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The magnetic proximity effect in Pt and W thin films grown on Dy;FesO;, (DylIG) is examined at tem-
peratures above and below the magnetic compensation temperature of the ferrimagnetic insulator. Polarized
neutron reflectometry indicates that the proximity effect is positive in Pt/DyIG both above and below the
compensation temperature, and x-ray magnetic circular dichroism shows a weak positive W magnetization below
compensation in W/DyIG. This demonstrates a qualitative difference compared to heavy metal/ferrimagnetic
rare earth—transition metal alloys, where the proximity-induced magnetism of the heavy metal changes sign at

the compensation temperature. Reflectometry, structural, and spin transport measurements show that depositing
the heavy metal film on the ferrimagnetic insulator in situ without breaking vacuum avoids the formation of a

low density interfacial layer between the Pt and DyIG.

DOI: 10.1103/PhysRevB.104.094403

I. INTRODUCTION

The magnetic proximity effect (MPE) occurs in het-
erostructures comprised of nonmagnetic heavy metals (HMs)
and magnetic materials. A thin interfacial region in the non-
magnetic metal acquires an induced moment via exchange
with the magnetic layer. Proximity effects have been stud-
ied in several nonmagnetic metals which are close to the
Stoner criterion, including Pt [1-3], Pd [4,5], Ir [6], and W
[6-8], coupled to a variety of magnetic materials including
transition metals (Fe [4,9], Co [2,10,11], Ni [1,9]), chalco-
genides [12,13], ferrimagnetic rare earth—transition metal
alloys [14], and ferrimagnetic-insulator spinels [15,16] and
garnets [3,7,17-23].

HM/magnetic heterostructures, particularly those includ-
ing Pt, are of current technological interest. The spin current
resulting from a charge current in the HM can be injected
into the magnetic layer leading to current-induced switching
[24,25], skyrmion generation and manipulation [26], and fast
domain wall motion [27], and spin current injected from a
magnetic layer into the HM can be detected by the inverse
spin Hall effect. Magnetism induced in the HM via the MPE
contributes to the magnetoresistance of the HM and couples
to the magnetic moment of the ferromagnet, making MPE an
important factor determining the behavior of HM/magnetic
heterostructures, especially at low temperatures where MPE
is stronger. In HM/magnetic metal heterostructures the MPE
has been attributed to the magnetic polarization of the mo-
bile conduction electrons. Studies of HM/rare earth—transition
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metal alloys have suggested that the MPE may be related
to a Ruderman-Kittel-Kasuya-Yosida (RKKY) type interac-
tion between the d electrons of the transition metal and the
heavy metal, with the rare earth having little influence on the
MPE [14,28]. However, in HM/magnetic-insulator bilayers,
the lack of mobile electrons in the magnetic layer requires
that the MPE have a different origin, likely related to a su-
perexchangelike interaction with magnetic cations near the
surface. First principles calculations in graphene/Y3;FesOi,
[29] and Pt/CoFe,04 [30] have shown that a magnetic insu-
lator modifies the band structure of graphene or Pt to induce
proximity effects via interactions with the Fe ions nearest the
interface.

There have been several studies of MPE in heavy metals
grown on the prototypical magnetic garnet, yttrium iron garnet
(YIG), but disagreement exists about the strength of the MPE.
For example Geprigs et al. did not observe any induced mo-
ment in Pt/YIG at 300 K whereas Lu ef al. report a measurable
MPE in Pt/YIG at 300 and 80 K [18,19,31]. Differences in
MPE originate from the interface quality and growth method
[31,32]. First principles calculations have shown that surface
termination, vacancies, and crystallographic orientation in
YIG can affect the strength of the MPE [33], and Jungfleisch
et al. have shown surface cleanliness prior to Pt deposition
can affect the spin mixing conductance by more than two
orders of magnitude [34]. Intermixing between the magnetic
layer and the HM can also lead to the formation of an interfa-
cial magnetic alloy such as Fe,Pt;_, [31]. In such alloys the
HM moment originates from the polarization of HM atoms
by magnetic species within the structure, as opposed to the
case of MPE where polarization originates from an adjacent
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magnetic layer, and the alloys are characterized by high Curie
temperatures and a monotonic increase in magnetization with
decreasing temperature [35,36].

