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Abstract

We present evidence for and characterization of a ≈ 4 nm thick (Y1−xGdx)3Fe5O12 layer with

x ≥ 0.4 formed at the interface between a gadolinium gallium garnet (GGG) substrate and a

sputtered Y3Fe5O12 (YIG) epitaxial film with nominal thickness of 20 nm. Temperature-dependent

polarized neutron reflectometry (PNR) and superconducting quantum interference device (SQUID)

magnetometry show antiferromagnetic alignment of this interfacial layer with the bulk of the YIG

film at low T that persists to at least 3 tesla. These experiments also show that this interfacial

alignment switches from antiparallel to parallel between 100 and 200 K in small applied magnetic

fields. Simple modeling suggests correlation of this crossover with the ferrimagnetic compensation

point of the mixed garnet that forms this interfacial layer.

I. INTRODUCTION

Yttrium iron garnet, Y3Fe5O12 (YIG), is a wide band-gap (2.8 eV) ferrimagnet with

exceptionally low Gilbert damping with important technological applications in RF and mi-

crowave engineering[1, 2]. In recent years YIG has become nearly ubiquitous in spintronics,

where it is commonly used as a spin source (via spin pumping [3–8] and/or the longitudinal

spin Seebeck effects[9–12]), or as a magnon spin current channel [13–19]. Though some

applications and investigations use bulk YIG in very high-quality single crystals, many fo-

cus on films of various thickness grown by liquid phase epitaxy, pulsed laser deposition, or

sputtering [20]. These include microwave delay lines, auto-oscillators, and magnonic crystals

[21–25]. The best available substrate for YIG thin film growth in terms of lattice match

is gadolinium gallium garnet, Gd3Ga5O12 (GGG), and this is by far the most common

substrate for YIG thin films over a wide range of thickness.

As all forms of this thin film growth typically rely on reaching temperatures near 700◦

C either during growth or in a post-growth annealing step, and considering the similar

chemical properties of Y and Gd, interdiffusion at the YIG/GGG interface is not surprising.

This is one explanation put forward for recent observations of an interfacial layer and/or

antiferromagnetic coupling that forms between the YIG and the GGG [26–34]. Modification

of magnetic properties at an interface is, of course, common for a variety of reasons [35].
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Some form of modified magnetic order, with an awareness of the likely role of interdiffusion of

atomic species at the film/substrate interface has been discussed for YIG for some decades.

LeCraw, et al. [36] argued, based on magnetic domain imaging, that garnet films grown by

liquid phase epitaxy (LPE) and annealed at 1100◦ C experienced diffusion of Ga.

More recent reports using more powerful experimental probes have refined this view.

Studies using the magneto-optical Kerr effect (MOKE) and spectral ellipsometry on 6 nm

−30 nm thick YIG films sputtered at ambient temperatures onto GGG substrates and

post annealed at 800◦ C provided evidence for a layer at the YIG/GGG interface with

magnetization aligned antiparallel to that of the YIG [26]. Further evidence of modified

magnetism at the YIG/GGG interface came from polarized neutron reflectometry (PNR)

[29], though that study argued for a non-magnetic interfacial layer. Suturin et al. also

reported a magnetically “dead” interfacial layer based on PNR, x-ray reflectometry and

spectroscopy and secondary ion mass spectrometry on YIG/GGG grown via laser molecular

beam epitaxy at 700◦ growth temperature [31]. This group also suggests Ga interdiffusion

is responsible. Gomez-Perez et al. used spin Hall magnetoresistance and x-ray circular

dichroism to again argue for an antiferromagnetically-coupled interface layer in a 13 nm film

grown on a GGG substrate via pulsed laser deposition [30].

Scanning tunneling electron microscopy with energy dispersive x-ray spectroscopy re-

ported in that work argued that the interface layer is formed from gadolinium iron garnet

