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ABSTRACT: Hysteretic magnetoresistance (MR) is often used as a /\
signature of ferromagnetism in conducting oxide films and hetero- O—— “exotic”
structures. Here, magnetotransport is investigated in a nonmagnetic La-
doped SrSnO; film. A 12 nm La:SrSnO5/2 nm SrSn0O5/GdScO; (110)
film with insulating behavior exhibited a robust hysteresis loop in the MR
at T < § K accompanied by an anomaly at ~+3 T at T < 2.5 K
Furthermore, MR with the field in-plane yielded a value exceeding 100%
at 1.8 K. Using detailed temperature-, angle- and magnetic field- -
dependent resistance measurements, we illustrate the origin of hysteresis 01w 1v
is not due to magnetism in the film but rather is associated with the 1
magnetocaloric effect of the substrate. Given GdScO; and similar
substrates are commonly used, this work highlights the importance of
thermal coupling to processes in the substrates which must be carefully
accounted for in the data interpretation for heterostructures utilizing these substrates.
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B INTRODUCTION atomic layer control using a variety of growth methods.
Although there are no studies of transport in bulk SSO single
crystals, several exciting developments have occurred in SSO
thin films including the demonstration of oxygen vacancy-

The choice of substrate has a dramatic effect on complex oxide
film properties. Most obviously, the use of a chemically

compatible and lattice-matched substrate promotes high . R4
. . g induced room-temperature ferromagnetism, " high conduc-
structural quality of the grown film. The complex oxide thin

. e 24 . .
film community has also discovered more nuanced effects from tivity,” a weak localization and Aronov—Altshuler electron

. . 25 25
the substrate including the ability to strain engineer ﬁlms,l_4 electron interaction, _a lazrég_ezgp}.lase Cf)herence length, . and
confer its octahedral rotations to the films,’~” and to use an several field-effect devices including those operating at

c e 29 . . .
intrinsic electric field to electrostatically dope the film® ! GHz frequencies.” As we will show, the insulating transport
However. these effects are all static in the sense that the behavior achievable in this material make it a highly sensitive
substrate) is bestowing properties to the film through a fixed probe for the subtle thermal effects arising from the substrate.

: : . . We therefore choose this material as a case study in thermal
structural or physical relationship; there has been very little line betw fl d that in th
attention paid to how dynamic behavior in the substrate might coupling between a nhim an proce‘sses. a 9ccur mn-the
influence the film. For instance, if a substrate exhibits the substrate. We note that our observation is applicable to any

S . ) ther fil d heterostruct th bstrat ith
magnetocaloric effect (i.e., the generation or consumption of :’es':‘:' . mtsha:n's . sefcri)rr?s glicltlroersl ;)fn temeseiatsures rates wi
heat due to a change in applied magnetic field), it can istivity ! & . perature.

potentially have a tremendous impact on the magnetotransport . Uls 1?g 125 ng bL;.—dOIl)ed S5O ﬁlnésdsgrgwn( C(});IO; %1 il (I)I)l
behavior of the films."* Therefore, it can also hinder our ability tnsuiating uter fayer on a s

to interpret data and may even lead to misinterpretation. substrate, we discovered a large m agnetoresistance (MR) at .1'8
To study this effect, we use SrSnO; (SSO) thin films. This K focee(.hng 100% accomp a}nle.d b}’ a4 hystgretlc bebawqr.
. . . . While this may appear to be indicative of exotic magnetism in
material belongs to a family of nonmagnetic alkaline-earth
stannates (ASnO;; A = Ca, Sr or Ba), which have gained
significant interest in recent years owing, in large part, to their Received:  September 21, 2021
(ultra)wide bandgap and high room-temperature electron Revised:  November 10, 2021
mobility."*'* These characteristics of stannates have paved the Published: November 22, 2021
way for their use in transparent and high-power electronic
applications. Motivated by this, significant progress has been
made in synthesizing BaSnO; (BSO) and SSO films with
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otherwise nonmagnetic SSO films, we show otherwise. Rather,
it is due to thermal coupling between the film and the
magnetocaloric behavior of the GSO substrate. We provide
critical insight into the role of substrates on the magnetotran-
sport measurements of films despite them being insulating.
The SSO/GSO film used in this study was grown using
hybrid MBE.*>*" Figure 1(a) shows a high-resolution on-axis
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Figure 1. (a) High-resolution X-ray 26— coupled scan of a 12 nm
La:SSO/2 nm SSO/GSO (110). The subscript pc denotes
pseudocubic notation. The schematic of the structure is shown in
the inset. (b) RHEED pattern along the substrate edge and (c) atomic
force microscopy of the sample, showing a smooth surface

morphology.

