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ABSTRACT

The anomalous Hall effect measurements are used to probe the magnetization reversal of terbium iron garnet (TbIG) thin films at different
temperatures. The compensation temperature (Tcomp) of TIG thin films is revealed, and the film thickness effect on the Tcop, is studied.
The results indicate a rise of T oy, along with decreasing film thickness. We postulate two possible origins for the observed behavior, namely
interfacial element diffusion and strain effects between TbIG films and Gd;GasO;, substrates. The results have implications for the study of
spintronic devices based on ultrathin rare-earth iron garnet thin films.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0150228

There is intense interest in the spin Hall effect (SHE) based on
ferrimagnetic oxide films." Ferrimagnetic insulators (FMIs) are prom-
ising candidates for the new generation of memory device materials.”
Under the action of SHE, when the FMI film is adjacent to a heavy
metal (HM), charge flow in the HM layer can be converted into a spin
current and transported into the FMI. Conversely, the spin current in
the FMI can also be converted into a charge flow in the HM layer
through the inverse spin Hall effect (ISHE).” The interaction between
SHE and ISHE indirectly reflects the spin transport behavior in the
magnetic film.

In addition to the SHE, the anomalous Hall effect (AHE) is
another important phenomenon frequently studied in HM/FMI sys-
tems. It was reported that the magnetization reversal of FMI can be
revealed through AHE measurement of the adjacent Pt layer, which is
particularly useful when the magnetic properties are too weak to be
detected with conventional magnetic measurement methods."”

Most research on HM/FMI is based on ferrimagnets with collin-
ear magnetic sub-lattices such as yttrium iron garnet (YIG). In YIG,
two Fe’* from the octahedral sites and the tetrahedral sites are anti-
parallel with each other, with the tetrahedral-sites Fe>* being domi-
nant.” In some other iron garnets, rare-earth ions (RE*") substitute
the Y>* ions, and they tend to possess strong magnetic properties,
particularly at low temperatures.” At certain temperatures, the

magnetization of RE>" (Mgg) and Fe’" (Mg.) cancel out due to their
different temperature dependences,” and is termed as the compensa-
tion temperature (T omp); experimentally, that is manifested as a tem-
porarily vanishing magnetization. Some work™'" pointed out that the
sub-lattice magnetization of REIG thin films demonstrates spin reori-
entation when the temperature is swept through Teom,.-

Meanwhile, the thickness effect of REIG thin films on Teopp is
rarely reported.”' ' At the same time, the manipulation of Teomp 18
beneficial to the research and application of new-generation information
storage devices, especially when Tcom,, can be achieved near room tem-
perature.”” As research pushes for thinner REIG films, the potential
impact of film thickness on the measured T should be clarified.

In this work, a systematic study was conducted to explore the
thickness dependence on Teom, variation in Pt/TbIG bilayers by
observing the AHE in the Pt layer. Our results have revealed a thick-
ness dependence of Tcomp in TbIG thin films. Teomp above room tem-
perature is observed in TbIG films less than 7 nm. The possible origins
of such a phenomenon are discussed.

TbIG films with thicknesses between 3 and 30 nm were deposited
on (111)-orientated Gd;GasO;, (GGG) single-crystal substrates by
pulsed laser deposition. Subsequently, 5nm Pt electrodes with a Hall
bar pattern (channel width 160 um, channel length 500 um) were
deposited by rf magnetron sputtering through a stainless-steel shadow
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mask. The magnetic properties of the samples were measured by a
vibrating sample magnetometer (VSM) module mounted on a physi-
cal property measurement system (PPMS, Quantum Design). The
AHE resistances of the samples were also tested using the PPMS.
Details concerning film deposition and characterization, device fabri-
cation, and magnetic and transport measurement can be found in our
previous work."”

The microstructure of TbIG films was probed by XRD, and the
results of 26 scans are shown in Fig. 1(a). Except for the 3 nm sample
with no observable diffraction pattern due to the small film thickness,
TbIG diffraction peak can be detected starting from a film thickness of
7 nm. The epitaxial nature of the samples is evidenced by other x-ray
measurements (see Figs. S2-54 in the supplementary material).

