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Interfacial alloying contributions to the magnetic proximity effect in Pt/dysprosium iron garnet
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The magnetic proximity effect (MPE), which describes a magnetic response from a heavy metal layer as a
result of an adjacent magnetic layer, plays an important role in the behavior of heavy-metal/ferro- or ferrimagnet
thin film heterostructures. However, in the case of heavy-metal/rare-earth iron garnet bilayers, the presence and
magnitude of the MPE has been debated. We previously reported an MPE in a Pt/dysprosium iron garnet (DyIG)
heterostructure where the two layers were grown without breaking vacuum, finding that the magnetic moment
present in the Pt layer scales with the magnitude of the DyIG moment and varies nonmonotonically through the
DylIG compensation temperature. However, the origin of the magnetic signal from the Pt layer was not identified.
In contrast, Pt/DyIG grown with a vacuum break did not exhibit an MPE. Here we investigate the origin of the
magnetic moment in the Pt layer using x-ray absorption spectroscopy, x-ray circular dichroism, composition
mapping, and simulations of ion bombardment. The results are consistent with the presence of an intermixed
Fe-Dy-Pt interfacial alloy layer formed during the growth of the Pt on the DyIG resulting in a measurable MPE.
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I. INTRODUCTION

Heavy metal/magnetic insulator (HM/MI) heterostructures
have become increasingly important in spintronics due to
their utility in a broad range of devices including magnetic
and magnetoelectric random access and racetrack memories
[1-3]. These HM/MI interfaces enable spin transport, spin
pumping, and spin-to-charge conversion phenomena [4-6],
facilitating electrically controlled magnetization writing and
readback. The insulating properties of MIs not only minimize
power loss and Joule heating, but also often lead to low
damping [7-11], which promotes fast switching dynamics and
long-range magnon transport.

The magnetic proximity effect (MPE) describes magneti-
zation of a normally nonmagnetic or paramagnetic material
adjacent to a ferro- or ferrimagnetic metal or insulator, and it
can manifest as anisotropic magnetoresistance or anomalous
Hall or Nernst effects in the nonmagnetic material [12]. Based
on electrical and x-ray measurements, an MPE has been iden-
tified in a variety of HM/magnet heterostructures including
HMs Pt [13-17], Pd [18], Au [19], and W [20] interfaced
with ferromagnetic transition metals [15,21,22], ferrimagnetic
rare-earth—transition-metal alloys [23], spinels [24,25], and
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garnets [26-28]. Polarized neutron reflectometry (PNR) and
x-ray magnetic circular dichroism (XMCD) have been used
to quantify the magnetic moment arising from an MPE, but
roughness, interdiffusion including interfacial alloying, and
the small magnitude of the moment can complicate the in-
terpretation of the measurements [29].

First-principles calculations show that an MPE is expected
in Pt in intimate contact with a MI, for example in the first
few planes of Pt atoms in Pt/CoFe,O4 [30] or across at least
four atomic planes of Pt on YIG [31]. However, experimen-
tal evidence is more ambiguous. While MPE was reported
in Pt/spinel [30] according to electrical measurements, sev-
eral other reports of Pt/spinel [17,24,32] show no evidence
of MPE in the Pt. There are reports of an MPE in PY/YIG
[16,33,34], Ta/YIG [27], and W/TmIG [28], but other exper-
iments found no effect in similar heterostructures [33-35].
The structure and quality of the interface and the presence of
interfacial contaminants or alloying have emerged as critical
factors in determining the presence or absence of an MPE
[29,31,36-39]. For example, Geprigs et al. showed that there
was no MPE in Pt grown on top of YIG using evaporation,
but growing YIG by pulsed laser deposition on top of Pt led
to intermixing between YIG and Pt due to the high energy
deposition process and there was a measurable MPE [36].
Vasili er al. [28] showed that an MPE was not present in
Pt/CoFe,04 when the Pt was deposited at room temperature,

©2025 American Physical Society
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TABLE I. Samples used in this work. Superscripts I and E indicate in situ or ex situ growth of the capping layer.

