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In this paper, we report an experimental and first-principles calculation study on the anomalous Hall
effect (AHE) in Pt/Y3Fe5−xAlxO12 bilayer structures. Using a combinatorial pulsed-laser deposition
method, we doped Al3+ ions in the Y3Fe5O12 lattice with different concentrations, which preferentially
substitute the tetrahedral Fe3+, leading to significant variation of AHE. A monotonic decrease of anoma-
lous Hall resistance RAHE with increasing Al3+ doping concentration is observed at a temperature of 5 K,
which scales linearly with the magnetic proximity effect- (MPE-)induced magnetic moments in Pt, as cal-
culated using first-principles calculations. Temperature-dependent RAHE characterizations indicate a sign
change in RAHE at around 100 K, which can be explained by a predominant contribution from spin Hall
effect-(SHE-)induced AHE at higher temperatures. Our study demonstrates that the band hybridization
and exchange coupling between tetrahedral Fe3+ ions and Pt are the major contributors to the magnetic
proximity effect in Pt/YIG heterojunctions.
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I. INTRODUCTION

Pt/Y3Fe5O12(YIG) bilayer structures have been widely
studied recently because they show rich physical phenom-
ena caused by charge-magnon interaction at the hetero-
junction interface, such as spin pumping [1,2], spin Hall
magnetoresistance (SMR) [3–6], spin Seebeck effect (SSE)
[7–9], and anomalous Nernst effect (ANE) [8,9], etc. Phys-
ical interpretations of these phenomena can be generally
attributed to spin Hall or interface magnetism mecha-
nisms. These two mechanisms are under debate due to the
unclear physical picture of the magnetic proximity effect
(MPE) at the Pt/YIG interface [8–14], a phenomenon
of ferromagnetic ordering of spins within several atomic
layers of a noble metal (NM) film in close proximity
to a ferromagnetic (FM) material. This interface mag-
netism in Pt has been characterized by x-ray magnetic
circular dichroism (XMCD), a widely accepted method
for element-specific characterization magnetic moments
[15–18]. However, because the strength of MPE in Pt/YIG
is very sensitive to the crystal structure at the Pt/YIG
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interface [19–22], different magnetic moments have been
observed by various groups [15,16]. The anomalous Hall
effect (AHE) is strongly related to the MPE. Depending
on whether the MPE is present, the anomalous Hall resis-
tance RAHE in Pt is attributed to both the MPE and spin
Hall effect (SHE), or pure SHE-induced RAHE mechanisms,
respectively. Several reports have focused on resolving
the contribution of RAHE from MPE and SHE at the
Pt/YIG interface by angle-resolved resistance measure-
ments [10,14,23–26], inserting an interface nonmagnetic
Cu(Au) layer [10,25], and studying the temperature depen-
dence of RAHE [14,23,24]. These studies helped to clarify
the origin of the AHE. However, the structural origin of
the MPE and its quantitative relationship to RAHE is still
unclear.

In our previous work [27], using first-principles calcu-
lations, the hybridization between the interface tetrahedral
Fe3+ 3d orbitals and the Pt 5d orbitals was observed to be
the major contributor to the MPE, whereas the tetrahedral
Fe3+ vacancies can significantly reduce the MPE-induced
magnetic moment in Pt. In Al3+-doped YIG thin films, the
Al3+ ions preferentially occupy the tetrahedral sites [28],
leading to nonmagnetic substitutions of the tetrahedral
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Fe3+ ions, which may mimic the case of tetrahedral Fe
vacancies. To prove the above considerations and to clar-
ify the origin of MPE and AHE in Pt/YIG, in this work,
we intentionally doped YIG with nonmagnetic Al3+. By
measuring the RAHE in samples with different Al3+ dop-
ing concentrations and its temperature dependence, the
quantitative relationship between RAHE and the MPE-
induced magnetic moment in Pt is studied. The results
show that in Pt/YIG, the tetrahedral Fe3+ ions and its
orbital hybridization with Pt are the major contributors to
MPE and low-temperature AHE.