Studying the MPE in heavy metals adjacent to multi-
sublattice ferrimagnetic materials [37] near the magnetic
compensation temperature (7y) [38] provides insight into
the origin of MPE. Changes in the sign and magnitude of
the MPE through the compensation temperature have been
examined in Pt/rare earth-transition metal alloy/Pt trilayers,
where the induced Pt moment was found to couple parallel to
the transition metal sublattice at all temperatures [14]. In rare
earth—transition metal alloys, the transition metal dominates
the electronic and magnetotransport properties. The rare earth
4f orbitals are highly localized and located well below the
Fermi level, while the transition metal 3d conduction elec-
trons more easily hybridize with the heavy metal [14,39,40].
This explains why the transition metal dominates the MPE,
which changes sign at Ty.

Analogous experiments on MPE of HM/magnetic-
insulator heterostructures are rare because the commonly
studied ferrimagnetic oxides (YIG and CoFe,0,4) do not ex-
hibit compensation temperatures. Shao et al. [7]. examined
MPE in W/TmIG (thulium iron garnet) bilayers, showing a
negative MPE, i.e., antiparallel coupling of the W moment to
the net TmIG moment above the compensation of Ty = 75 K,
a temperature range where the magnetic moment of the gar-
net is dominated by the tetrahedral Fe3* sublattice [7]. The
MPE was not directly characterized below Ty, although Hall
measurements suggested MPE changed sign below Ty;. The
existence of a Ty may indicate nonideal stoichiometry [41],
since bulk TmIG does not show a compensation temperature.
In contrast, Pt/YIG exhibits a positive MPE [42], suggesting
that W and Pt exhibit opposite signs of MPE when coupled to
magnetic insulators, the same trend seen in W and Pt coupled
to magnetic metals [6].

These results motivate an examination of MPE in a
HM/magnetic insulator both above and below Ty to better
understand how the proximity magnetism of the HM couples
to the ferrimagnet sublattices. Comparisons may be made
with other interfacial magnetic phenomena such as spin trans-
port at HM/magnetic-insulator interfaces. A sign change has
been observed in the anomalous Hall effect-like (AHE) spin
Hall magnetoresistance (SMR) in Pt/TbIG(terbium iron gar-
net)/gadolinium gallium garnet(GGG) films at Ty, and the
spin mixing conductance has little dependence on the rare
earth ion for several Pt/rare earth garnets [43—45], suggesting
that spin transport across the HM/magnetic-insulator interface
is dominated by the Fe sublattices.

MPE has been characterized by x-ray magnetic circular
dichroism (XMCD [1,3,11]) and polarized neutron reflec-
tometry (PNR [7,9]) to measure the magnetic moment of
the HM, and by indirect measurements based on magne-
toresistance (MR [17,46]). In particular, PNR allows for
extraction of depth dependent composition and the in-plane
component of the magnetization through specular reflection of
spin-polarized neutrons. This allows for simultaneous, quanti-
tative determination of the physical, interfacial, and magnetic
structure [47,48]. XMCD complements PNR by providing
elemental specificity due to the tunable energy of synchrotron
radiation.

In this paper we report the MPE of Pt/dysprosium iron
garnet (DyIG) heterostructures measured using PNR both
above and below the compensation temperature. DyIG was
selected due to its easily accessible compensation temperature
of ~220 K in bulk, and because it exhibits an in-plane mag-
netic easy axis when grown epitaxially on gadolinium gallium
garnet (GGG) substrates [38,44] which is convenient for PNR
characterization. We compare these results with XMCD mea-
surements of MPE in W/DyIG heterostructures. Further, we
characterize the effect of ex situ vs in situ deposition of the HM
by comparing MPE in Pt/DyIG in which the Pt was deposited
with or without breaking vacuum after growth of the DyIG.