Sample Composition Capping layer deposition Ref.
B1! 9 nm Pt/54 nm DyIG/GGG(111) In situ, 100 °C [40]
B2F 9 nm Pt/54 nm DyIG/GGG(111) Ex situ, 20°C [40]
Al 1.5 nm Pt/29 nm DyIG/GGG(111) In situ, 20°C
A2! 3 nm Pt/39 nm DyIG/GGG(111) In situ, 20°C
A3F 3 nm Pt/49 nm DyIG/GGG(111) Ex situ, 20°C
A4E 5 nm C/49 nm DyIG/GGG(111) Ex situ, 20 °C

but it existed when the Pt was grown at high temperature
where intermixing was favored.

Previously, we reported an MPE in 9 nm Pt/42 nm dyspro-
sium iron garnet (Dy;FesO,, DyIG) grown on a GdzFes0,,
(GGQG) substrate in which the Pt/DyIG bilayer was grown
sequentially without breaking vacuum (““in situ” growth) [40].
PNR measurements of the in situ sample taken across the
compensation temperature of DyIG (220 K) indicated magne-
tization within the Pt layer that scaled with the magnetization
of the DyIG. In contrast, a Pt/DylG bilayer grown with a
vacuum break between the deposition of the DyIG and Pt
layers (“ex situ” growth) showed no magnetic signal from the
Pt layer. Although PNR results of the in situ sample showed
a magnetic moment in the Pt layer, negligible XMCD was
observed at the Pt L, edge. We attributed the absence of a
magnetic signature from Pt to the effects of averaging over the
9-nm-thick Pt layer, but it may also indicate that the magnetic
moment arose from an element other than Pt. Therefore, the
origin of the magnetic signal detected by PNR in Pt/DyIG
remained unresolved. Here we further investigate the origin
of the MPE by measuring XMCD of Pt/DyIG at the Fe L, 3
edge. A magnetic signature attributed to metallic Fe suggests
that a Pt-Fe-Dy dilute alloy created at the interface due to
intermixing is responsible for the measured MPE, consistent
with transport of ions in matter (TRIM) simulations [41].

II. METHODS

DylG films of thickness 29-39 nm were grown on GGG
substrates with (111) orientation using pulsed laser deposition
(PLD), with a 248 nm KrF excimer laser at 10 Hz and a
fluence of 2 J/cm?. The stoichiometric DyIG target was made
by solid oxide sintering methods [42]. An oxygen pressure of
150 mTorr (20 Pa) was maintained during substrate heating at
20 °C/min, film growth at 650 °C, and cooling at 20 °C/min.
To make in situ samples, 1.5-3 nm Pt was sputtered onto
the DylG without breaking vacuum via an off-axis sputtering
gun in the PLD chamber whose flux was oriented at 45° with
respect to the sample plane. Sputtering was carried out at
20°C substrate temperature and in 5 mTorr of argon with a
dc power of 30 W/cm? over a 5-cm-diam target of 99.99%
Pt metal (Kurt J. Lesker, Co.). The 20 °C sputtering process
differs from that of our previous in situ sample of 9 nm
Pt/42 nm DyIG/GGG(111) [40] (named here as sample B1YH
in which the Pt was sputtered when the DyIG/GGG(111)
temperature had cooled to just below 100 °C. The resultant
heterostructure geometries were as follows: sample Al1': 1.5
nm Pt/29 nm DyIG/GGG(111) and sample A2": 3 nm Pt/39
nm DyIG/GGG(111). Additionally, we grew two 49 nm DyIG

control samples on GGG(111) substrates during one PLD
deposition. Sample A4% was DyIG capped ex situ with 5
nm carbon via electron beam evaporation, and sample A3
was DyIG coated with 3 nm of sputtered Pt ex sifu after the
PLD growth. The samples are summarized in Table I. The
superscripts E and I represent ex situ and in situ capping of
the DylIG respectively; samples A1-A4 were made for this
study and samples B1 and B2 were described in [40].

High resolution x-ray diffraction (HRXRD) and x-ray
reflectivity (XRR) data were collected using a Bruker K8
Discover diffractometer and a Rigaku Smartlab multipurpose
diffractometer, both with a Cu K« x-ray source. Hysteresis
loops were measured with a Digital Measurement Systems
Vibrating Sample Magnetometer Model 1660 with a field
applied in plane (IP) of the substrate. The PNR was measured
at the NIST Center for Neutron Research with a polarized in-
cident beam using the Polarized Beam Reflectometer and was
analyzed using the Refl1D software package [43] to obtain
a depth profile of the nuclear and magnetic scattering length
densities (nSLD and mSLD, respectively). Uncertainties on
fitted parameters were obtained using a Markov-chain Monte
Carlo method as implemented in the DREAM algorithm of the
BUMPS python package. STEM images and EDX elemental
maps were collected using an aberration-corrected FEI Titan
G2 60-300 STEM operated at 200 keV.