(GdIG), where Gd entirely replaces Y in the synthetic garnet structure. This replacement

can occur with little energy cost since Y and Gd are chemically similar, though the addition

of the Gd 4f shell magnetic moment causes large magnetization at low temperature and the

interaction between the Gd and Fe moments introduces a lower ferrimagnetic compensa-

tion temperature. In bulk, mixed rare-earth garnets, (Y1−xGdx)3Fe5O12, have been shown

to have a composition-dependent ferrimagnetic compensation temperature, which reduces

from near 300 K for pure GdIG to < 50 K for x = 0.1[37]. All compositions maintain the

much higher temperature (near 550 K) magnetic transition seen in pure YIG. Ferromagnetic

resonance (FMR) studies also indicate modified or antiferromagnetically coupled interfacial

layers in various YIG thin films on GGG [33, 38]. Though most of these reports detail a

modified magnetic structure in these heteroepitaxial YIG/GGG samples, this interface is

not completely understood. This is partly due to the challenge presented for traditional

magnetometry by the very large paramagnetic background from the GGG substrate.
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GGG, though commonly considered to be a simple paramagnet, is a frustrated Heisen-

berg magnet with a Curie-Weiss temperature near −2 K. However, the frustration prevents

observable magnetic ordering until much lower temperatures [39]. At higher temperatures

the gadolinium moments give GGG a large paramagnetic susceptibility. The large para-

magnetism presents obvious challenges for magnetometry of nm-scale thin films grown on

GGG substrates [27, 28, 40, 41]. For this reason, quantitative magnetometry of YIG films

on GGG substrates is rare, especially exploration of the temperature (T−)dependence at

low T where the GGG background magnetization grows very large. Mitra, et al. did present

SQUID magnetometry of YIG films with thickness 40 nm and greater grown on GGG sub-

strates via RF reactive sputtering [28]. These show reduced magnetization from bulk YIG

values at all temperatures, though the model the authors present considers an antiferro-

magnetically coupled layer at the YIG-GGG interface that contributes only below 100 K.

At low temperatures, a reduction in moment was seen that grew largest for the thinnest

reported sample, and with support of PNR and electron microscopy, Mitra, et al. suggested

an interdiffusion of Y and Gd in a 4 nm −6 nm thick layer at the interface.

In this paper we present results of polarized neutron reflectometry (PNR) and SQUID

magnetometry vs. T , with careful consideration of the background GGG substrate sub-

traction, on a nominally 20 nm thick sputtered YIG thin film. PNR confirms not only the

presence of an antiferromagnetically coupled (GdxY1−x)3Fe5O12, or (Gd-Y)IG, layer, but

also that this layer retains its moment and antiferromagnetic alignment to the YIG at low

T even in very large applied field. PNR also shows a cross-over from antiferromagnetic to

ferromagnetic alignment of the interfacial and YIG films between 100− 200 K. To perform

SQUID magnetometry we subtract the background contributions determined by perform-

ing exactly the same field sweeps on a companion GGG substrate with no YIG, to isolate

the magnetic contribution of the interface layer and YIG film. These measurements again

confirm the presence of a magnetic (Gd-Y)IG interface layer, that shows antiferromagnetic

alignment with respect to the YIG at low T , with a crossover near that seen in PNR. Esti-

mated modeling of the magnetization argues that the ∼ 4.1 nm thick interfacial layer has a

fairly high concentration of Gd, and suggests that the change in interfacial coupling could

be tied to the ferrimagnetic compensation point of the mixed garnet interfacial layer.
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II. EXPERIMENT

We grew a nominally 20 nm thick YIG layer on a GGG substrate via RF sputtering at

ambient temperature. After sputtering, the film was annealed at 800◦ C in 1.1 Torr (147 Pa)

partial O2 pressure for 240 min. Further details of the growth technique and typical resulting

damping parameter and other properties are discussed elsewhere [40, 42]. The GGG was

purchased commercially [43] as a 0.5-mm-thick, 10 mm by 10 mm square, and cleaved to

≈ 5 mm× 5 mm for use as substrates.

Model fitting of specular PNR data allows us to infer the depth profiles of the complex

nuclear scattering length density; ρN, indicative of the nuclear composition, and the magnetic

scattering length density; ρM, which is proportional to the in-plane magnetization, M , for

thin films and multilayers [44]. We conducted PNR measurements using the Polarized Beam

Reflectometer at the NIST Center for Neutron Research. An incident 0.475 nm neutron beam

was polarized with magnetic moment parallel (+) or antiparallel (-) to a magnetic field, H,

applied along the plane of the sample. We measured the spin analyzed non spin-flip specular

reflectivities −− and ++ as functions of wavevector transfer Q along the sample growth axis.

We collected data both as a function of varying T and H as described below.