II. METHODS

DyIG (111) films were grown on a GGG substrate by
pulsed laser deposition (PLD) from a bulk DyIG target made
by solid oxide sintering methods [49]. A 248-nm KrF excimer
laser with a fluence of 2.0J/cm? and repetition rate of 10 Hz
was used to ablate the target. The DyIG film was grown in
150-mTorr (20 Pa) O, at 650°C and cooled in 150 mTorr
O, at a rate of 10°C/min. After cooling the DyIG to room
temperature, Pt was deposited in situ by DC magnetron sput-
tering in the same chamber with an argon pressure of 5 mTorr
(0.7 Pa) and 30 W power, at a base pressure of 1 x 1076 Torr
(1 x 10~*Pa). W (B phase) was sputtered in situ at 5 mTorr
(0.7 Pa) and 100 W power at room temperature. For compar-
ison, another sample of DyIG/GGG underwent structural and
magnetic characterization before it was cleaned via sonication
in acetone and isopropyl alcohol immediately prior to ex situ
Pt deposition in a separate sputter chamber (5 x 107 Pa base
pressure, 0.7-Pa Ar pressure, 50 W power). High resolution
x-ray diffraction (HRXRD) and x-ray reflectivity (XRR) were
collected with a Bruker D8 Discover diffractometer with a Cu
Ko source. Magnetic hysteresis loops were measured with a
Digital Measurement Systems Vibrating Sample Magnetome-
ter (VSM) Model 1660. Anomalous Hall effect-like (AHE)
spin Hall magnetoresistance (SMR) was measured with a
standard lock-in technique [50] after patterning the Pt/garnet
bilayer into Hall crosses (200 um x 20 pum) using optical
lithography and ion beam etching.

PNR measurements were performed at the NIST Center for
Neutron Research using the Polarized Beam Reflectometer.
Incident neutrons were polarized parallel or antiparallel to the
200-mT applied in-plane magnetic field, and the non-spin-flip
reflectivity cross sections (R*" and R~~) were collected. Re-
flectivity data were collected at 10, 200, 240, and 300 K. A
model consisting of the structure GGG/DyIG/Pt/Pt2(/surface
adsorbate) was developed, and the data were fit simultane-
ously so that the thickness and interface roughness of the
layers were consistent across the temperature range, allowing
only the magnetic components to vary. A thin, low scattering
length density surface layer was included with the 10-K model
fitting to account for gases that had condensed on the sample
surface during cooling. The model subdivides the Pt into two
layers (Pt and Pt2) which were allowed to have slightly dif-
ferent scattering length densities (SLDs) and interface widths
at 10 K, which we attribute to the gases adsorbing in the less
dense and more columnar upper Pt2 layer. The thicknesses,
SLDs, and scattering length densities of the Pt and Pt2 layers
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FIG. 1. (a)—(c) Characterization of the in situ grown Pt(9 nm)/DylG(54 nm)/GGG sample. (a) High-resolution XRD of the DyIG/GGG
(444) reflection. (b) In-plane room temperature VSM hysteresis loop. (c) Saturation magnetization vs temperature for DyIG/GGG; red dashed
lines indicate extrapolation from experimental data. Blue vertical dashed line indicates the bulk value of 7y. (d) In-plane room temperature
AHE-like SMR on the in situ grown W(5 nm)/DyIG(42 nm)/GGG sample. ADF-STEM images of the (e) Pt/DyIG and (f) DyIG/GGG interfaces

of the in situ grown Pt(9 nm)/DyIG(54 nm)/GGG sample.

are fixed in the 200-, 240-, and 300-K models. Spin asymme-
try was calculated as the normalized difference between the
non-spin-flip polarization states (R** — R™7)/(RT™ + R~ 7).
The REDUCTUS and REFL1D software packages were used to
reduce the raw data and fit the models, respectively [51,52].

XMCD measurements were done at the Advanced Photon
Source at Argonne National Laboratory using the 4-ID-C
beamline for the Fe L, 3, Dy M4 5, and O K edges, and the
4-ID-D beamline for the Pt L, and W L3 edges. A £0.5-T
(Fe, Dy, O) or £0.05-T (W, Pt) in-plane field was applied to
saturate the samples. Total fluorescence yield (TFY) data were
collected at all edges. XMCD measurements were performed
by alternating both photon helicity and magnetic field direc-
tion so that the x-ray absorption spectra (XAS) was collected
for all four configurations: (+photon+Field)> (+Photon—Field)»
(—PhotonTField)> and (—photon—Field)- S/TEM sample prepara-
tion was done using a FEI Helios Nanolab G4 dual-beam FIB.
The Pt/DylG/GGG wafer was sputtered with a 40-nm layer
of carbon to protect the top surface during FIB cross-section
lamella cutting. S/TEM imaging and EDX mapping were per-
formed using an aberration-corrected FEI Titan G2 60-300
STEM equipped with a Schottky extreme field emission gun,
CEOS DCOR probe corrector, and a Gatan Enfinium ER
spectrometer. STEM measurements were carried out at 200
kV accelerating voltage, 25.5 mrad probe convergence angle,
and at 130 mm camera length.