XAS and x-ray magnetic circular dichroism (XMCD) at
the Pt L, edge were measured at the 4-ID-D beamline of the
Advanced Photon Source at Argonne National Laboratory.
The Pt L, XMCD data were taken at 10 K after the sample
was field-cooled from 300 K in a 50 mT applied field. The Pt
L, XMCD data were taken in fluorescence mode by monitor-
ing Pt L1 emission with an energy-dispersive detector. The
incident x-ray angle was 0.275°, chosen to probe the whole
Pt layer while minimizing the incident x-ray penetration into
the DyIG/GGG(111) layers. The x-ray direction was parallel
to the applied magnetic field, probing the IP Pt moment.
The Pt L, edge was chosen instead of the Pt L3 to avoid
the overlap between the Pt Lo emission (for the Pt L; edge)
and the overwhelming Ga Ko emission originating from the
Gd;Gas0j; substrate. XAS and XMCD at the Pt M3 and Fe
L, 3 edges were measured at beamline BL29 BOREAS of the
ALBA Synchrotron Light Source in Barcelona, Spain.

III. RESULTS

We first discuss whether intermixing is predicted to occur
during in situ growth due to bombardment by high energy
species in the chamber. During typical sputter deposition con-
ditions, the growing Pt film is bombarded both by Ar with
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FIG. 1. TRIM depth profile of (a) 0.1 nm Pt/2.9 nm DyIG and (b) 0.1 nm Pt/2 nm C/1.9 nm DyIG after 10000 Ar ions at 100 eV collided
at 45° incidence into the sample surface. (b) TRIM depth profile of 0.1 nm Pt/2 nm C/1.9 nm DyIG after 20 000 Ar ions at 100 eV collided at
45° incidence into the sample surface. Individual displaced atoms are shown as colored dots: Pt (orange), Dy (blue), Fe (pink), O (yellow), C

(green), and Ar (red).

energies up to 100s of eV and by Pt atoms with energies of a
few eV to 10s of eV [44]. TRIM simulations [41,45] were
used to model how Ar and Pt atoms at specified energies
interact with a Pt-coated DyIG surface. Figure 1(a) shows the
effect of bombardment of a DyIG surface covered with 0.1
nm of Pt by 100 eV Ar ions incident at 45°, corresponding
to the off-axis sputter geometry. Bombardment by Ar leads to
displacements of Pt from the surface layer up to 1.5 nm depth
into the DyIG, as well as displacement of Dy, Fe, and O atoms
from their sites in the crystal including backscattering into the
surface Pt layer. In another simulation, bombardment by 30
eV Pt leads to implantation of Pt over 2 nm depth in the DyIG
film. As the Pt film becomes thicker, it scatters and thermal-
izes the incoming energetic Pt and Ar species, reducing their
interaction with the DyIG. Therefore, according to TRIM,
when Pt is sputtered onto a clean DyIG surface, the incoming
Ar and Pt have sufficient energy to promote intermixing near
the interface, leading to incorporation of elements of the DyIG
into the Pt. In contrast, Fig. 1(b), when the model includes a
layer of 2 nm carbon between the DyIG and Pt (corresponding
to the interface contamination in the ex sifu samples B2F and
A3F), the collision cascade is mainly confined to the C layer,
and the backscattering of Fe and other species into the Pt
becomes negligible. Therefore, intermixing is suppressed if
the garnet surface has been exposed to contamination by an
adsorbed layer prior to sputtering.