II. EXPERIMENTAL AND CALCULATION
METHOD

Y3Fe5−xAlxO12 films are grown on gadolinium gallium
garnet Gd3Ga5O12 (GGG) (100) substrates by pulsed-laser
deposition (PLD). A combinatorial deposition method
with alternating laser pulses ablating on Y3Fe5O12 and
Y3Fe4.2Al0.8O12 ceramic targets is carried out to grow
Y3Fe5−xAlxO12 thin films with different Al concentra-
tions. The laser source is a Compex Pro 205 KrF laser
operating at 248 nm. Prior to deposition, the chamber is
pumped down to a base pressure of 5 × 10−7 mbar. The
target-substrate distance is 5 cm. During deposition, the
oxygen partial pressure PO2 is maintained at 0.13 mbar.
The temperature of the substrates is kept at 800 °C. After
deposition, PO2 is increased to 13 mbar to prevent oxygen-
vacancy formation in Y3Fe5−xAlxO12. Samples are then
maintained in situ at the deposition temperature for 10 min
and then cooled down to room temperature with a cooling
rate of −5 °C/min. All film thicknesses are kept around
150 nm. To accurately determine the Al ion concentra-
tions, we dissolve the as-deposited Y3Fe5−xAlxO12 thin
films in HNO3 and measure their element compositions
using inductively coupled plasma optical emission spec-
trometry (ICP OES) (SPECTRO ARCOS). The Al3+ ion
concentration is determined as x = 0, 0.187, 0.392, 0.568,
and 0.783 for different samples. The magnetic hysteresis
loops of all samples are characterized on a superconduct-
ing quantum interference device (SQUID) at a temperature
of 5 K. The Y3Fe5−xAlxO12 samples are transferred to a
sputtering chamber for Pt deposition. Hall-bar-shaped Pt
thin films with 7-nm thickness are subsequently deposited
onto Y3Fe5−xAlxO12 thin films using magnetron sputter-
ing through a shadow mask. The Hall resistance is then
measured on a physical property measurement system
(PPMS-9, Quantum Design). The source current is fixed
to 1 mA for all characterizations.

A first-principles calculation method based on the
density-functional theory (DFT) is carried out to evalu-
ate the MPE at the Pt(100)/Y3Fe5−xAlxO12(100) interface.
The Perdew-Burke-Ernzerhof (PBE) exchange-correlation
function [29,30] and a plane-wave basis set within
the framework of the projector augmented-wave (PAW)
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FIG. 1. (a) X-ray diffraction pattern of epitaxial
Y3Fe5−xAlxO12 (x = 0, 0.187, 0.392, 0.568, 0.783) films
grown on Gd3Ga5O12 (GGG) (100) substrates. The surface
morphology of (b) Y3Fe5O12 and (c) Y3Fe4.217Al0.783O12 films
in a 5 × 5 µm2 area measured by atomic force microscopy.

method [31,32] are employed. The k-point grids of the
Monkhorst-Pack scheme are set to (3 × 3 × 1) [33]. The
DFT + U method is applied to correct the strong on-site
Coulomb repulsion for the localized Fe (3d) states [34],
and the effective value of U is set to 4.3 eV, which is widely
used in other systems containing Fe3+ cations [35–37].

III. RESULTS AND DISCUSSION

Figure 1(a) shows the XRD pattern of Y3Fe5−xAlxO12
thin films deposited on GGG(100) substrates. The (400)
diffraction peaks of the GGG substrates are located at
2θ = 28.80°, whereas the film diffraction peak position
shifts from 28.68° to higher 2θ angles with increasing
Al3+ concentrations and eventually merges with the sub-
strate peak. The decreased lattice constant in Al-doped
YIG thin films is caused by the smaller ionic radius of
Al3+ (50 pm) ions in oxygen tetrahedrons compared to
Fe3+ (64 pm), which is consistent with previous reports
[28]. Figures 1(b) and 1(c) show the surface morphology
of the YIG and Y3Fe4.217Al0.783O12 thin films, respectively,
measured by AFM. The root-mean-square roughnesses of
all Y3Fe5−xAlxO12 thin films are 0.32 nm (x = 0), 0.61 nm
(x = 0.187), 0.57 nm (x = 0.392), 0.48 nm (x = 0.568), and
0.45 nm (x = 0.783), respectively, indicating very smooth
surfaces in all samples.