III. RESULTS

A. Structural and magnetic characterization

High resolution x-ray diffraction around the DyIG (444)
reflection of an in situ grown Pt(9 nm)/DyIG(54 nm)/GGG
film is shown in Fig. 1(a), indicating high crystalline quality

of the DyIG and a larger out of plane lattice parameter than
that of the substrate. Reciprocal space maps (RSMs) of similar
films, as well as TEM images, show a coherent interface
between DylG and GGG. The bulk lattice parameter of DyIG
(1.2405 nm) exceeds that of GGG (1.2376 nm) and the film is
under in-plane compressive strain [43,45]. Annular dark-field
scanning transmission electron microscopy (ADF-STEM) im-
ages show a sharp interface transition between the DyIG and
Pt layers [Fig. 1(e)], with a rougher top surface of the Pt.
The in situ, low energy Pt deposition via sputtering results
in little interdiffusion and disorder at the surface of the DyIG
film, similar to other results in Pt/YIG and Pt/TmIG [53,54].
Previous TEM of Pt/garnet where the Pt has been deposited
ex situ have shown a darker layer or voids indicating the
presence of carbon-based contamination between the garnet
and platinum, which limits the direct contact between the Pt
and magnetic layer [55]. At the bottom interface, an epitaxial
growth of the DyIG on GGG is evident, with no observable
dislocations or defects [Fig. 1(f)].

The TEM and PNR both indicate the presence of a rough
upper surface of the sputtered Pt layer, dubbed Pt2. The sput-
tering source is mounted at an angle of 45 ° to the substrate
normal, resulting in a shadowing effect that leads to increased
roughness compared to normal incidence deposition, even
when the sample is rotated during growth. The roughness
and waviness in the Pt layer seen in the TEM is larger than
observed in the PNR and AFM, which we attribute to partial
delamination occurring during the focused ion beam (FIB)
milling used for sample preparation.

A typical room temperature VSM in-plane hysteresis loop
in Fig. 1(b) indicates a saturation magnetization of 25 kA/m
and coercivity of 0.3 mT. The in-plane easy axis is a result of
both the shape anisotropy and the magnetoelastic anisotropy
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FIG. 2. XAS and XMCD for (a), (b) Fe L, 3, (c), (d) Dy M4 5, (e), (f) W L3, (g), (h) Pt L, edges. Panels (a)—(f) were collected on the in situ
grown Pt/DyIG/GGG sample and (g) and (h) on the in situ W/DyIG/GGG sample.

[44]. The magnetostriction coefficient A;j; is negative and
favors in-plane magnetization when the film is in compression
in plane. The compensation temperature of the Pt/DylIG/GGG
bilayer was 220 K [Fig. 1(c)], in agreement with the value for
bulk DyIG. This differs from the Ty of 190 K measured for
DyIG/GGG in our recent work [44] which was likely lower
due to a processing-dependent change in Dy:Fe ratio [43,56].
The anomalous Hall effect-like (AHE) spin Hall magne-
toresistance (SMR) was measured in plane on an in situ grown
W( nm)/DyIG(42 nm)/GGG Hall cross. The two minima in
Fig. 1(d) correspond to the coercivity in the patterned film as
the magnetization reverses in plane. The coercivity in both
VSM hysteresis loops and SMR is low, poH. = 0.3 and 0.8
mT respectively, indicating few pinning sites impeding do-
main wall motion. The SMR data illustrates spin transport at
the interface of in situ W/DyIG which is relevant for device
applications of garnet/heavy metal heterostructures.

B. X-ray magnetic circular dichroism

X-ray magnetic circular dichroism enables the magnetic
characterization of garnets and heterostructures with both ele-
mental and site specificity, making it possible to compare the
orientation of the magnetic moment of the Pt to that of the
octahedral and tetrahedral Fe and the rare earth sublattices.
First, dichroism was measured at the Fe L, 3 and Dy My
edges above and below Ty for a Pt(9 nm)/DyIG(54 nm)/GGG
sample deposited simultaneously with the sample used for
the PNR measurements. The pre-edge region of the x-ray
absorption spectra [XAS, Figs. 2(a), 2(c), 2(e), and 2(g)] was
set to zero and the post-edge region of the data was scaled to
1. The XMCD was scaled by the same factor as the XAS. The
signs of the Fe [Fig. 2(b)] and Dy [Fig. 2(d)] XMCD reverse
from 160 to 300 K, as the DyIG passes through its compen-
sation temperature. The Dy plus octahedral Fe have the larger
moment below Ty, while the tetrahedral Fe dominates above

Tv- No XMCD is observed at the O K edge, as expected for
the garnets (see the Supplemental Material [57]).