wide-angle X-ray diffraction 20— scan of a 12 nm La:SSO/2
nm SSO/GSO (110) revealing an expanded out-of-plane
lattice parameter of 4.102 + 0.002 A. This value is consistent
with the coherently strained tetragonal SSO phase on the GSO
substrate.”® The SSO film is thus phase-pure, epitaxial, and
fully strained on the GSO (110) substrate. Finite-thickness
fringes were also observed, indicating laterally homogeneous
films and an abrupt smooth interface. The streaky reflection
high-energy electron diffraction (RHEED) pattern (Figure
1(b)) and atomic force microscopy (AFM) images (Figure
1(c)) confirm atomically smooth surfaces.

Figure 2 shows the magnetotransport results from this
sample showing temperature-dependent sheet resistance (R;)
and MR. The room-temperature Hall-effect measurements
yielded a carrier concentration of 1.9 X 10" c¢m™ in this
sample. Figure 2(a) shows an insulating-like behavior, i.e., an
increasing sheet resistance with decreasing temperature, which
we attribute to the disorder at the surface.”> A sharp rise in R,
was observed at T < 6 K. To investigate the low-temperature
transport mechanism, we performed Zabrodski analysis (see
inset of Figure 2(a)), yielding a slope of 0.6. This result reveals
that the low-temperature (T < 6 K) insulating behavior is
associated with the Efros—Shklovskii (ES) variable range
hopping. The exponential temperature dependence from this
mechanism will be important for its strong response to small
temperature changes. We also measured the MR, defined as
100% x [R(B) — R(0)]/R(0), where R(B) is the sheet
resistance at a magnetic-field, B. The MR with the field out of
plane was measured at different temperatures by sweeping B
from0T —- 9T — —9T — 0T at 100 Oe/s. Figure 2 panels
(b) and (c) show MR as a function of B at 6 K < T < 200 and
1.8 K £ T < S K, respectively. The evolution of MR as a
function of temperature at B = 9 T is shown in Figure 2(d).
Several observations can be made here. First, with decreasing
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Figure 2. (a) Temperature-dependent sheet resistance (R;) of 12 nm
La:SSO/2 nm SSO/GSO (110). The inset shows In W vs InT
(Zabrodski plot) where W = —dIn(p)/d In(T), yielding an exponent
m in p = p,exp(Ty/T)™ as the slope. The value of m close to 0.5 is
consistent with Efros—Shklovskii variable range hopping. (b)
Perpendicular MR at various constant temperatures from 6 K < T
<200 K. (c) Low-temperature (T < § K) perpendicular MR shows a
crossover from negative to positive magnetoresistance with applied
field. Inset shows the zoom-in figure revealing an anomaly (sudden
drop in resistance) and the hysteresis in MR. (d) MR as a function of
temperature for B = 9 T.

T, a crossover from a negative MR (6 K < T < 200 K) to a
combination of a negative and positive MR (1.8 K<T<5K)
occurs. Second, the magnetic field at which a crossover from
negative to positive MR occurs decreases with decreasing
temperature. Third, a surprising but robust hysteresis behavior
appears at 1.8 K < T < S K accompanied by an anomaly
around +3 T at T < 2.4 K (see inset of Figure 2(c)). We first
discuss the origin of a negative and a positive MR and then
return to the discussion of a rather unusual hysteresis behavior.

The presence of negative and positive MR in the hopping
regime is seen previously in other semiconducting materials
including n-type CuGaSez,33 GaAs,*** and most recently
stannates.”™’” The negative MR at low field can be understood
in terms of suppression of the destructive interference between
forward scattering paths of the hopping electron for a given
initial and final state of hop.>”*” Likewise, the positive MR can
be explained by the shrinkage of the localized wave function of
the electrons in the presence of applied magnetic field,
resulting in the reduction of the overlap between neighboring
hopping sites, causing an increase of resistance with increasing
field.>® The fact that the field at which crossover takes place
decreases with decreasing temperature is again consistent with
a crossover from a weak localization at higher temperatures to
strongly localized transport at low temperatures.