Figure 2(a) shows the magnetic hysteresis loops of the
Y3Fe5−xAlxO12 thin films measured at 5 K with magnetic
field applied perpendicular to the film plane. The satura-
tion magnetization Ms of 201 emu/cm3 measured in pure
YIG thin films at 5 K is about 30% larger than its 300-K
Ms value of 140 emu/cm3, which agrees well with previous
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FIG. 2. (a) Out-of-plane magnetic hys-
teresis loops of Y3Fe5−xAlxO12 films
measured at 5 K. (b) Comparison
of saturation magnetization (Ms) of
Y3Fe5−xAlxO12 films at 5 K through
experimentally measured (blue line) and
assuming Al3+ ions substitute the tetra-
hedral Fe3+ (red line). (c) The popula-
tion of Al3+ ions occupying tetrahedral
sites in Y3Fe5−xAlxO12.

studies [15]. The ferrimagnetism of a YIG unit cell is orig-
inated from 24 Fe3+ ions at the tetrahedral site antiferro-
magnetically coupled to the 16 Fe3+ ions at the octahedral
site, leading to a net magnetic moment of 5 μB per unit cell.
The saturation magnetization (Ms) of the Al-doped YIG
films decreases with increasing Al3+ doping concentra-
tions, indicating Al3+ ions mainly substitute the tetrahedral
Fe3+. Assuming that all nonmagnetic Al3+ ions substi-
tute the tetrahedral Fe3+, the Ms of Y3Fe5−xAlxO12 films
should linearly decrease with increasing the Al3+ concen-
trations, as shown in Fig. 2(b) (red line). Our experimental
results (blue line) show that the Ms of Y3Fe5−xAlxO12 films
agree well with the above assumption with a doping con-
centration of x ≤ 0.392. However, Ms becomes larger than
the theoretical prediction with x > 0.392, indicating part of
the Al3+ ions start to enter the octahedral sites. Although
some Al3+ occupy octahedral sites in our Y3Fe5−xAlxO12
(x = 0.568, 0.783) films, the majority of Al3+ ions still
occupy tetrahedral sites as revealed by the monotonic
decrease of Ms by Al doping. The population of Al3+ occu-
pying tetrahedral sites (y) and octahedral sites (1 − y) can
be estimated using the following formula:

(3 − xy)mFe − [2 − x(1 − y)]mFe = Ms(x),

where mFe is the magnetization per unit volume of Fe3+

ions at 5 K. Using the Ms(x = 0) = 201 emu/cm3, mFe

can be determined as 201 emu/cm3. Thus, the population
of Al3+ occupying tetrahedral sites y can be obtained as
shown in Fig. 2(c). One can see, 99.2, 98.9, 94.2, and
88.4 at.% out of all the Al3+ ions occupy tetrahedral sites
in Y3Fe5−xAlxO12 (x = 0.187, 0.392, 0.568, 0.783) films,
respectively.

Figure 3(a) shows the schematic diagram of the Hall
measurements on our Pt/Y3Fe5−xAlxO12 devices at 5 K.
A source current of 1 mA is applied along the x direction
and the longitudinal voltage is measured by a nanovolt-
meter along the y direction. Simultaneously, an external
magnetic field ranging from 0.5 to −0.5 T is applied per-
pendicular to the film plane. The Hall resistance measured
at 5 K shows a nonlinear relationship with the external
magnetic field, as shown in Fig. 3(b), indicating that AHE
is observed in all samples. Figure 3(c) shows the pure
anomalous Hall resistance of Pt/Y3Fe5−xAlxO12 after sub-
tracting the linear ordinary Hall resistance part. Because
Y3Fe5−xAlxO12 is insulating for all Al concentrations, as
confirmed by four-probe electrical-resistance characteri-
zations, the RAHE is exclusively from the Pt layer. The
RAHE monotonically decreases with increasing Al3+ con-
centrations, suggesting a reduced magnetic moment in Pt.
Figure 3(d) shows the variations of RAHE and Ms as a
function of Al3+ ion populations in Y3Fe5−xAlxO12 in
comparison with the free-doping case. It is found that RAHE
decreases much faster than Ms. For the maximum Al3+
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FIG. 3. (a) Schematic diagram of
the Hall measurement set up. (b) The
Hall resistance of Pt/Y3Fe5−xAlxO12
devices measured at 5 K by PPMS.
(c) The anomalous Hall resistance
(RAHE) of Pt/Y3Fe5−xAlxO12 devices,
where the linear ordinary Hall resis-
tance part is subtracted. (d) Varia-
tions of the saturation magnetization
of Y3Fe5−xAlxO12 films and saturation
RAHE of Pt/Y3Fe5−xAlxO12 devices in
comparison with pure YIG systems.