Measurements of the Pt L, edge XMCD [Fig. 2(h)] de-
tected no dichroism above the noise floor across a temperature
range 20-240 K. While detection of any Pt XMCD may have
been inhibited by interference from the Ga Ko peaks at the
stronger Pt L3 edge [58], it is more likely due to averaging
over the entire 9-nm-thick Pt layer. The TFY data sample the
entire 9-nm film to some degree, and the detected XMCD
magnitude indicates the average moment per Pt. The lack of a
clear dichroism signal likely indicates that any MPE must be
confined to the first few nm near the interface. This constraint
is considered in the PNR modeling.

XMCD was also probed from a W(5 nm)/DylG(42
nm)/GGG heterostructure at the W L3 edge. A weak dichroism
[Fig. 2(f)] was detected at 20 K, but not at 200 K. This
temperature dependence is attributed to the lower maximum
temperature of the W MPE, which has been reported pre-
viously [7]. The integrated W XMCD is consistent with a
positive MPE, while previous measurements of Co-W alloys
found that the induced moment of the W is antiparallel to the
Co moment [8]. A positive MPE in W/DyIG would contrast
with the negative MPE observed in W/TmIG by Shao et al.
at the W N3 edge [7]. These divergent results may originate
from differences in Fe site occupancy in the garnet films. The
surface sensitive total electron yield XMCD measurements
of Shao er al. at the Fe L; edge revealed a larger contribu-
tion from the tetrahedral Fe site relative to the octahedral Fe
compared to previous work on TmlIG films without a compen-
sation temperature [45].

By comparing the amplitude of the normalized XMCD sig-
nal in Fig. 2(f) with that of literature values [8,18], an estimate
of the W moment can be obtained. The signal obtained here
is approximately three times lower than that of Figeuroa et al.
[8], indicating a moment of at most 0.009 ug/W atom. Note
that this value assumes a uniform magnetization distribution
within the W, which is unlikely for an MPE. More likely, any
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FIG. 3. (a) Fitted polarized neutron reflectometry curves and (b)
spin asymmetry of in situ Pt(9 nm)/DylG(54 nm)/GGG at 10, 200,
240, and 300 K. Vertically offset for clarity. Error bars are represen-
tative of lo.

net moment is concentrated near the interface, but a more
accurate calibration would require a detailed depth profile.
Using the published value of the paramagnetic susceptibility
of W [59], the 0.05-T applied field results in a paramagnetic
moment of ~4 x 1077 ug/W atom across the temperature
range of interest, i.e., paramagnetism cannot account for the
measured W moment.

C. Polarized neutron reflectometry

Polarized neutron reflectometry is sensitive to the depth
dependence of the composition, density, interface roughness,
and in-plane component of the magnetization. PNR was col-
lected on an in situ grown Pt/DylG/GGG film at a low
temperature where the MPE is expected to be the strongest
(10 K), just below Ty (200 K), just above Ty (240 K), and
at 300 K. Based on previous PNR studies of garnet thin films
[44,60,61], a four-layer model was developed that incorpo-
rated an interdiffused region with the GGG substrate with an
interface width of <5 nm, consistent with TEM. The reflec-
tivity and fitted curves are shown in Fig. 3(a). The real and
imaginary scattering length densities (SLDs) for GGG were
fixed to the theoretical values calculated from bulk GGG prop-
erties. A satisfactory agreement is obtained across the data
range, with x? = 10.24. The error bars become large at high
Q7 due to the signal approaching the background noise level.
The spin asymmetry [Fig. 3(b)] highlights the magnetism in
the system demonstrating that the model accounts well for
both the structural and magnetic components.