We reduced the PNR data using Reductus [45], and performed model fitting using Refl1D

[46]. We simultaneously fit data for all T and H conditions to a single universal model with a

fixed nuclear profile and condition-dependent magnetic profiles. As described in more detail

below, the data could not be represented with a simple model corresponding to a single

YIG layer on a GGG substrate. The data are well-fit with a model featuring a magnetically

distinct sub-layer at the YIG / GGG interface, similar to previous reports [28, 29, 31, 47].

We calculated the GGG and non-interfacial YIG layer ρN values using bulk density values

and the wavelength-dependent scattering lengths of the constituent isotopes [48, 49], which

we treated as fixed parameters. We note that Gd is the only element in the sample with an

appreciable imaginary ρN component. The magnetically distinct region at the GGG/YIG

interface is likely a result of diffusion of chemical species. For our model, we approximate this

phenomenon using a single layer with fitted and rough interfaces [50]. As GGG is essentially

paramagnetic at the temperatures measured, the magnetization of the GGG substrate was

constrained to be parallel to the applied field direction (i.e. ρN > 0). This constraint

is consistent with SQUID measurements, and lifting it does not appreciably affect the fit
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quality. We determined fitting parameter uncertainties using a Markov chain Monte Carlo

algorithm [51] packaged with Refl1D. The average two standard deviation uncertainty for

PNR-determined magnetization values is approximately 5 kA/m. It is important to note that

these uncertainties are based on known statistical uncertainty in the data, and do not account

for potential systematic error in the measurements, or uncertainty associated with choice of

model. All uncertainties given for fitting parameters correspond to two standard deviations,

while uncertainties shown for scattering data correspond to one standard deviation.

We performed SQUID magnetometry in a commercial system equipped with integral

magnetic shielding, with magnet reset capabilities and a 7 T magnet, with automated tem-

perature control from 2 K −400 K using a reciprocating sample method to increase the

signal-to-noise ratio [52]. The YIG/GGG sample and the companion substrate were nearly

equal size, and mounted in the magnetometer using the same techniques. Samples were

mounted in a laminar flow hood using dedicated non-metallic tools and clean gloves to min-

imize contamination from dust and other potential sources of magnetic contamination. We

took care to replicate both temperature and magnetic histories by using identical measure-

ment sequences on substrate and sample, and the magnet was reset before each measurement

to minimize trapped flux.

III. RESULTS AND DISCUSSION

Fig. 1a shows example polarized neutron reflectivity data for the YIG/GGG sample at

6 K measured in an applied field of µoH = 15 mT (H = 150 Oe). This field is much larger

than the expected coercive field, Hc, of YIG. We plot reflectivity vs. neutron wavevector, Q,

for both neutron spin polarizations. The fitted data features clear, well-represented, spin-

dependent oscillations. Fig. 1b shows the corresponding nuclear (ρN) and magnetic (ρM)

scattering length density vs. distance perpendicular to the substrate, z, where an additional

(Gd-Y)IG layer between the GGG substrate and bulk-like YIG was necessary to adequately

model the data. These three regions: the GGG substrate, the ≈ 4 nm (Gd-Y)IG, and the

15.9 nm YIG film, are indicated by background shading. Testing of different models showed

that our sensitivity to the nuclear profile is insufficient to reliably characterize the chemical

composition of the nominal (Gd-Y)IG layer. We can tell that the interfaces are rough,

but cannot uniquely distinguish if the interfacial layer results from an off stochiometric Gd
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HaHa=15 mT
T =6 K

FIG. 1. a) Polarized neutron reflectivity data measured at 6 K and 15 mT for both spin analyzed

non spin-flip specular reflectivities, ++ (blue symbols), and −− (red symbols), with fits shown as

solid lines. Inset: Schematic view of the sample showing GGG substrate, (Gd-Y)IG interfacial

region, and YIG film, with magnetization corresponding to conditions of this measurement shown

schematically with black arrows. b) Nuclear, ρN, and magnetic, ρM, scattering length density

profiles determined from fits to the data.

composition or Ga diffusion, both of which have been reported in the literature [28, 31, 36]

While ρM is small compared to ρN, it gives rise to distinct spin-dependent features in the

data that yield high confidence in ρM for the individual layers. Thus, we can conclude that

at low T near the YIG remanence, the GGG is only weakly magnetized, while the YIG
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Bulk YIG

FIG. 2. PNR spin asymmetry (a-b), magnetization profiles determined from model fitting (c-d),

and resulting M vs. T measured for µ0H = 15 mT (left) and µ0H = 3 T (right). The three

magnetic components of the sample are shown in background shading in panels (c-d), and their

M separately plotted in (e-f). We provide bulk values of M(T ) for YIG for comparison in panel

e.

and (Gd-Y)IG layer magnetizations are oriented antiparallel to one another, with the YIG

magnetization tracking the direction of H.