ion concentrations of 0.783, Ms reduces to 60.2% of the
Pt/YIG case, compared to a 89.4% reduction of the AHE
signal. Such observations indicate that RAHE is not linearly
related to Ms of Y3Fe5−xAlxO12. Instead, the tetrahedral Fe
population may play the critical role of the observed AHE.

To determine the origin of RAHE, temperature depen-
dence of RAHE in Pt/YIG and Pt/Y3Fe4.8Al0.2O12 is char-
acterized in Figs. 4(a) and 4(b), respectively. In both
systems, the RAHE firstly decreases with increasing tem-
perature, then reaches 0 around 100 K, then increases with
a negative sign with further increasing temperature up to
room temperature. Similar RAHE-T dependence in Pt/YIG
has been reported by other researchers [10,23,38]. The
Curie temperature of YIG is about 560 K and is above
400 K with Al doping (x < 1) [39,40]. There is no anomaly
in the M-T curve both in YIG and Al : YIG around 100 K,
therefore, the RAHE sign changing around 100 K should
be independent of YIG or Al : YIG magnetization. From
previous studies, the RAHE can be originated from two
mechanisms: one is MPE, in which RAHE ∝ Mz [41,42]; the
other is SHE, in which RAHE ∝−Mz [4], where Mz = Cmz
is the induced magnetization in Pt, mz is the unit vector
along the out-of-plane orientation of magnetization, and
C is a constant. Meanwhile, the SHE in Pt/YIG shows
lower amplitude with decreasing temperature from 100 K
to lower temperatures, possibly due to a smaller spin Hall
angle value at lower temperatures [43], whereas the MPE-
induced magnetic moment in Pt increases with decreasing
temperature [44]. Based on the above considerations and
the experiment data, we may tentatively separate the phys-
ical origin of RAHE into three temperature regions: In the
low-temperature region (<20 K), RAHE quickly decreases

with increasing temperature, indicating a dominant MPE-
induced AHE over SHE; in the intermediate temperature
region (50–100 K), the two mechanisms caused RAHE with
similar amplitude but opposite signs. In addition, the total
RAHE approaches 0; in the high-temperature region, SHE
is the dominant contributor to RAHE and the net RAHE
shows an opposite sign to that at low temperatures. It
should be noted that the sign change of RAHE with tem-
perature has also been interpreted as a sign change of
the imaginary part of the spin-mixing conductance Gi or
a sign change of MPE in previous reports [23,38]. This
difference may be attributed to different Pt/YIG inter-
face lattice structures of different samples. Nevertheless, a
consensus of the increasing RAHE with decreasing temper-
ature at the low-temperature region should be dominated
by MPE [14,24,25,42]. Figure 4(c) shows the saturated
RAHE in Pt/Y3Fe5O12 and Pt/Y3Fe4.813Al0.187O12 devices
at various temperatures. At low temperatures below 20 K,
the RAHE of Pt/Y3Fe4.813Al0.187O12 is smaller than that
of Pt/Y3Fe5O12 at the same temperature. In addition,
RAHE reaches 0 at a temperature lower than 100 K in
Pt/Y3Fe4.813Al0.187O12, while it reaches 0 at a tempera-
ture higher than 100 K in Pt/Y3Fe5O12. Therefore, Al3+

doping can decrease the MPE-induced RAHE in Pt/YIG.
To verify MPE and SHE contributions at different tem-
peratures, the angle-resolved magnetoresistance MRxx of
the Pt/YIG sample at 10 and 300 K are measured, as
shown in Fig. 4(d). During the measurement, the magnetic
field is kept to 2 T and paralleled to the source cur-
rent direction, and then rotated from in-plane to out-plane
direction (x-z plane, see inset figure). It is clear that MRxx
is cosine dependent on the angle γ at 10 K; however, there
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FIG. 4. (a),(b) Anomalous Hall
resistance (RAHE) of Pt/Y3Fe5O12
and Pt/Y3Fe4.813Al0.187O12 devices
measured at different temperatures,
respectively. (c) Comparison of the
saturated RAHE in Pt/Y3Fe5O12 and
Pt/Y3Fe4.813Al0.187O12 devices at
various temperatures.