The depth profiles (Fig. 4) for the real and imaginary
components of the structural SLD (rho and irho, respectively,
representing density and absorption) show constant values
within the DyIG and Pt layers, close to the calculated bulk

ex situ

[}
—
Km
~

f GGG GIG DyIG
o 41 !
A ! ——rho
2 5] ' ——irho
0 200 400
z (A)
8 1
(b) in situ
< 6 , ——rho 10K
< | irho 10 K
4] | - - rho 200-300 K
= - - irho 200-300 K

DyIG Pt P2
— 10K
—— 200K (x10)
- - 240K (x10)
——300K (x10)

DyIG \Pt Pt2

200 400 600 800
z (A)

FIG. 4. Structural scattering length density profile of (a) ex situ
and (b) in situ grown Pt(9 nm)/DyIG(54 nm)/GGG. rho and irho rep-
resent the real (density) and imaginary (absorption) components of
the structural SLD. (c) Magnetic SLD of in situ sample, representing
the magnetization.

values. The difference in the nuclear SLD profiles for the Pt
and Pt2 layers between 10 K and higher temperature is very
small, and the surface layer is only necessary for fitting at
10 K to account for adsorbed gases. The irho profile shows
neutron absorption is significant only in the GGG substrate,
as expected for this heterostructure. Perhaps the most impor-
tant feature is the smooth and narrow transition between the
DylG and Pt layers, indicating a clean interface with intimate
contact between the magnetic insulator and heavy metal. The
Pt2 layer proved to be necessary to account for the roughness
of the top of the Pt. This rough, lower density Pt layer is
corroborated by TEM.

A comparison is shown in Fig. 4 with a Pt/DyIG structure
with the Pt deposited ex situ after the DyIG film was char-
acterized [Fig. 4(a) and Supplemental Material Figs. S13 and
S14 [57]]. There is a large decrease in the SLD at the surface
of the DyIG indicating the presence of a low density region
and implying less direct contact between the Pt and the garnet
surface. The interfacial contamination also added a great deal
of complexity to the fitting of the data to account for the
sharp drop in SLD. Due to this, several degenerate solutions
to the magnetic SLD were obtained which were not physically
realistic. Previous studies have also observed a dip in the
SLD between the garnet and Pt when the metal is deposited
ex situ, due to the formation of a binary rare-earth oxide or
carbon-based contamination [60,62]. Alternative PNR models
of the ex situ deposited sample are presented in Supplemental
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TABLE 1. Table of x? values, MPE magnitude, and MPE depth adjacent to the interface for the four models of the in situ PYDyIG/GGG
film, listed in the order presented in the text. The magnetism for the exponential decay model follows an exponential profile, so the pg/Pt atom

values are calculated as an average over the first nm from the interface.

Description of model

x> Temperature (K) up/Ptatom (20) MPE depth (nm) (20)

Constrained structural model [Figs. 3, 4(b) and 4(c)]

MPE constrained to maximum depth of 3 nm (Figs. S5 and S6)

MPE constrained to exactly 3 nm, structure relaxed (Figs. S7 and S8)

Constrained structure, no MPE (Figs. S9 and S10)
Exponential decay of MPE (Figs. S11 and S12)

10.24 10 0.22 +£0.01 9.6 0.2
200 0.007 £ 0.003 44+£2.0
240 0.005 + 0.004 1.8£2.0
300 0.014 £ 0.005 22420

10.54 10 0.129 £ 0.034 28+£02
200 0.037 £ 0.037 1.3£1.2
240 0.008 £ 0.042 14+1.4
300 0.030 £ 0.021 20+1.1

9.71 10 1.080 + 0.024 3.0
200 0.027 £ 0.007 3.0
240 0.026 + 0.008 3.0
300 0.057 £ 0.009 3.0

13.30

10.20 10 0.939 +0.024 5.6 £0.1
200 0.035 £ 0.009 0.2£0.1
240 0.038 £ 0.011 0.2+0.1
300 0.076 £ 0.015 0.5+0.1

Material Figs. S15-S18 providing justification for the inclu-
sion of the interdiffused GIG layer and the intermediary Pt
layer. Table S1 of the Supplemental Material [57] shows that
the model presented in Figs. 4(a), S13, and S14 that includes
these features represents the best fit.

The magnetization profiles determined from PNR fitting
are shown in Fig. 4(c). The magnetization in the DyIG layer
shows negligible dead layers at the top and bottom surfaces,
with saturation values that correspond well to magnetometry
data at 200, 240, and 300 K, and to prior data at 10 K [38].
The model used for fitting the data allowed for the Pt layer to
be magnetic, and to couple parallel or antiparallel to the DyIG
magnetism, with independent values of magnetic moment at
each temperature. A top magnetic dead layer in the Pt was also
incorporated to account for the MPE existing only near the
garnet interface. A paramagnetic contribution from the GGG
substrate was also included, which varies as 1/7.