The depth sensitivity demonstrated in Fig. 1 allows for layer resolved magnetometry, as

shown in Figure 2 with T -dependencies in 15 mT (left column) and 3 T (right column).

The T -dependent fitted data are shown in panels (a-b) as spin asymmetry (difference in

++ and −− divided by their sum), which is a useful quantity for visualizing changes in the
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magnetic scattering when the nuclear contribution to the scattering can be assumed to be

static. The magnetic profiles are shown in panels (c-d), plotted in units of magnetization

(1 kA/m = 1 emu/cc) vs z. Panels (e-f) summarize the profiles in a more familiar plot

of M(T ) for each layer. The two sigma statistical uncertainties for these fitting parameter

values are too small to be seen at this scale.

At 15 mT, a modest field but well above expected in-plane coercive field, Hc, for the

YIG film, the YIG magnetization tracks very closely to the expected M(T ) for bulk YIG,

shown as a dotted red line [37]. The interfacial (Gd-Y)IG layer magnetization stays an-

tiparallel to H up to 150 K, where it crosses over to become weakly positively magnetized,

suggesting that the interlayer antiferromagnetic coupling between the two layers weakens

considerably over this temperature range. The 3 T M(T ) in Fig. 2f shows little change for

the YIG magnetization, as expected given the material’s low coercivity. The GGG M(T )

also behaves as expected, showing a roughly 1/T dependence, dominated by a very large

low T magnetization induced by the very large field. This largely paramagnetic response at

low T approaches zero above 50 K. Remarkably, the magnetization of the (Gd-Y)IG layer

is negative at low T , and only approaches zero kA m−1 above 100 K. Note that the large

paramagnetic contribution from the GGG at T = 7 K makes the very substantial negative

peak from the interface layer somewhat less visually obvious. The fitting of the three com-

ponents clearly identifies large negative contributions from the interface at low T . Thus,

we see that even a 3 T applied field is insufficient to fully reverse the magnetization of the

interfacial layer, demonstrating the strength of the antiferromagnetic interlayer exchange.

Figure 3 shows layer resolved M(H) at 7 K (left column) and a small T -step M(T ) at 2 T.

As in Fig. 2, panels (a-b) show spin asymmetry, panels (c-d) show the magnetization depth

profiles determined from model fitting of the data, and panels (e-f) show show the associated

layer-resolved M(H) and M(T ), respectively. Solid lines in (e-f) are guides to the eye. As

expected for a ferromagnet well below Tc, the YIG magnetization is essentially constant

with both field and temperature. The GGG also behaves intuitively, with linear field and

temperature responses characteristic of a paramagnet. The (Gd-Y) magnetization shows

a linear increase with H, as the Zeeman energy begins to overcome the antiferromagnetic

interlayer exchange. The temperature dependence of the (Gd-Y)IG layer magnetization is

more complex, deviating considerably from a monotonic response. This is suggestive of a

frustrated domain state in the interfacial layer at low T . However, while the deviation is
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FIG. 3. PNR spin asymmetry (a-b), modeled magnetization profiles (c-d), and resulting M vs.

µ0H at fixed T = 7 K (e) and M vs. T at fixed µ0H = 2 T (f). Solid lines in e) and f) are guides

to the eye. Possible non-monotonic behavior of the (Gd-Y)IG layer could result from frustrated

domains in this interfacial layer. Note however, that the negative M at all µ0H for the (Gd-Y)IG

indicates very strong antiferromagnetic exchange at the interface.

outside our statistical uncertainty (approximately 5 kA/m, error bars too small to be seen

on this scale), we cannot rule out the possibility that this is an artifact associated with

unaccounted uncertainty in the modeling. To wit, the YIG and GGG magnetizations in (e-

f) also show much less pronounced but still statistically significant – and likely unphysical

– degrees of non-monotonicity.
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We note that the magnetization values shown in Fig. 2 (e-f) and Fig. 3(e-f) differ slightly

from the corresponding profile values shown in Fig. 2 (c-d) and Fig. 3 (c-d). This is because

the profiles show weighted averages of the (Gd-Y)IG layer with that of the neighboring GGG

and YIG layers, while the M(T ) and M(H) plots show parameter values corresponding

to the inherent magnetization of the (Gd-Y)IG layer [53]. However, we emphasize that

the qualitative conclusions drawn in this work are the same regardless of which values are

considered.