To get further insights into the observed MR behavior, we
performed angle-dependent MR measurements at 1.8 K using
two different current directions (Iy vs 1) as illustrated in the
inset of Figure 3(a),(b). We define the MR from these two
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Figure 3. Angle-dependent MR at T = 1.8 K for two different
configurations with (a) I L x and (b) I || x. Insets show the
measurement configuration. B is out-of-plane to the sample surface
when 05 = 0° and in-plane when 6,5 = 90°. (¢, d) Temperature-
dependent anisotropic MR at B = 9 T in each configuration for 6,5 =
0° and O, = 90°.

configurations as MR, and MR,. Regardless of the current
directions (Iy vs I), both MR, and MR, revealed the
suppression of low-field negative MR as field sweeps from
the out-of-plane (05 = 90°) to the in-plane (6, = 0°)
direction. This observation is again consistent with the
previous reports (In,0;_,>”*" n-type GaAs’*) of the angle-
dependent anisotropic behavior in the strong localization
regime. These results further revealed a strong anisotropy in
the MR, specifically, in the high-field regime, as a function of
0s MR, and MR, reach ~100% and ~75% at 1.8 K
respectively, when 6,5 reaches 0° i.e., magnetic-field in the
plane of the sample. The small difference in the values of the
MR, and MR, is likely due to different starting values of the
resistance, i.e, (R;(0) > R,(0)) in these two configurations. A
slight difference in the resistance value is likely due to
crystallographic anisotropy of the GSO (110) substrate. The
observed high value of in-plane MR is again consistent with
transport in the strong localization regime where the
application of magnetic-field is expected to distort the electron
wave function impacting the overlap between the hopping sites
and consequently the MR.** A similar behavior was observed
previously in GaAs in the strong localization regime.""*> We
further show in Figure 3(c),(d) MR, and MR, measured at O,
=90° and 0° as a function of temperature. Consistent with the
onset of strong localization at T < 6 K, these results again
revealed an increase in MR below ~6 K, suggesting the origin
of the large MR is associated with transport in the strong
localization regime.

We now return to the discussion of the hysteresis and the
anomaly in the MR measurements. For brevity, we only show
MR|, i.e., when current is along the y-direction (see the inset of
Figure 3(a)). Before we discuss these data, it is important to
show the experimental setup illustrating the sample mount and
how sample temperature was recorded. As shown in Figure

4(a), the sample is first glued using electrically insulating
varnish from LakeShore Cryotronics onto a sample holder,
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Figure 4. (a) Schematic of the measurement setup illustrating the
position of the sample and thermocouple. (b) Hysteretic MR at T =
1.8 K for configuration 1 with the field out-of-plane (6,5 = 90°). B,
represents the critical field at which an anomaly in MR appears. (c)
Evolution of the thermocouple temperature of the sample during the
field sweep from 0 T - 9 T - —9 T — 0 T. (d) Temperature-
dependent B, for 12 nm La:SSO/2 nm SSO/GSO and a bare GSO
substrate for 6,5 = 90° and 0°. (e) Angle-dependent critical field at T
= 1.8 K for B, for a 12 nm La-doped SSO/2 nm undoped SSO/GSO
and a bare GSO substrate.

which is then mounted onto the Dynacool rotator puck, which
has an on-board thermocouple (shown as yellow dots in Figure
4(a)) that accurately measures the temperature of the sample.
Figure 4(b) shows MR, at 6,5 = 90° and T = 1.8 K during the
field sweep 0 T = 9T — —9 T — 0 T at a rate of 100 Oe/s,
revealing a clear hysteresis and an anomaly at ~+3 T (marked
as B_). The anomaly occurs at an identical critical field, B,
during the forward and reverse field sweeps. This can be seen
clearly in Figure S1 using the first derivate of the MR, with
respect to B. Figure 4(c) shows the thermocouple temperature
deviation from the set point during the sweep as a function of
B. This plot reveals a hysteretic temperature behavior and a
sudden change in temperature at B, the same critical field
where an anomaly in MR was seen. The change in temperature
at B, is ~8 mK. We attribute the hysteretic temperature and
the sudden change in temperature at B_ being responsible for
the MR hysteresis and the anomaly. Since the low-temperature
resistance of the sample is an exponential function of
temperature, even small changes in temperature can introduce
observable changes in the resistance. However, it raises
additional questions: what is the origin of hysteretic temper-
ature, and why there is a sudden change in temperature at B.?