is no dependence on γ at 300 K, which indicates AMR
(originates from MPE) and SMR (originates from SHE),
respectively [3]. Therefore, MPE and SHE is the domi-
nant mechanism of interfacial interaction at low and high
temperatures, which also reflect on the AHE differences.

The above argument is further supported by analyzing
the relationship between RAHE and R0 at different tem-
peratures, as shown in Fig. 5, where R0 is the intrinsic
resistance of the Pt Hall bar. In previous studies, it has
been observed that RAHE of the magnetic metal materi-
als with high conductivity is proportional to R0 and R2

0
at low and high temperatures due to skew scattering and
the side-jump mechanism, while the SHE-induced RAHE
is proportional to R2

0 at any temperature [4,41]. In Fig. 5,
both in Pt/Y3Fe4.813Al0.187O12 and Pt/Y3Fe5O12, RAHE
is approximately linear dependent on R0 when T < 20 K
and has a quadratic relationship to R0 when T > 100 K.
Therefore, in Pt/Y3Fe5−xAlxO12, MPE is considered as

the dominant contribution to RAHE (T < 20 K). At high
temperature, both MPE- and SHE-induced RAHE can be
proportional to R2

0 and it is hard to distinguish MPE and
SHE contributions. However, combining the experimental
results of sign changing in RAHE around 100 K, we can
expect the SHE is the predominant factor, otherwise, RAHE
should still be a positive value at high temperature.

To verify that Al3+ doping of tetrahedral Fe3+

indeed influences the MPE, first-principles calculation
is carried out to study the interface magnetism in
Pt/Y3Fe5−xAlxO12. Figure 6(a) shows the calculation
models of the Pt(100)/Y3Fe5−xAlxO12(100) heterostruc-
tures. A 15-Å-thick vacuum layer is inserted to avoid
the interaction between two cells. We first substitute one
tetrahedron Fe3+ to Al3+ in one of the five termination
layers Y1, Y2, Y3, Y4, and Y5, namely Al(Y1), Al(Y2),
Al(Y3), Al(Y4), and Al(Y5), respectively. These cases
correspond to an Al3+ dopant concentration of x = 0.18,

(a) (b) FIG. 5. RAHE versus the intrin-
sic resistance of Pt Hall bars
(R0) in (a) Pt/Y3Fe5O12 and (b)
Pt/Y3Fe4.813Al0.187O12 at various tem-
peratures. Red and green lines assume
a linear and quadratic relationship
between RAHE and R0, respectively.
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FIG. 6. (a) Schematic diagram of the
Pt(100)/Y3Fe5−xAlxO12(100) unit cell.
A 15-Å-thick vacuum layer is inserted
to avoid the interaction between two
cells. (b) The calculated average mag-
netic moment per Pt atom in each
of the four Pt layers in Pt/YIG after
introducing one Al3+ impurity (dashed
line) or Fe3+ vacancy (solid line) at
the same tetrahedron sites in YIG. (c)
Experiment RAHE versus the calculated
average magnetic moment per Pt atom
in Pt/Y3Fe5−xAlxO12(100) heterostruc-
tures.

which is closed to the experimental case of x = 0.187. We
also made a comparison with the case where Al3+ ions are
replaced by tetrahedral Fe vacancies. Figure 6(b) shows
the average magnetic moments per Pt atom in each of
the four Pt layers for the Al(Y1), Al(Y2), and Al(Y3)

cases, respectively. Introducing Al3+ clearly decreases
the MPE-induced magnetic moments in Pt, which is

comparable to the case of introducing one tetrahedral Fe3+

vacancy at the same location. We extended this calcula-
tion to high Al3+ dopant concentrations. Table I shows
the average magnetic moments (M Pt) over all Pt atoms
with different Al3+ doping concentration and locations.
The Al concentrations are x = 0, 0.18, 0.36, and 0.54 (cor-
responding to 0, 1, 2, 3 Al3+ ions in each termination layer,

TABLE I. Calculated magnetic moments per Pt atom (M Pt) in Pt/Y3Fe5−xAlxO12 with different Al3+ ion locations [see Fig. 5(a)].
�M is the variation in M Pt compared with the x = 0.0 case. MPt and �M are averaged overall different ion locations.