We now turn to the magnetic and structural characteri-
zation of the samples, shown in Fig. 2. Hysteresis loops of
samples A1 and A2! measured by VSM at room temperature
with an in-plane field are shown in Fig. 2(a). The saturation
magnetization is 30 &+ 5 kA/m and 36 &+ 5 kA/m, respectively,
with a coercivity of order 1 mT, similar to samples B1' and
B2F [40]. The magnetization is consistent with that of bulk
DyIG, which has a modest magnetization of around 30 kA/m
at room temperature. (The error of £ 5 kA/m is mainly caused
by the large background signal of the substrate.) Any evidence
of MPE would be below the detection limit of this measure-
ment. Figure 2(b) shows the HRXRD of Al' and A2 around
the (444) peak. Figures 2(c) and 2(d) present hysteresis loops

and HRXRD from a sister sample of A3 and A4F consisting
of 49 nm DyIG/GGG(111). The saturation magnetization is
38 + 5 kA/m and coercivity on the order of 1 mT, similar to
A1' and A2! despite the higher DyIG thickness. The HDXRD
shows the same (444) peak position as A1! and A2! but closer-
spaced Laue fringes due to the higher film thickness. The
DylG films are under in-plane compression due to epitaxial
growth on the substrate because the DyIG lattice parameter
exceeds that of GGG [46]. Considering the negative mag-
netostriction coefficient of DyIG, A;1; = —5.9 x 107° [47],
both magnetoelastic and magnetostatic anisotropies favor an
in-plane easy axis.

STEM-EDX elemental mapping, Fig. 3(a), was used to
examine the Fe and Dy distribution in sample B1'. Both Fe
and Dy are clearly visualized in the DyIG. Weak signals from
Dy and Fe are seen in the Pt layer. Elemental composition pro-
files, Fig. 3(b), provide supportive evidence for intermixing at
the Pt garnet interface, indicating up to approximately 10 at.%
Fe and 4 at.% Dy in the first few nm of the Pt layer. Similarly,
in YIG/Pt [48], intermixing at the interface was revealed by
electron energy loss spectroscopy. In contrast to Fig. 3(a),
in ex situ garnet/Pt samples reported earlier [11], cross-
sectional imaging showed a 2 nm noncrystalline interfacial
layer consistent with carbon contamination from atmospheric
exposure.

To clarify the role of Fe, Dy, and Pt in the MPE, we
performed XMCD and XAS measurements of the Fe L, 3, Dy
M, s, Pt M3, and O K edges at the ALBA beamline and Pt L,
at the Argonne beamline. Fe L, 3 was measured for samples
B1!, A1', A2, A3E, and A4F at low temperature (15 K) and
room temperature (300 K), and Pt was measured for samples
Al1' (Ly) and A2 (both L, and M3). Data were acquired in
total electron yield (TEY) and partial florescence yield (PFY)
modes. We will focus on the TEY data to analyze material
close to the surface of the samples.

XAS measurements of sample A2' show clear Pt L, ab-
sorption peaks in Fig. 4(a). However, the XMCD signal is
at most 0.002 when the Pt L, XAS is normalized to 1. As a
comparison, for a monolayer of Pt on Fe, Miwa et al. [49]
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FIG. 2. Characterization of samples A1" [1.5 nm Pt/29 nm DyIG/GGG(111)], A2" [3 nm Pt/39 nm DyIG/GGG(111)], and a sister sample
grown simultaneously with samples A3' and A4! consisting of 49 nm DyIG/GGG(111). Hysteresis loops of (a) A1!, A2! and (c) sister sample
of A3" and A4! taken with the external field applied in the film plane. HRXRD of (b) A1', A2! and (d) A3! and A4! sister sample at the (444)
reflection with film peak and substrate peaks labeled with subscripts F and S, respectively. Curves have been shifted vertically for clarity.
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FIG. 3. (a) HAADF-STEM image and the corresponding EDX elemental maps from sample B1', adapted from supplementary information
of [40]. The HAADF image shows the structure with the Pt layer above the DyIG. (b) Elemental distribution across the heterostructure from
the linescan highlighted in the HAADF image in (a). The garnet/Pt interface corresponds to the lower boundary of the shaded region.
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FIG. 4. (a) The Pt L, XAS and XMCD data of A2! taken at 10 K, field-cooled from 300 K with &+ 50 mT applied IP. The Pt L, XAS and
XMCD are normalized to the edge jump of 1. The difference between the two field directions is replotted as XMCD, to remove systematic
artifacts. (b) Pt M3 XAS and XMCD data of A1' (black) and A2' (blue) taken at 300 K and normalized for clarity.

