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We report that anisotropic magnetoresistance (AMR) and anomalous Hall conductivity (AHC) in the

Pd1�xPtx/Y3Fe5O12 (YIG) bilayers could be tuned by varying the Pt concentration (x) and also

temperature (T). In particular, the AHC at low T changes its sign when x increases from 0 to 1,

agreeing with the negative and positive AHC predicted by our ab initio calculations for the magnetic

proximity (MP)-induced ferromagnetic Pd and Pt, respectively. The AMR ratio is enhanced by ten

times when x increases from 0 to 1. Furthermore, the AMR of PdPt/YIG bilayers shows similar

T-dependence as the magnetic susceptibility of the corresponding bulk Pd/Pt, also indicating the MP

effect as the origin of the AMR. The present work demonstrates that the alloying of Pt and Pd not

only offers tunable spin-orbit coupling but also is useful to reveal the nature of the AMR and AHC

in Pt/YIG bilayers, which are useful for spintronics applications. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4890239]

Generation, manipulation, and detection of pure spin cur-

rent are an active research topic because of the need of low

Joule heat production in spintronic devices.1–4 By the spin

Hall effect, the pure spin current can be obtained in semicon-

ductors via strong Rashba and Rashba-Dresselhaus spin-orbit

coupling (SOC). By the spin Seebeck effect (SSE), it can also

be produced in ferromagnetic materials with a temperature

gradient and injected into another nonmagnetic layer across

the interface. In general, the pure spin current cannot be

probed by conventional electric approaches. Instead, it mani-

fests through the inverse spin Hall effect.5,6

With the strong SOC in the Pt layer and the low magnetic

damping in the Y3Fe5O12 (YIG) insulating layer, Pt/YIG

bilayers are ideal for generating pure spin currents in spin-

tronic devices.7–16 However, the SSE and the anomalous

Nernst effect in the Pt/YIG systems were argued to be

entangled.8 Since the latter comes from the spin polarization

of the nearly ferromagnetic Pt layer induced by the magnetic

proximity (MP) effect, many attempts have been made to dis-

tinguish the MP effect in the Pt/YIG system. As the magnetic

moment of the Pt layer is too small to be measured by the

conventional magnetometry, the anisotropic magnetoresist-

ance (AMR), and anomalous Hall effect (AHE) have been

adopted for varying thickness of the Pt layer and sampling

temperature (T).9–15 Up to date, magnetotransport results are

still controversial. The AMR ratio of the Pt/YIG system

exhibits an angular dependence different from the conven-

tional AMR in most magnetic films, which was attributed to

the spin Hall magnetoresistance (SMR).13–15 However, its

nonmonotonic variation with T cannot be understood in the

SMR model.11 Moreover, the mechanism of the sign change

of the AHE in the Pt/YIG system is still unclear.8 Results of

different x-ray magnetic circular dichroism (XMCD)

experiments are also inconsistent.11,17 Therefore, the mecha-

nism of the magnetotransport phenomena in the Pt/YIG sys-

tem awaits more experiments.

In this work, we study the AMR and AHE in the

Pd1�xPtx(PdPt)/YIG systems both experimentally and theo-

retically. Since Pd and Pt atoms are isoelectronic elements

with different atomic numbers, the effective SOC strength

can be substantially adjusted by changing x without much dis-

turbance on other electronic features.18 Indeed, we find that

the AMR, anomalous Hall conductivity (AHC), and ordinary

Hall coefficient (OHC) in the PdPt/YIG bilayers can be tuned

in a large range by changing x and also T. Particularly fasci-

nating is the concurrent sign changes of the AHC and OHC at

low T when x increases from 0 to 1, in good agreement with

the negative and positive AHC predicted by our ab initio cal-

culations for the MP-induced ferromagnetic Pd and Pt,

respectively. Further, the AMR ratio of the PdPt/YIG bilayers

and the magnetic susceptibility v of the corresponding bulk

Pd/Pt have similar broad peaks at the same T. This work,

therefore, provides a firm evidence that the AMR and AHE

observed in the PdPt/YIG bilayers are caused by the MP-

induced magnetization in the Pd/Pt layer. Our present finding

helps to better understand the nature of the magnetotransports

in the Pt/YIG system.