Al3+ Concentration Location M Pt (µB) �M MPt (µB) �M

x = 0.0 - 0.071 - 0.071 -
x = 0.18 Y1 0.031 −56.3% 0.054 −23.9%

Y2 0.048 −32.4%
Y3 0.057 −19.7%
Y4 0.064 −9.8%
Y5 0.068 −4.2%

x = 0.36 Y1 0.008 −88.7% 0.033 −53.5%
Y2 0.018 −74.6%
Y3 0.032 −54.9%
Y4 0.043 −39.4%
Y5 0.062 −12.7%

x = 0.54 Y1 −0.022 −131.0% 0.015 78.9%
Y2 −0.007 −110.0%
Y3 0.017 −76.1%
Y4 0.031 −56.3%
Y5 0.058 −18.3%
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respectively), close to experiment values of x = 0, 0.187,
0.392, and 0.568, respectively. One can see the induced
magnetism of Pt decreases more with the Al3+ ions mov-
ing closer to the Pt/Y3AlxFe5−xO12 interface. (We did not
consider the influence of Al ions farther than five atomic
layers from the Pt/YIG interface to MPE as they con-
tribute 1 order less than the interface Al ions.) By assuming
Al3+ ions are homogeneously distributed in YIG, they
have the same probability to appear at any of the Y1–Y5
layers. Therefore, for a certain dopant concentration, we
define MPt and �M as the average value of M Pt and �M
over all Y1–Y5 cases, revealing the effect of a random
distribution of Al3+ doping on MPE of Pt/YIG. We can
see with increasing Al3+ concentrations, MPt decreases
rapidly, leaving only 21.1% when x = 0.54 compared to
the Al3+ dopant-free case. If RAHE at 5 K, as shown in
Fig. 3(b), is mainly due to the MPE of Pt/Y3Fe5−xAlxO12,
we should have RAHE(MPt) = βMPt for the ferromagnetic
Pt, where MPt is the average magnetization of Pt atoms
and β is a magnetization-independent parameter [41,42].
We plot the measured RAHE as a function of the calculated
MPt, as shown in Fig. 6(c). (Here we assume the Al con-
centrations are the same as the experiment values and Al
only occupies the tetrahedral sites, which is generally true
based on our experimental analysis.) Clearly, we observe
a linear relationship between MPt and RAHE, as shown by
the linear-fitting red line. From the linear-fitting results, the
parameter β can be solved to be 87.3 m�/µB, i.e., introduc-
ing 1 µB magnetic moment per atom to Pt by MPE can lead
to 87.3 m� of RAHE. The good linear fitting between and
RAHE further confirms the origin of RAHE from MPE at low
temperatures.

IV. CONCLUSION

In summary, AHE in Pt/Y3Fe5−xAlxO12 is studied in
this paper. Al3+ ions preferentially substitute the tetrahe-
dral Fe3+ ions, leading to reduced MPE and lower AHE.
Compared to Pt/Y3Fe5O12, the saturation anomalous Hall
resistance RAHE in Pt/Y3Fe5−xAlxO12 decreases by 24.2,
62.1, 83.3, and 89.4% with Al3+ doping concentrations
of x = 0, 0.187, 0.392, 0.568, and 0.783 at 5 K, which
shows a linear relationship with the magnetic proxim-
ity effect-induced magnetic moments in Pt as calculated
using the first-principles calculation method, with a slope
factorβ of 87.3 m�/µB. This proximity effect-induced
RAHE quickly decreases with increasing temperature in
Pt/Y3Fe5−xAlxO12, leading to a dominant SHE-induced
AHE at temperatures above 100 K. Our results demon-
strate that tetrahedral Fe3+ ions are the main contributors
to the MPE and AHE at Pt/Y3Fe5O12 interfaces at low
temperatures.
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