Using this model, a positive MPE in Pt was detected at 10
and 300 K. The MPE at 10 K yields 0.22 ug /Pt £ 0.01 ug /Pt
atom (20 ), comparable to other reports of induced magnetism
in Pt at low temperatures [1,63]. At 300 K the MPE strength
is 0.014 pup /Pt £ 0.005 g /Pt atom (207). At 200 and 240 K,
it is not possible to say there is a measurable MPE due to
the low MPE strength and the overlap of the uncertainty with
zero. However, the fit is inconsistent with a negative MPE at
any of the four temperatures. The PNR was measured under
a 200-mT in-plane field, which is not strong enough to affect
the orientation of the Pt moment with respect to the DyIG
moment (previous work on the MPE has been measured in
fields > 1T) [6]. As the MPE is positive above and below
compensation, we conclude that Pt/DyIG does not show a sign
change in the Pt MPE, in contrast to the Pt MPE in Pt/rare
earth transition metal bilayers [14].

The fitted magnetization profile at 10 K in Fig. 4(c) sug-
gests that nearly all of the Pt is magnetic at low temperatures.
This is not consistent with the known exponential decay of
MPE away from the interface [58], nor with the XMCD

measurements described above on an identical heterostructure
which did not demonstrate any dichroism at 20 K, attributed to
the large thickness of the Pt layer. To examine this further, the
10-K data were fit independently of the other temperatures,
and the penetration depth of the MPE converged to ~3 nm
into the Pt layer (Supplemental Material Figs. S3 and S4).
Using this information, we restricted the depth of the MPE
to a maximum of 3 nm and refit the data at all temperatures,
which resulted in a slightly worse agreement with to the re-
flectometry data (Supplemental Material Figs. S5 and S6). To
improve the structural fit, a third model was generated that
allowed the DyIG/GGG and Pt/Pt2 interface widths to vary at
10 K and fixed the depth of the MPE at 3 nm. The justification
for this is to account for a misalignment at high O, at low
temperature and to improve the value of x 2 obtained (Supple-
mental Material Figs. S7 and S8). The X2 values, MPE values,
and MPE depths from each model are shown in Table 1.

When comparing alternative models, the two key results
that the MPE is positive at 10 and 300 K and that the model
does not indicate a negative MPE at any of the measured
temperatures are robust. The models used in this study are
more sensitive to the total Pt moment in the system than to the
distribution of the moment in the Pt layer. This is particularly
evident at 10 K, where restricting the MPE to a depth of 3
nm increases the Pt moment to an unphysically large value
(1.08 ug/Ptatom). The true distribution of the Pt moment
is most likely a middle ground between these two models,
decaying exponentially away from the interface.

The true distribution of the Pt moment most likely decays
with distance from the interface. To explore this, an additional
model was created in which there is an interfacial Pt layer
that has a magnetization falling off exponentially from the
DylG interface. We find that the resulting fits (Supplemental
Material Fig. S11) are nearly identical to those shown in Fig. 3
both in x? and quality of fit by eye. The magnetic scattering
length density profiles for the slab [Fig. 4(c)] vs exponen-
tial decay (Supplemental Material Fig. S12) also converge
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to strikingly similar models, which suggests we are unable
to distinctly select one model over the given Q range and
data uncertainties, and the two fits cannot be meaningfully
distinguished.

Finally, a model without an MPE in the Pt layer was also
considered (Supplemental Material Figs. S9 and S10). This
results in a higher value of x? and a lower quality fit to the re-
flectometry data. While the effect of the proximity magnetism
on the model is strongest at 10 K, it is also necessary at 300 K
to obtain the best fit to the data. At 200 and 240 K we cannot
exclude the possibility of an MPE, but detection is below the
sensitivity of our model.

IV. DISCUSSION

PNR measurements on Pt/DyIG above and below the com-
pensation temperature demonstrate that the MPE is positive,
and does not change sign across Ty;. At 200 and 240 K, any
MPE was at or below the detection limit, but the model is
not consistent with a negative MPE. These results suggest that
the MPE scales with the total magnetization of the DyIG, and
the MPE is lower at 200 and 240 K than at 300 K because
the magnetization of the DyIG is small near Ty;. A threshold
garnet magnetization may be required to observe an MPE
in Pt/garnet, similar to reports on Pt/transition metal bilayers
[64].

