt/Pd

atoms as discussed above. When the Pd atoms are replaced

by heavier Pt one, the effective n in the alloy increases,5

leading to redistribution among different components (m ¼
62, 61, and 0), and hence to large MOKE. The variations of

both calculated and measured hK peak values with the SOC

strength are found to deviate from the linear dependence.15

When the SOC strength is tuned by changing the Pt/Pd con-

centration, the energy for both the maximal PDOS of d#;x2�y2

and the hK peak shifts. Since the diagonal element of the con-

ductivity tensor also slowly changes with energy, as shown

in Figs. 3 and 4, the hK peak magnitude should also be modi-

fied due to the effect of optical constants, in addition to the

effect of SOC strength. This results in the nonlinear depend-

ence of the hK peak magnitude on the SOC strength. The

SOC tuning effects have also been demonstrated on perpen-

dicular magnetic anisotropy, anomalous Hall effect, and

magnetic damping in L10 ordered alloys.36,40

CONCLUSION

To establish microscopic insight for the MOKE, we

have fabricated epitaxial L10 FePdPt alloy films on

MgO(002) substrates and studied their MOKE properties in

the visible region. The magnitudes and positions of hK and

eK peaks in the regions of 1.5–2.0 eV and 1.7–2.6 eV show

strong dependence on the Pt/Pd atomic concentration, due to

the tuning in the band width and the SOC strength. DFT cal-

culations indicate that the MOKE spectroscopic feature

mainly depends on the behavior of the off-diagonal element

of the conductivity tensor or, furthermore, on optical transi-

tions among the spin-down bands. The enhancement of hK

magnitude for large x is assigned to the stronger SOC effect

of the Pt atoms, but in a nonlinear way because of the scaling

FIG. 5. The element resolved Kerr rotation of L10 FePt and FePd.

FIG. 6. The PDOS of all components of the d orbital of (a) Pt in L10 FePt

and (b) Pd in L10 FePd. The inset in (a) shows the peaks of d#;x2�y2 orbital of

the Pt/Pd sites in L10 FePdPt with x ¼ 0, 0.5, and 1.0.

FIG. 7. The values of calculated and measured hK peaks (a) and the SOC

strength (b) versus x. The data (solid r and D) in (a) are taken from Ref. 2

and Refs. 21 and 22. The data of the SOC strength in (b) are taken from

Refs. 36 and 40.
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factor of rxx. The d#;x2�y2 bands of Pt and Pd atoms play the

key role in determining the amplitude and energy position of

the peaks and dips of hK and eK curves.
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