showed Pt L; XMCD of 0.2 and Pt L, XMCD of 0.1 when
normalized to the Pt L3 edge jump of 2 and Pt L, edge jump
of 1, respectively, corresponding to 0.355 ug /Pt via XMCD
sum rules. Based on normalizing the Pt L, edge in the same
manner, our Pt L, XMCD signal of 0.002 corresponds to at
most 0.007 ug /Pt. Additionally, XAS and XMCD measure-
ments of A1l and A2! at the Pt M; edge further confirm a
negligible magnetic signal from Pt [Fig. 4(b)], similar to our
past results for sample B1' at the Pt L, edge [40]. Thus, none
of A1%, A2!, nor B1! indicate an MPE arising from the Pt. The
electron escape depth in the TEY measurements is 1-5 nm,
which exceeds the Pt thickness of samples A1' and A2!. While
any XMCD signal of the Pt near the interface in sample B1!
may have been obscured due to the 9 nm thickness of the Pt, as
proposed in [40], this is unlikely to explain a lack of Pt XMCD
in A1' and A2' where the Pt is much thinner. These results
suggest that the magnetic signal detected in the Pt layer by
PNR in sample B1' originates from an element other than Pt.
As a comparison, Lin et al. [50] reported an MPE in Pd/YIG
based on electrical measurements, yet XMCD measurements
in similar Pd/YIG stacks by d’Allivy Kelly et al. [51] did not
show magnetism in the Pd.

We next consider whether the MPE might arise from Fe
present in the Pt layer. Valence states and coordination of Fe
were inferred from the peak positions of the L, 3 absorption
spectra [52]. Measurements at 300 K of Fe in samples B1!
and A1! [Fig. 5(a)] show the L; peak around 709 eV and
L, around 721 eV. The two samples were measured under
identical beamline conditions, and the background and lower
intensity of the Fe peaks from sample B1! is attributed to the
reduced signal-to-noise ratio caused by its thicker Pt layer. All
the samples show a main L3 peak at 709 eV corresponding to
tetrahedral Fe**, and a smaller peak at a lower energy (~708
eV). The ~708 eV peak in iron garnets as well as a higher
energy shoulder is attributed to octahedral Fe?* [42,45].

Octahedral Fe* is not unexpected, occurring as a result of
oxygen deficiency or from charge transfer from Pt [42]. Anal-
ysis of terbium iron garnet (TbIG) and YIG films indicated
Fe?* concentrations of 5—-10 % [44,42]. However, the 708 eV
peak is significantly larger in sample B1! compared to A1l
A3E, and A4F [Fig. 5(c)] and to other garnets including YIG,
EulG, and TbIG [53-55], and is therefore unlikely to be solely
due to Fe’* in the garnet.

Metallic Fe also produces a peak at 707.9 eV [44]. We
hypothesize that the large ~708 eV peak in sample B1' arises
from metallic Fe alloyed into the Pt layer during the sputtering
of the Pt film. (The 3-5 nm escape depth and low signal-to-
noise ratio of the XAS scan of B1! prevents a quantitative
analysis of the metallic Fe content, but an estimate of 2—10
at.% is obtained from PNR, described below.) In comparison,
Vasili et al. [29] reported the presence of metallic Fe and Co
in Pt/CoFe,0, films when the Pt was grown at an elevated
temperature of 400 °C, favoring intermixing of Fe and Co into
the Pt. Other works demonstrate structural changes at Pt/oxide
interfaces, e.g., modification of YIG due to sputtering of Pt
[56] and modification of the Pt microstructure by moderate
heating [57]. If the enhanced 708 eV peak arises from in-
termixing in in situ grown bilayers, we may also expect to
see it in sample A1, but this was not observed. The 1.5 nm
Pt of sample A1' may be thin enough to allow for atmo-
spheric oxidation of any metallic Fe that was incorporated into
the Pt.