The 20 values gradually shift to lower values with increasing film
thickness, indicating a corresponding rise in the out-of-plane lattice
constant (dqy) of THIG."*'” The corresponding ag,, values of the films
are shown in Fig. 1(c). The Laue oscillations accompanying the TbIG
peak also verify the high crystallinity of the thin films."® It is noted in
Fig. 1(c) that g, increases with increasing film thickness, which is
contrary to expectation, as dgge < arpic and the strain would be
relaxed as thickness increases. Meanwhile, the trend in Fig. 1(c) was
also reported, and through a detailed scanning transmission electron
microscopy (STEM) analysis, the effect was attributed to relaxations
through localized interfacial distortions.' """

The in-plane strain condition of a 30-nm sample was examined
with asymmetric reciprocal space mapping (RSM) on the (642) lattice
plane [Fig. 1(b)]. The reciprocal lattice plane of TbIG film is positioned
directly below that of the GGG substrate with the same g, value
(0.2286 A~"), evidencing that the TbIG film is fully strained with an
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FIG. 1. (a) XRD 20 scan of TblG films with different thicknesses. (b) The RSM
scan of (642) peak of ThIG (30 nm) on GGG (111). (C) @yt and &gyt Values of ThIG
films with different thickness.

pubs.aip.org/aip/apl
in-plane lattice constant (aj, = #) of 1237 A. Here, we define the
in-plane and out-of-plane strains of TbIG films as &, = %% and

ap

Eout = “°“;;“°, ay being the pseudo-cubic lattice constant of bulk TbIG
in the garnet structure. Considering the films as fully strained, a;, of all
samples should be consistent with that of GGG substrate and, hence,
&n remains compressive and unchanged across samples. Meanwhile,
out [Fig. 1(c)] is tensile for all samples and rises gradually with increas-
ing film thickness.

Figure 2 shows the high-angle annular-dark-field (HAADF)
scanning transmission electron microscopy (STEM) of TbIG (30 nm),
as viewed along the [110] direction. The interface of the TbIG film and
the GGG substrate can be identified in Fig. 2(a). The top surface of the
film is very flat, which is consistent with atomic force microscope
image of the sample (Fig. S1, supplementary material) that indicates a
small surface roughness. No impurities or defects are found in the
scanned area. The film thickness is confirmed to be around 30 nm.
Figure 2(b) is an enlarged view of the selected area in (a), showing the
TbIG layer is epitaxially grown on the GGG substrate.

Compositional mappings of the elements (Fe, Tb, O, Gd, and
Ga) in the sample are presented by the energy-dispersive x-ray spec-
troscopy (EDX) in Fig. 2(c). Interlayer diffusions can be observed in
Fe, Tb, Gd, and Ga, and a similar diffusion phenomenon has been
reported in studies of YIG/GGG, in which Y and Gd can be regarded
as the diffusion pair through the dodecahedral-site sublattice.'” *' The
element diffusion occurs across a region of around 4 nm (about 2 nm
on each side of the interlayer), which agrees with previous reports.

The room temperature out-of-plane magnetic hysteresis loops
(M-H loops) for TbIG films with thicknesses between 15 and 30 nm

FIG. 2. (a) HAADF-STEM images of a TbIG (30 nm) thin film. (a) A cross-sectional
STEM image, with high-magnification image of the selected region shown in (b).
The white dashed line in (b) is a guide to the eye. (c) STEM-EDX mapping of Fe,
Tb, O, Gd, and Ga.
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FIG. 3. (a) Out-of-plane M-H loops of
TblG films at room temperature. (b) Ms vs
TblG film thickness. Dashed line indicates
the Ms value of bulk TblG at room
temperature.
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are shown in Fig. 3(a). After subtracting the paramagnetic background
from the GGG substrate, the M-H loops of all samples are square-
shaped, indicating a strong perpendicular magnetic anisotropy.” For
the 30nm sample, the saturation magnetization (M) is about 24
emu/cc, which is slightly small than the bulk value (26 emu/cc).” The
relationship between Ms and TbIG thickness is extracted and depicted
in Fig. 3(b), and a reduction of M is observed when the film thickness is
reduced. In particular, the M is only around 7 emu/cc for the 15nm
sample (which is 27% of the bulk value). Similar M reduction was also
reported in the literature,” and various causes such as vacancies of Fe
and O”" and strain-induced perpendicular anisotropy”” were postulated
to cause such a behavior. The coercivity (H,) of all three samples is
about 100 Oe. The strong paramagnetic signal from the substrates pro-
hibits the detection of signals from films thinner than 15 nm.