To investigate these questions, we measured the variation in
temperature of a bare GSO (110) substrate without any SSO
film in the same way as in Figure 4(c). Surprisingly, the bare
substrate yielded an identical hysteretic behavior in temper-
ature as a function of magnetic field accompanied by the same
anomaly at B, (Figure S2). The bare substrate also showed an
anomaly in temperature hysteresis at B., which persisted at T
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< 2.4 K. The value of B, from the temperature hysteresis of the
bare GSO substrate, and from the MR hysteresis of the 12 nm
La:SSO/2 nm SSO/GSO (110) is depicted in Figure 4(d),(e)
as a function of T and angle 6.3, respectively. Open symbols
correspond to data from the La:SSO/SSO/GSO whereas the
solid symbols represent the bare GSO substrate. An identical
value of B, as a function of T and 6, was observed between
La:SSO/SSO/GSO and the bare substrate. The difference
between B, for the out-of-plane and in-plane directions is likely
due to the distorted orthorhombic structure of GSO substrate.
A similar magnetic anisotropy with a preferred easy axis and
hard axis along different crystallographic directions was seen in
a similar rare-earth perovskite scandate substrate DyScO5.** To
this end, it becomes apparent that the origin of hysteresis and
the anomaly in MR is related to the substrate.

But then why does the anomaly disappear at T > 2.4 K and
what is the physical significance of B.2 We explain this due to
the antiferromagnetic transition in GSO. GSO has a distorted
orthorhombic structure with an antiferromagnetic ordering
below the Néel temperature Ty = ~2.6 K** and is also shown
to exhibit reversible magnetocaloric properties.” An external
magnetic field disfavors the antiferromagnetic state, so below
Ty, a magnetic field can induce a phase transition to the
paramagnetic state. Thus, the feature associated with the
anomaly in the MR at T < 2.4 K can be attributed to the
magnetic-field induced phase-transition between GSO’s
antiferromagnetic at low fields to its paramagnetic state at
high fields. In the paramagnetic state, the increasing magnitude
of the applied field aligns the spin dipoles to field direction.
This spin alignment lowers the entropy of the spin system,
which is balanced by releasing heat to the lattice. This behavior
raises the sample temperature and consequently lowers the film
resistance resulting in the hysteresis above the critical field or
for any field for temperatures immediately above Ty.
According to this description, decreasing ramp rates should
lower the hysteresis, which we confirmed in Figure S3 and the
accompanying discussion.

In summary, using detailed magnetotransport measurements
in La-doped SSO films on the GSO substrate, we discuss the
origin of a large MR exceeding 100% in an insulating SSO film
owing to the transport in the strong localization regime. It was
found that this sample also exhibits a robust hysteresis in MR
suggesting an apparent emergence of exotic magnetism in an
otherwise nonmagnetic La-doped SSO film. However, we
provide clear evidence that thermal coupling between the SSO
film and the magnetocaloric effect of the GSO substrate is
responsible for the hysteresis behavior. We further found an
anomaly in MR which was attributed to the field-induced
antiferromagnetic — paramagnetic phase transition in GSO
substrate below the Neéel temperature. Two other commonly
used rare-earth scandate substrates TbScO; and DyScOj; have
also demonstrated antiferromagnetism with similar Neéel
temperatures,"**** and a strong magnetocaloric effect has
also been measured for DyScO;.*" These findings further
suggest that the thermal coupling between films and
substrates—especially these rare-earth scandate substrates—
must be considered in the interpretation of any ostensible
magnetism observed in complex oxides heterostructures.

B EXPERIMENT

The epitaxial La-doped SSO film was grown on GSO (110)
substrates using a radical-based molecular beam epitaxy
approach. Details of growth conditions can be found

elsewhere.'”?%*"*” A brief discussion is presented here. Sr
and La were evaporated using eftusion cells, and oxygen was
supplied using a RF plasma source operating at 250 W. Sn is
supplied using a metal—organic chemical precursor, hexame-
thylditin (HMDT). The film was grown at a substrate
temperature of 950 °C (thermocouple temperature), and at
a fixed oxygen background pressure of S X 107° Torr.
Electronic transport measurements were performed in a
Quantum Design Physical Property Measurement System
(Quantum Design Dynacool) using a van der Pauw
configuration. Indium was used as an ohmic contact.
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