The Fe XMCD of B1' and A1' [Fig. 5(b)], A3F and A4F
[Fig. 5(d)] indicates contributions of opposite sign for the
tetrahedral and octahedral Fe** moments as expected for gar-
nets [40]. Samples A1!, A3E, and A4F show little difference
in the relative heights and positions of the Fe** XMCD peaks
at 15 K compared to 300 K (orange and blue data). However,
sample B1' shows a large increase in XMCD associated with
the 708 eV peak at 15 K (purple data). This correlates with the
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FIG. 5. X-ray absorption and circular dichroism data at the Fe L; edge. (a) XAS TEY data taken at 15 K of samples A1' (black) and B1!
(red) with background subtraction. B1' shows a much stronger peak around 708 eV. (b) XMCD taken at 15 K (orange, red) and 300 K (blue,
green) of samples B1! and A1! normalized to the 711 eV peak. The scans have been offset vertically for clarity. The data for A1 at 15 and 300
K (orange and blue) overlap almost exactly, whereas the data for B1' at 15 and 300 K (red and green) show a significant difference around the
L peak (purple). (c) XAS TEY data of the Fe L; edge at 300 K of A3F and A4 control samples. (d) XMCD data of A3F and A4F taken at 15
K (orange, red) and 300 K (blue, green) normalized at the 711 eV peak and shifted vertically for clarity.

increased MPE measured at low temperature by PNR [40] and
suggests the MPE is associated with the presence of metallic
Fe. The 708 eV peak indicates magnetization of the proposed
metallic Fe antiparallel to the tetrahedral Fe*™, i.e., parallel to
the net DylG moment below the compensation temperature.
Our previous analysis of the PNR data of sample B1! did
not consider alloying of the Pt, which can raise the nSLD
compared to that of bulk Pt. To examine the effects of inter-
facial alloying of Fe and Dy into the Pt, we reanalyzed the
PNR data of sample B1' [40], adding a new interfacial layer
to the model with relaxed constraints on its nSLD values. Any
magnetization in the Pt layer is confined to this new interfacial
layer, and there is no magnetic moment in the outer region
of the Pt. This new model (Fig. 6) shows a better fit to the
data, indicated by a x? of 9.41, compared to our prior bilayer
models [40] where the lowest x2 was 9.71. In the new trilayer
model, the Pt layer and intermixed layer have fitted nSLD
values of 6.205(10) x 10~*nm—2 and 6.376(5) x 10~*nm2,
respectively. Fe causes a greater change in nSLD of Pt

compared to Dy [58]. Assuming that Fe dominates the change
in nSLD, we may estimate the Fe-content in the intermixed
layer by either comparing the raw nSLD values to the value for
bulk Pt (6.357 x 10~* nm~?2) or using the contrast between the
intermixed and Pt layers. These methods give an approximate
Fe content range of 2—10 at. % and hence 2.1-5 at. % Dy based
on a 3:5 Dy:Fe ratio. The fitted thickness of the intermixed
layer was approximately 4.3 nm.

The PNR data for sample B1' [40] indicated a positive
MPE at 10 and 300 K, i.e., the magnetization in the Pt layer
near the interface is parallel to that of the DyIG both above
and below the compensation temperature of 220 K. Near the
compensation temperature of the DyIG, the MPE was small or
zero, but not negative. Our prior fit [40] yielded a moment per
Pt atom at 10 K of 0.2—1 pg /Pt depending on the thickness of
the proximity-magnetized Pt layer used in the model. These
values were large, exceeding those of 0.003—0.07 pg /Pt re-
ported elsewhere for Pt/YIG [33,35]. However, based on the
new trilayer model proposed here (Fig. 6) and assuming the
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FIG. 6. Fit to the PNR results of sample B1! incorporating an interfacial magnetic alloy layer. (a) PNR curves (data points) with fit (solid
lines) vs scattering vector Q. Data and fits have been offset for clarity. (b) Spin asymmetry (data points) of the sample at 10, 200, 240, and 300
K alongside theoretical fits (solid lines). (c) Magnetic scattering length density (mSLD, p,,) at 10, 200, 240, and 300 K as well as nSLD (p,,
blue) vs depth Z. DyIG is present within the depth range of 0—54 nm, and the dashed lines designated the interface between the GGG substrate
and DyIG as well as the boundary of the intermixed layer between the DyIG and Pt.

magnetization originates from the presence of 7 at. % Fe and
4.2 at. % Dy in the interfacial layer (near the middle of the
estimated range), and taking the expected 10.6 ug/atom of
metallic Dy, we obtain approximately 4.5 ug/Fe at 10 K in
the interfacial layer.