Quantitative measurement and analysis of the magnetization of the same sample via

SQUID magnetometry requires careful consideration of the large substrate background. Fig.

4a plots χ = M/H vs. T from 2 K −300K measured in a single experimental run at fixed

µ0H = 10 mT (100 Oe). As expected for a paramagnet, χ ∝ 1/T . The red line is a fit to

the Curie-Weiss law, χ = A/(T − θ), with θ = −2.1 K, which is in line with expectations for

GGG. Fig. 4b) and c) compare the total moment m of the YIG/GGG and companion bare

GGG substrates measured over a small H range at 300 K and 10 K, respectively. At 300 K,

the GGG background is small enough to clearly resolve the YIG ferromagnetic contribution

on this scale, while at 10 K, the background paramagnetic contribution is already large

compared to the more weakly T -dependent YIG ferromagnetism. The slight difference in

the total moment for the sample and background that is obvious at 10 K is caused by a

small size difference between the two substrates, which we scale appropriately in the following

comparisons. In these small H scans, the GGG appears mostly as a simple paramagnet. As

we describe in more detail elsewhere [54], larger field M vs. H scans on GGG can cause

measurement artifacts driven by trapped flux in the superconducting magnet used in the

magnetometer. Here we avoid these artifacts by using this small field range and subtracting

the GGG background measured under the same field and temperature sequences.

Figure 5 shows M vs. µ0H for the YIG/(Gd-Y)IG/GGG sample, where we have sub-

tracted the background M measured on the companion GGG substrate using the same

±5 mT field scan sequences for both, after scaling by the measured mass ratio of the two

substrates to correct for the small volume mismatch. As seen in Fig. 5a), at 300 K this leaves

the low coercivity ferromagnetic behavior of the YIG, with a symmetric saturation and slight

shift on the µ0H axis that cannot be clearly separated from trapped flux in the magnet.

As T drops, the loops all show the expected ferromagnetic hysteresis pattern, with clearly

defined saturation, though with monotonically increasing coercive field. Some loops, most
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FIG. 4. a) a) χ = M/H vs. T for the bare GGG substrate in µ0H = 10 mT vs. T from 2-300K.

Inset: 1/χ vs. T . In both the red line is a fit to the Curie-Weiss law with a small negative θ, as

expected for GGG. b) m vs. µ0H at 300 K for the GGG substrate and the YIG/(Gd-Y)IG/GGG

sample. At this T both the large paramagnetic contribution from the GGG and the essentially

ferromagnetic contribution from the YIG are obvious even without background subtraction. c) m

vs. µ0H at 10 K, where the paramagnetic background dominates the ferromagnetic signal. The

different slopes are due to a slight difference in the substrate volume.
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d) e) f)

g) h) i)
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20 K
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FIG. 5. M vs. µ0H loops for the YIG/(Gd-Y)IG/GGG sample after subtraction of the matched

GGG background for a series of temperatures: a) 300 K, b) 200 K, c) 100 K, d) 70 K, e) 50 K,

f) 40 K, g) 20 K, h) 10 K, and i) 2 K. All loops show the expected FM hysteresis and positive

remanence, with Hc growing as T drops. Neither the small shift on the µ0H axis nor the shift on

the M axis can be clearly linked to the YIG/(Gd-Y)IG, as discussed in the main text.

clearly the 10 K loop in panel h) that shifts almost entirely above M = 0, show an apparent

vertical shift, though this shift is not monotonic with T . Similar vertically shifted loops

have been attributed to pinned moments in magnetic heterostructures involving antiferro-

magnetic exchange coupling [55–57]. However, considering the possible artifacts introduced

by the large GGG paramagnetism interacting with trapped flux [54], we cannot attribute

these shifts to the antiferromagnetic exchange coupling between the YIG and (Gd-Y)IG

layers.