A series of PdPt (1 nm)/YIG (70 nm) bilayers were fabri-

cated by pulse laser deposition and subsequent magnetron

sputtering in ultrahigh vacuum on (111)-oriented, single

crystalline Gd3Ga5O12 (GGG) substrates. The YIG layers

were epitaxially grown via pulsed laser deposition from a

stoichiometric polycrystalline target using a KrF excimer

laser. Subsequently, PdPt layers were deposited by magne-

tron sputtering. The film thickness and microstructure were

characterized by using a D8 Discover X-ray diffractometer

with Cu Ka radiation (wavelength of about 1.54 Å). X-ray

reflection (XRR) spectra show that the thicknesses of YIG

and PdPt layers were determined to be 70 6 0.6 and
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1.0 6 0.05 nm, respectively, as shown in Fig. 1(a). The root

mean square surface roughness of the YIG layer is fitted to

be 0.6 nm. Figure 1(b) shows that the x-ray diffraction

(XRD) peaks near 2h¼ 51� for (444) orientations of the

GGG substrate and the YIG films.19 The epitaxial growth of

the YIG films was confirmed by U and W scans with fixed 2h
for the (008) reflection of the GGG substrates and the YIG

films, as shown in Fig. 1(c). In-plane magnetization hystere-

sis loops of the YIG films were measured at room tempera-

ture by vibrating sample magnetometer in Fig. 1(d). The

saturation magnetization of 134 emu/cm3 is almost equal to

the theoretical value, and the coercivity is as small as 6.0 Oe.

High quality epitaxial YIG films are therefore achieved.

The films were patterned into normal Hall bar and the

transverse Hall resistivity (qxy) and the longitudinal resistivity

qxx were measured by physical property measurement system

(PPMS) as a function of H with hH¼ 0� as shown in the inset

of Fig. 2(a), and then the anomalous Hall resistivity qAH was

extrapolated from the linear dependence of qxy at large H.

The slopes in the positive and negative high field regions are

identical and the intercept arises from the AHE instead of the

longitudinal resistivity.20 Figure 2 shows that for Pt/YIG and

Pd/YIG, the saturation field of Hall loops at both 10 K and

300 K is close to the demagnetization field of the YIG layer.

For all samples and, in particular, the Pd-rich ones, the linear

part of the Hall loop at high magnetic fields becomes promi-

nent due to small intercept, i.e., qAH, like the permalloy in

which the qAH is nearly zero due to the band-filling effect.21

For the Pd/YIG samples, both qAH and OHC R0 are negative

at 300 K and 10 K. In contrast, they both have opposite signs

at T¼ 10 and 300 K for the Pt/YIG. As analyzed below, the

SMR model can be unambiguously excluded in the explana-

tion of the Hall loops. According to the SMR model,13–15 one

has qxy ¼ q2;SMRmn þ q3;SMRmjmt þ R0H, where mj, mt, and

mn are the components of the magnetic moment in the YIG

layer parallel and perpendicular to the sensing current as well

as along the film normal direction, respectively. As

Althammer et al. pointed out, the coefficients q2,SMR and

FIG. 1. For typical Pt/YIG films, XRR

at small angles (a) and XRD at large

angles (b), U and W scan with fixed 2h
for the (008) reflection of GGG sub-

strate and YIG film (c). In (d), the

room temperature in-plane magnetiza-

tion hysteresis loop of the YIG layer is

shown. In (a), black and red lines cor-

respond to single layer YIG film and

Pt/YIG bilayers, respectively.

FIG. 2. For Pt (1 nm)/YIG ((a) and (b))

and Pd (1 nm)/YIG ((c) and (d)) films,

the transverse Hall resistivity qxy ver-

sus H at 10 K ((a) and (c)) and 300 K

((b) and (d)). In experiments, the H is

applied along the film normal direc-

tion, i.e., hH¼ 0�. The inset in (a)

shows the schematic geometry of the

magnetotransport measurements.
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q3,SMR in the Pt/YIG are negative and positive below 300 K,15

respectively. The extrapolated value of the qxy at zero field

should always be negative below 300 K.15 We may conclude

that the observed Hall loops are dominated by the AHE

instead of the SMR effect. This clearly indicates the existence

of the MP effect.