Figure 4(a) is the schematic of a 1/8 skeleton of TbIG unit cell,
which shows the garnet structure of dodecahedral (C-site: Tb>"), octa-
hedral (A-site: Fe’™), and tetrahedral (D-site: Fe®™) sites. The
temperature-dependent variations of sub-lattice magnetization in C-
site Tb>" (M,), A-site, and D-site Fe>™ (M, and M) are shown in
Figs. 4(b)-4(d). At room temperature, M, and My are antiferromag-
netically coupled with a net magnetization direction along My, while
M_ is ferromagnetically coupled with M,.”® Both the magnetizations of
Tb and Fe ions decrease with increasing temperature, but the differ-
ence in their rate of decrease results in a competitive relationship.
At temperatures far away from T, the three sublattice magnetiza-
tions are collinear with My (M), taking the dominant contribution at
T > Teomp [Fig. 4(b)] (T < Teomyp [Fig. 4(d)]) range. At around Teopmy
[Fig. 4(c)], the three sub-lattice magnetizations develop a canted
state.'” Since the strength of M, decreases more rapidly with increasing
temperature, the three sublattice magnetizations compensate with
each other and lead to a zero-saturation magnetization, accompanied
by a vanishing AHE resistance.

The magnetization of TbIG films shows non-monotonic variation
with temperature due to the existence of T ymp. This has impact on the
spin-Hall AHE as measured in TbIG films in contact with heavy metals:
in the measurement of the AHE resistance (Rayg), the reversal of three
sub-lattice magnetizations inside TbIG around T oy, is typically charac-
terized by a sign change of the zero-field-Rapig (R} ). "'

Figure 5(a) shows the Rypg vs field (R-H) loops of the Pt/TbIG
(30 nm) sample between 10 and 300 K, with the (linear) ordinary Hall
effect contribution being deducted. While squared R-H loops can be
observed at most temperature points, at two temperatures the Rypgg

25 30

Thickness (nm)

signals are suppressed. One of them is around 210K, which corre-
sponds to the T oy, of TbIG.” The other Rpug vanishing point (T}) is
around 145 K, which was similarly observed in other HM/FMI studies
such as Pt/GdIG and W/TmIG."""”” The appearance of T, point was
attributed to the competition of spin Hall effect-induced AHE and
magnetic proximity effect-induced AHE, and is worth further investi-
gations for verification.

The corresponding temperature dependences of RS and H, are
extracted from Fig. 5(a) and plotted in Figs. 5(b) and 5(c). As shown
in Fig. 5(b), the variation of RY;;; can be divided into three sections
due to the presence of T and Tcomp. When T > Ty (300 ~ 210 K),
RY,;;; monotonically decreases to zero with decreasing temperature. In
between T} and Teomp, (210-145 K), RY,;; decreases to zero again with
the decrease in temperature but with a sign change. Finally, for T < T}

. : C-site (Tb*) . : A-site Fe** @ : D-site Fe*™* @ : O*

FIG. 4. (a) Skeleton diagram showing 1/8-unit cells of ThlG. The unit cell structure
belongs to the gamnet type with dodecahedral [C-site: Th** (purple)], octahedral [A-
site: Fe®* (green)], and tetrahedral [D-site: Fe>* (red)] sites. The oxygen sites
(blue) are for reference only. (b)-(d) are schematics showing the sublattice magnet-
izations of C-site Tb>* (M), A-site, and D-site Fe®* (M, and My) at different
temperatures.
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(145 ~ 10K), the RSy switches back to the same sign as at the 300 K
and increases monotonically with decreasing temperature.

In addition, the temperature dependence of H. [Fig. 5(c)] also
shows a non-monotonic variation. The H, drops with increasing tem-
perature but demonstrates a strong divergence at 215K, which further
supports the occurrence of Tcomp. A similar behavior has been
reported in other studies.'***

Central to the current study is the impact of TbIG film thickness
on the AHE effect in Pt/TbIG system. The R}y -T and H.-T curves of
samples with varying TbIG thickness are summarized in Figs. 6(a) and
6(b), respectively. (Refer to the supplementary material for R-H loops
for all samples at various temperatures.) For Pt/TbIG samples with a
TbIG layer of thickness 10 nm or above, the R%;;;:-T curves demon-
strate sign crossover, one at 145 K for virtually all samples, and another
one above 215K. Based on the trend of the Pt/TbIG (30 nm) [Fig.
5(b)], we attribute the crossover at 145K is the T; point, and the
higher-temperature one being the Tcomp of various samples. Teomp

shows a clear rising trend with decreasing TbIG thickness. For Pt/
TbIG (7 nm) sample, no obvious T oy, is observed up to our measure-
ment limit of 340K, as R;;; indiscernible from the background was
obtained starting at around 300K; a dashed trendline is used in
Fig. 6(a) for this part of the graph. For the Pt/TbIG (3 nm) sample, no
distinguishable Rayyg signal can be observed at temperature beyond
200 K. It is possible that the TbIG magnetization becomes so weak in
such samples that the Ryyg signal cannot be distinguished from the
background signals at high temperatures.”’ We extract the Teomp of
the four samples with thicknesses between 10 and 30 nm and plot the
curves of the thickness dependence of Tcomy in the inset of Fig. 6(a)
for a clearer view.