The estimated magnetic moment attributed to Fe in this
model may be compared with that of Pt-Fe alloys with low
concentrations of Fe. Dilute Fe in Pt has a magnetic moment
of 6.2 ug/Fe for Pt-0.87 at.% Fe and 5.2 uz/Fe for Pt-6.30
at.% Fe, with Curie temperatures of 5.4 and 104 K, respec-
tively [59]. The moment/Fe atom in the dilute Pt-Fe alloys
exceeds that of metallic Fe as a result of the mixing of Fe
majority states with the Pt 4d valence states, where the Fe mi-
nority states form a virtual bound state above the Fermi level
[60]. Furthermore, the magnetic moment of the Pt-Fe may
persist above its Curie temperature due to exchange coupling
from a neighboring magnetic layer, as seen in multilayers
consisting of dilute Pt-Fe coupled to Co [61], where magneti-
zation was present in the Pt-Fe even at room temperature for

6 at.% Fe. Coupling of the Pt-Fe to the net moment of DyIG
in sample B1! could analogously explain the presence of a
magnetic moment in the Pt-Fe layer at room temperature but
a weaker moment in Pt-Fe near the DyIG compensation tem-
perature. We note also that Fe and Dy moments in the Pt could
plausibly exhibit very different temperature dependencies.

The net magnetization of the interfacial Pt-Fe-Dy layer
in sample B1' is consistent with concentrations of <5 at.%
Fe [59]. Equiatomic Fe-Pt alloys show a measurable induced
polarization of the Pt [62,63]. However, the induced polariza-
tion of the Pt in our interfacial alloy would be near the beam
line detection limit of 0.007 pg /Pt [15] and obscured by the
large XAS signal from the nonalloyed part of the 9 nm film,
explaining the lack of Pt XMCD.

The XAS, XMCD, and PNR data are therefore consistent
with the hypothesis that the MPE observed in the Pt layer
grown in situ on DyIG, sample B1!, originates from a Fe-Dy-
Pt interfacial alloy that developed by intermixing during the Pt
growth. Several past reports have reached similar conclusions
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in Pt/magnetic insulator stacks. While Lu et al. [33] reported
an MPE in Pt atop YIG, Geprigs et al. [34] pointed out that
the XMCD and XAS data of [33] were characteristic of an in-
termixed Pt film as the source of the MPE. Reports of MPE by
Geprigs et al. [36], Vasili et al. [29], Miao et al. [26,64], and
Kikkawa et al. [65] are consistent with interdiffusion. Schlitz
et al. reported intermixing of Fe in a 2.5 nm interfacial region
of Pt sputtered onto YIG [66]. The most critical requirement
for intermixing is the clean interface between the Pt and DyIG
enabled by the in situ growth process. This prevents the for-
mation of a carbon-based contamination layer that acts as a
barrier to intermixing as found with the ex situ growth process
[40] and in the TRIM modeling. These results highlight the
importance of the film preparation conditions on MPE and
spin transport phenomena in HM/MI heterostructures.

IV. CONCLUSION

We investigated MPE in 1.5, 3, and 9 nm Pt/DyIG films
(samples A1', A2!, B1') grown in situ on GGG (111) sub-
strates without a vacuum break between the DyIG and Pt
depositions. TRIM simulations modeling the bombardment of
Pt/DylG by energetic sputtered Ar and Pt predict implantation
of Pt into the DyIG within 1-2 nm from the interface and
backscattering of Dy and Fe into the Pt. The presence of Dy
and Fe in the Pt is consistent with STEM elemental mapping
of the cross section of sample B1!. XAS and XMCD mea-
surements show that the magnetic signal detected by PNR in
the Pt layer of B1! is consistent with the presence of metallic
Fe within the Pt, rather than originating from polarization of
the Pt itself. No magnetic moment was found in the Pt layer
of samples A1' or A2!, which is attributed to atmospheric
oxidation of the Fe and/or a lesser amount of intermixing.

The magnetic moment of the interfacial alloy is fitted by
PNR analysis. Considering a 4.3-nm-thick alloy of 7 at.% Fe
and 4.2 at.% Dy adjacent to the DyIG, and taking the contri-
bution of Dy as 10.6 uz /atom, we obtain a magnetization of
4.5 ug /Fe at 10 K. The magnetic moment of the alloy persists
to high temperatures via exchange coupling to the DyIG layer.

The interfacial alloy is formed under growth conditions that
include a clean interface and energetic bombardment. These
observations help explain the diverse reports of an MPE in
HM/MI heterostructures due to the sensitivity of intermixing
to growth conditions and the significant magnetic moment of
dilute HM-Fe-RE alloys.
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