Figure 3 shows the rAH and R0 as a function of T for all

samples, where rAH ¼ qAH=ðq2
xx þ qAHqxxÞ ’ qAH=q

2
xx since

qAH � qxx.22 The value of the rAH is obtained with the qxx at

zero magnetic field because the latter one changes little with

the magnetic field as shown below. Interestingly, the rAH

and R0 are always negative for Pd-rich samples, whereas

they change sign with T for Pt-rich ones.9 At low T, they

change from positive to negative with decreasing x.

Meanwhile, rAH and R0 of Pt-rich samples show a strong T-

dependence, in contrast to the Pd-rich ones. Clearly, rAH and

R0 are correlated to each other. Figure 3(c) shows that qxx of

all samples increases approximately linearly with T. The re-

sidual resistivity changes non-monotonically as a function of

x with a maximum near x¼ 0.6, suggesting almost random

distribution of Pt and Pd atoms.23 The qxx of all samples falls

in the region of 20–35 lX cm, further indicating high quality

of the present samples.

Figure 4(a) shows the T-dependence of the AMR ratio

for various x. Two distinguished features are observed. (1)

The AMR ratio decreases when x drops, demonstrating the

change of SOC with x. (2) The Dqxx=qxx varies non-

monotonically with T for Pt-rich Pd-Pt/YIG and also in Pd/

YIG. The maximal value is located near 60 K for Pd/YIG;

and it shifts from 120 K for Pt/YIG to lower temperatures for

Pd-Pt/YIG systems,11 different from monotonic changes of

the AMR in most ferromagnets. In order to understand this

phenomenon, the magnetic susceptibilities of bulk Pt and Pd

were measured. Figure 4(b) shows that the susceptibilities of

bulk Pt and Pd also change non-monotonically with T.

Furthermore, the peak of the AMR ratio in either Pt/YIG or

Pd/YIG locates at the same temperature for the maximal v of

the corresponding bulk metal, as highlighted by vertical

dashed lines. One expects that the induced magnetization in

a paramagnet is correlated to its magnetic susceptibility. The

coincidence of the maximal temperature between the AMR

and the v hence further proves the presence of the MP-

induced magnetization in the PdPt layer. The vanishing non-

monotonic change of the AMR ratio for intermediate x may

be due to the dominant effect of the impurity scattering, as

demonstrated by the maximal residual resistivity near x¼ 0.6

in Fig. 3(c). Moreover, the AMR ratio in the present Pt/YIG

samples is about two times larger than the results of the

SMR model.15 Finally, the in-plane angular dependence of

the AMR at room temperature can be fitted by a linear func-

tion of cos2/H. At the angle between the H and the sensing

current /H ¼ 0� the qxx is larger than that of qxx at

/H ¼ 90�, in the same way for conventional magnetic metal-

lic films,11 as shown in Figs. 4(c) and 4(d).

To better understand the nature of the observed AHE in

the Pt/YIG and Pd/YIG, we perform ab initio band structure

calculations of the AHC in the MP-induced ferromagnetic Pt

and Pd within the magnetic moment-constrained spin-density

functional theory.24 Indeed, the calculated intrinsic AHC for

the induced magnetic moment up to 0.25 lB is positive for Pt

and negative for Pd, in good agreement with the present ex-

perimental results. Interestingly, further theoretical analysis

of the calculated exchange splitting (Dex) of the energy bands

and the AHC as a function of the induced spin magnetic

moment (ms) show24 that the AHC in a MP-induced ferro-

magnet can be related to the energy derivative of the spin

Hall conductivity (SHC, rSH) at the Fermi level (EF) as

rAH � Dex
e
�h rSHðEFÞ0. It can be seen in Refs. 25 and 26 that

rSHðEFÞ0 is positive for nonmagnetic Pt and is negative for

nonmagnetic Pd. This intriguingly explains the subtle sign

change when the Pd in Pd/YIG is replaced by Pt.