The H-T plot in Fig. 6(b) for samples with 10-20 nm TbIG layer
shows a similar trend with the Pt/TbIG (30 nm) sample. The H, diver-
gence for these samples confirms the T, increase with reducing
TbIG thickness [Fig. 6(a)]. The apparently reducing peak H. values
with decreasing TbIG film thickness can be attributed to thickness

FIG. 6. The ROAHE-T (@) and HeT (b)
curves of the ThIG films with different
thickness. Inset of (a) shows Teomp of
TblG films with different thicknesses.
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dependence of magnetocrystalline anisotropy commonly observed in
magnetic films, although the mapping of the exact peak value proves
impossible due to the vanishing Ry response at Tomp.

Here, we provide two possible origins for the observed Tcom,, var-
iation with TbIG thickness, based on the lattice distortion and interfa-
cial diffusion. Thickness dependent lattice distortion is commonly
observed in thin films,'”'”*"** and the epitaxial strain varies based on
the lattice mismatch between substrate and film materials.”” TbIG
films are subjected to in-plane compressive strain from the GGG sub-
strate, which leads to out-of-plane tensile distortion. As the film thick-
ness increases from 3 to 30nm, the out-of-plane tensile strain
increases gradually, which is manifested as the gradually increasing
Aoyt in Fig. 1(c).

Theoretical model ~ points out that Ty, in REIG film can be
tuned by film strain, and is attributed to the change of exchange cou-
pling (J) between C-site RE** and D-site Fe*™ lattices (J values of other
neighboring ion pairs are much smaller). When the lattice elongation
increases, ] decreases accordingly, and vice versa. The change of J is
positively correlated with Ty, i.€., the decrease (increase) of J leads
to a corresponding drop (rise) of Tcomp. This is consistent with the
phenomenon observed in our samples, ie., as the lattice distortion
decreases, Tcomp increases. The relationship between J and the strain
of thin films was also reported in other studies. For example, first-
principle calculations of YIG thin film pointed out that J of adjacent
sub-lattices decreases with increasing sub-lattices spacing.”

The thickness dependence of Tcomp can also arise from element
diffusion between the GGG substrate and the TbIG film. Interfacial
diffusion between garnet films and substrates was reported
before,”?*"* with the interdiffusion range of several nm.'”*! This
results in an interfacial layer with gradient composition, potentially
with different strain conditions as compared with the bulk of the film.
Such gradient strain states have been observed in GAIG™ and SmIG™
deposited GGG substrates, which potentially change the exchange
coupling between the C-site RE>* and D-site Fe’* ions. More impor-
tantly, the Gd element in the TbIG layer can contribute to additional
magnetization signal, and this contribution becomes significant
with decreasing TbIG layer thickness. Since Teomp of bulk GdIG
(2290 K)"* is much higher than that of TbIG, T, of the film would
be affected and shift to a higher temperature in case the Gd content
increases in the film.

So far, REIG thin films have attracted a lot of attention in the
study of spintronic, especially in some structures composed of ultra-
thin films.”” However, as demonstrated in the current work, when the
thickness is continuously reduced, the properties of the films change
significantly.”® Whether the material parameters are the same as those
measured in thicker films is questionable. In particular, the variation
of Tcomp With film thickness was seldom mentioned. The prospect of
tuning Teomp to near room temperature would benefit the studies and
applications such as thermo-magnetic switching,”” The current study
highlights the need for careful analysis and characterization of ultra-
thin, and also demonstrates the Tcomp of TbIG can be drastically dif-
ferent from the bulk.

In summary, epitaxial TbIG films with different thicknesses were
deposited on (111)-orientated GGG substrates. The out-of-plane lat-
tice constant increased with the film thickness due to the enhancement
of the out-of-plane tensile strain. T, of the samples were revealed
by AHE measurements, and a thickness dependence was

112
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demonstrated. Possible origins of such a thickness dependence were
discussed. Our study is a timely reminder for the importance of careful
characterization of ultrathin iron garnet films, which can be drastically
different from the bulk behavior. On a positive side, careful manipula-
tion of such variations would allow the exploration of enhanced Tcom
of REIG thin films, which is beneficial for the research and application
of spintronic devices.

See the supplementary material for microstructural characteriza-
tion of TbIG/GGG and temperature-dependent Ry measurements
of Pt/TbIG/GGG samples.
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