XMCD measurements on W/DyIG suggest that the MPE
is also positive below Ty;. MPE was not detectable at higher
temperatures near Ty, consistent with the lower temperature
onset of MPE in W compared to Pt.

The result for Pt/DyIG that MPE is positive above and
below Ty is in contrast to HM/rare-earth transition metal
alloys, where the MPE tracks the moment of the transition
metal. This suggests a different mechanism exists for the MPE
in HM/magnetic insulators compared to HM/ferromagnetic
metals. The cations at the surface of the magnetic insulator
interact via a superexchangelike mechanism with the heavy
metal, as there are no conduction electrons in the insulator
to mediate RKKY-like exchange coupling. The exact surface
termination of the DyIG film is unknown, but closely spaced
planes in the garnet lattice parallel to (111) contain octahedral
sites or tetrahedral plus dodecahedral sites, and (111) facets
with even a small roughness will exhibit all three sites at the
surface. Interaction between the Pt and all three sublattices in
the garnet could make the MPE sensitive to the net moment of
the garnet instead of the moment of an individual sublattice.
As a result the MPE does not change sign across the com-
pensation temperature, but has a lower magnitude near the
compensation temperature than it does at room temperature.

At low temperatures, the rare-earth iron garnets exhibit
magnetic ordering different from a collinear state, such as
canting of the rare-earth ion moments [65,66] or a double-
umbrella structure [67]. Canting has also been observed close
to the magnetic compensation temperature [65,68]. However,
the modest canting angles (15 ° according to Lahoubi et al.
[66]) and the large magnetic moment of the Dy** support the
proposed exchange interaction with the Pt.

The PNR and XMCD data do not distinguish whether the
magnetism in the HM arises from MPE originating from the
garnet layer, or from alloying of magnetic species into the HM

to form an interfacial layer of Fe,Pt,_, or Fe,W;_,, for
example. However, based on the nonmonotonic change in the
magnitude of the magnetism in the Pt layer, a MPE from
the garnet layer is the more likely origin, since the magnetic
moment of Fe,Pt;_, increases monotonically with decreasing
temperature. The measured MPE is smallest at the interme-
diate temperatures of 200 and 240 K, consistent with the
conclusion that the MPE scales with the net magnetization of
the DyIG.

PNR and TEM clearly indicate that in situ deposited heavy
metal layers are critical for obtaining high quality interfaces.
The precipitous drop in scattering length density between
the Pt and DyIG layers is eliminated by in situ deposition,
resulting in a sharper interface. The difference in interface
quality is a possible explanation for the conflicting reports
on the existence of the MPE in Pt/YIG and Pt/CoFe,O4 het-
erostructures. This is reflected in the greatly simplified PNR
model of the in situ heterostructure. More broadly, differences
in the stoichiometry, site occupancy, and surface chemistry in
garnet films have a large impact of the film properties. For
instance, in both TbIG and TmlIG films Ty values far from the
bulk value have been reported, which in the case of TbIG has
been attributed to a deviation from the ideal Tb:Fe = 3:5 ratio
composition [7,43]. A difference in relative site occupancy of
the cations may also have an impact on the strength or even
the relative orientation of the MPE in Pt/iron garnets.

V. CONCLUSIONS

In summary, PNR measurements have conclusively
demonstrated that the magnetic proximity effect in Pt/DyIG
is positive and does not change sign across the compensation
temperature. XMCD measurements place limits on the depth
of the MPE in Pt/DyIG and is consistent with a weak, positive
MPE in W/DyIG at 20 K. The result that the MPE tracks
the net moment of the system suggests a different origin for
MPE in HM/magnetic insulators compared to the RKKY in-
teraction reported to cause MPE in HM/ferrimagnetic metals.
For in situ deposited Pt/DylG, the magnetic and structural
SLD profiles derived from PNR match well to magnetometry
and film thickness measurements. However, ex situ deposited
Pt/DyIG shows a more complex layer structure with a low
density interfacial layer between the Pt and DyIG evident
in PNR and TEM. This provides strong evidence that in
situ deposition is critical for fabricating high performance
spintronic heterostructures. The same sign of the proximity
effect above and below the compensation temperature also has
implications for further fundamental and technological work
on the relationship between magnetism in ferro/ferrimagnets
and heavy metals.
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