The ab initio calculations also show that Dex is propor-

tional to ms, i.e., DexðmsÞ ¼ ½Dexðm0
s Þ=m0

s �ms. Therefore,24

we have rAH � ½e�h
Dexðm0

s Þ
m0

s
rSHðEFÞ0�ms ¼ cms. Using the calcu-

lated rSHðEFÞ0 and also Dexðm0
s Þ for m0

s ¼ 0:1 lB, we obtain

FIG. 3. For PdPt (1 nm)/YIG films, rAH (a), R0 (b), and qxx (c) versus T for

various x. In (a), the error bars are added for x¼ 0 and 1.0.
FIG. 4. For PdPt (1 nm)/YIG films, the AMR ratio versus T for various x (a).

The v versus T for bulk Pt and Pd (b). For Pt(1 nm)/YIG films, AMR curves

at /H ¼ 0� and 90� (c) and angular dependent AMR at H¼ 10 kOe (d). In

(b), the v was measured using small Pt and Pd pieces (mass ’ 0.2 g) and at

10 K it is 2.06� 10�5 and 8.38� 10�5 for bulk Pt and Pd, respectively. In

(c) and (d), the /H refers to the angle between the in-plane H and the sensing

current. In (a), (c), and (d), hH¼ 90�.
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c¼ 788 and �2921 S/(cm � lB) for Pt and Pd, respectively.

Using the measured AHC in Pt/YIG (3 S/cm) and in Pd/YIG

(�1 S/cm) [Fig. 5(a)], we obtain an approximate ms value of

0.004 lB/atom for Pt in Pt/YIG and of 0.0003 lB/atom for

Pd/YIG. The smallness of this estimated Pt magnetic

moment perhaps explains why the induced magnetic moment

was not detected in a previous XMCD experiment on Pt/

YIG.17 Nonetheless, the estimated Pt magnetic moment is

several times smaller than the previously calculated value of

	0.02 lB (Ref. 10) and also the measured one of 0.076 lB by

another XMCD experiment.11 The diverse values of the Pt

magnetic moment reported in the literature may reflect the

fact that the MP effect in Pt is oscillatory10 and is sensitive

to the morphology at the interface.11,17 For example, the Pt/

YIG samples in the present work and Ref. 15 have very dif-

ferent longitudinal resistivities (20–35 lX cm vs. 50–100 lX
cm), and the MP effect also differs in previous work.11,17

Since the inclusion of the MP effect changes the interpreta-

tion of magnetotransport data from the conventional AMR,

AHE, SSE8–11 to SMR,12–15,17 the clear identification of the

MP effect in high quality PdPt/YIG samples is important for

the disentanglement of different factors in observations.

Moreover, the MP effect also produces sizeable spin polar-

ization for the states of Pt around the Fermi level.10

Significant SOC effect on the AMR in PdPt/YIG can be

seen in Fig. 5(b). At 10 K, the AMR ratio is 8.0� 10�4 for

Pt/YIG and 1.0� 10�4 for Pd/YIG. In principle, the AMR

ratio in ferromagnetic materials arises from the s-d scattering

and is proportional to the square of the SOC strength (n2),

since the resistivity ratio of the spin-up and spin-down chan-

nels is fixed according to the perturbation theory.27

Therefore, the ratio of the AMR between the Pt/YIG and Pd/

YIG should be close to that of n2 in the Pt and Pd layers. For

intermediate x, the AMR ratio may deviate from the quad-

ratic dependence due to the significant contributions from

the composition-disorder scattering, as shown in Fig. 5(c).

Therefore, the present results not only show the intriguing

SOC-tuning effect on the AMR and AHE in the PdPt/YIG

bilayer but also help to clarify the mechanism of the

magnetotransports in these systems, thus paving the way for

the promising applications of the PdPt/YIG bilayers in spin-

tronic devices.
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