In Fig. 6a) we report saturation magnetization, Ms, vs. T , determined from M vs. H

loops as shown in Fig. 5. To isolate the contribution of the thin film, we calculate Ms via:

Ms =
M+,avg −M−,avg

2
, (1)
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FIG. 6. a) Ms vs. T for the YIG/(Gd-Y)IG films. The blue data points show Ms with volume

calculated for the entire nominal film thickness, tnom = 20 nm. Ms falls below bulk YIG values

(dashed red line) at all T . The grey data points show Ms when a simple linear background is

assumed, instead of using the measured GGG values. Inset: µ0Hc vs. T shows a monotonically

decreasing trend. b) Measured moment m of the YIG/(Gd-Y)IG layer (blue) compared to cal-

culated values for a 15.9 nm thick layer of bulk YIG (dashed red line), 3.6 nm thick layers of

(Y1−xGdx)3Fe5O12 with x = 1 (GdIG, dark yellow line), and x = 0.6 (green line), and two models

subtracting these two contributions to reflect the antiferromagnetic alignment (brown and darker

green lines).
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where M+,avg and M−,avg are averaged values of saturated M on the positive and negative

field branches of the loops, respectively. This cancels the vertical shift apparent in some

loops. In Fig. 6a, the blue symbols indicate this Ms, which is calculated using the entire

volume of the deposited film, with its total nominal thickness of 20 nm. Data was taken

in two separate runs in the magnetometer, indicated by circles and squares. These show

slight deviations, though not outside the estimated error bars. We compare this to the

Ms calculated using a very typical procedure for substrate background subtraction where

a linear background is fit to the highest H data and subtracted. This is shown using grey

data points, which underreports Ms compared to the more accurate procedure which uses

carefully matched measurements of a companion GGG substrate. We also compare to Ms

vs. T reported for bulk YIG (red line) [37]. The measured values fall below the bulk

YIG expected values at all T , which is due at least in part to the interfacial layer with its

antiferromagnetically aligned low T moment.

We report Hc vs. T determined from the same loops in the inset to Fig. 6a). Hc

rises as T drops roughly following 1/T , growing largest in the T regime where Ms drops

sharply. An increase in Hc of this type can be driven by thermal fluctuations and also

enhanced by exchange coupling with an antiferromagnetic layer [58–62]. Typically this

AF/FM coupling also introduces exchange bias. Here we cannot identify a systematic shift

of the loops, potentially again due to issues related to trapped flux. However, the lack of

a well-defined exchange bias could indicate that the coercivity increase is dominated by

decreasing thermally-driven depinning of domain walls rather than interfacial effects.

In Fig. 6 we explore a simple model of the YIG/(YxGd1−x)IG/GGG system. The blue

data points plot total measured moment, m vs. T , and we compare this first to bulk YIG

Ms values multiplied by the volume resulting from a 15.9 nm film thickness as determined

by PNR (Figs. 1 and 2), indicated by the dashed red line. At the lowest T the total m

falls far below the values for bulk YIG, where the interfacial moment is large and antifer-

romagnetically aligned with the YIG. As T grows, m approaches the bulk YIG values. As

seen more clearly below, above ∼ 100 − 200 K the measured moment rises slightly above

the bulk YIG moment, which is in line with PNR measurements that indicate a crossover

from AF to FM alignment of the interfacial layer with the YIG near this temperature at

these modest applied H. We provide upper and lower estimates of the contribution of the

3.6 nm interface layer again by simple scaling of published bulk (YxGd1−x)IG values [37].
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with reversed sign above Tcomp, which roughly brackets the measured −mint from both PNR and

SQUID at high T . At low T , −mint again falls roughly between the values for x = 0.4 and x = 0.6,

suggesting that the interface layer has a high Gd content, though is most likely not purely bulk-like

GdIG.

The dark yellow and green curves show the expected moment of 3.6 nm thick layers with

x = 1 (pure GdIG) and x = 0.6, respectively. We show the resulting estimates of the total

magnetization from subtracting the interface magnetization from the 15.9 nm bulk-like YIG

layer in brown and dark green dashed lines. Though this modeling is only qualitative, we

can argue that the interfacial layer is more likely to have a high concentration of Gd, since

at low T the total moment falls near the modeled values for x = 0.6. Note that this model

using x = 0.6, which always assumes antiferromagnetic coupling of the interface and YIG,

does not explain the total m well above ∼ 150 K.

We examine the issue of the T -driven change in interfacial alignment with a similar sim-

ple modeling approach in Fig. 7. Here we subtract the 15.9 nm thick bulk YIG moment

from the measured total moment of the film to give an estimated contribution of the inter-

face moment, mint. Fig. 7 plots −mint determined from SQUID magnetometry (blue data

points), along with the interfacial moment determined from PNR (red circles). These agree
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well for all T , and both show a cross-over from AF to FM alignment (as indicated schemat-

ically) of the interfacial and YIG film moments. We again compare these moments with

the published data for a range of (YxGd1−x)IG layers, again assuming 3.6 nm thickness to

calculate total moment. As seen in Fig. 6, the estimated interfacial component, especially

at low T , matches best with mixed garnets with fairly large x. However the measured −mint

is never large enough to match expectations for a simple pure GdIG layer. The most likely

scenario is a distribution of Gd composition through the 3.6 nm film, with the average com-

position approximately between x = 0.4 and x = 0.6. We note that mixed garnets with this

composition have ferrimagnetic compensation points, Tcomp near the T where the interfacial

coupling of the interface and film reverse. The compensation point originates in the different

T -dependence of the moment of the Gd and Fe sublattices in the (Gd-Y)IG, such that Tcomp

indicates where the Fe sublattice has a larger contribution to the total moment than the Gd

sublattice. The Fe sublattice could in turn show a tendency toward ferromagnetic exchange

coupling to the entirely Fe sublattices of the YIG. We can adapt our very simple model to

this situation by reversing the moment of the interfacial contribution above Tcomp, which

we show with the dotted blue and green lines for x = 0.4 and x = 0.6, resepectively. The

measured −mint from both SQUID and PNR falls between these lines.

If the crossover from AF to FM alignment of the interfacial layer and YIG in these

heterostructures is indeed determined by the compensation point of the (Gd-Y)IG mixed

garnet formed from interdiffusion at the interface, then one expects the T of the switch

between AF and FM alignment of the two films to be strongly dependent on the details of

the interdiffusion and the average composition of the resulting mixed layer. In very high

x interfacial layers, a reversal in coupling may not be observed until above 300 K, since

Tcomp for GIG falls near or above room T . It is also conceivable that heterogeneity of the

composition of Gd in the interface layer could lead to a wide range of Tcomp and competing

interactions that could present as a non-magnetic interfacial layer. This could explain the

variation in previous reports of the magnetic character and alignment of the interfacial layer

between GGG and YIG. Note that this simple analysis assumes that the magnetization of

both the 15.9 nm thick YIG and the 3.6 nm thick (Gd-Y)IG films are essentially the same

as bulk.
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IV. CONCLUSIONS

In summary, we presented evidence for and characterization of a mixed Gd and Y garnet

interface layer formed between an essentially bulk-like 15.9 nm thick epitaxial YIG film and

a GGG substrate. Using PNR and SQUID magnetometry, we show that antiferromagnetic

alignment between the YIG and the interfacial layer of (Gd-Y)IG persists to very large

fields at low temperature. In small (or zero) applied field both probes show a crossover

from antiferromagnetic to ferromagnetic alignment of the interfacial and film moments. We

suggest a possible correlation of this cross-over with the ferrimagnetic compensation point

in the (Gd-Y)IG mixed garnet that forms the interface, which in our case has a fairly high

Gd content but is not entirely GIG. Variations in the interfacial layer composition will lead

to variation in Tcomp which could explain discrepancies in earlier studies of the YIG/GGG

system. The magnetic properties of this interface layer has potential impact on a wide range

of studies involving YIG grown on GGG, from fundamental magnetism to magnonics and

spintronics.
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López, S. Blanco-Canosa, L. E. Hueso, A. Chuvilin, J. W. A. Robinson, and F. Casanova,

Synthetic antiferromagnetic coupling between ultrathin insulating garnets, Phys. Rev. Applied

10, 044046 (2018).

[31] S. M. Suturin, A. M. Korovin, V. E. Bursian, L. V. Lutsev, V. Bourobina, N. L. Yakovlev,

M. Montecchi, L. Pasquali, V. Ukleev, A. Vorobiev, A. Devishvili, and N. S. Sokolov, Role of

gallium diffusion in the formation of a magnetically dead layer at the Y3Fe5O12/Gd3Ga5O12

epitaxial interface, Phys. Rev. Materials 2, 104404 (2018).
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