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The magnetic phase diagram of rare-earth perovskite compound, GdScO3, has been investigated by magnetization and
heat capacity. The system undergoes an antiferromagnetic phase transition at 7y = 2.6 K, with an easy axis of magnetization
along the a axis. The magnetization measurements show that it exists a spin-flop transition around 0.3 T for the applied
field along the a axis. The critical magnetic field for the antiferromagnetic-to-paramagnetic transition is near 3.2 T when
temperature approaches zero. By scaling susceptibilities, we presume this point (B = 3.2 T, T = 0 K) might be a field-
induced quantum critical point and the magnetic critical fluctuations can even be felt above Ty.
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1. Introduction

The family of rare-earth perovskite scandates RScO3 (R =
rare earth) have attracted continued attention due to great va-
riety of physical properties and potential applications. For
example, the Ising-like antiferromagnet,!!! the giant magne-
tocaloric effect,!>3! and the promising candidate materials for
the replacement of SiO» in silicon MOSFETSs because of the
large optical band gaps, high dielectric constants, and chem-
ical stabilities.[*! In addition, the RScO3 compounds with
different lattice parameters have also been exploited to serve
as substrates for engineering of highly strained ferroelectric
and multiferroic thin films. The biaxial strain due to lat-
tice mismatch between substrates and thin films can dramat-
ically alter the properties of epitaxial films.!'”! For instance,
the SrTiO3 thin film exhibits a strain-induced ferroelectric-
ity at room temperature when it is grown on DyScOj3 sub-
strate, compared with the paraelectric behavior of bulk un-
strained SrTiO3.!'!l The compressively strained BaTiO; thin
films grown on DyScO3; and GdScOs substrates can also pro-
duce larger ferroelectric (FE) polarization and higher FE tran-
sition temperature. 1]

Apart from the effect of strain, the intrinsic properties of
RScOj3 substrates may also play important effect on the prop-
erties of thin films. For example, the magnetic properties of

DOI: 10.1088/1674-1056/ab8200

RScO3 should be took into account when they are used as
substrates for magnetic oxide thin films.!'3] However, due to
the low magnetic ordering temperatures of RScO3, normally
only a few Kelvin degrees,!!3-13] the magnetic effects from
the substrates to the magnetic thin films are usually neglected
and have not been the subject of detailed investigation. How-
ever, some of this series compounds still exist strong magnetic
correlation well above the magnetic transition temperature,
which cannot be ignored even at dozens of Kelvin degrees,
such as the short range magnetic order discovered in DyScO3
at 30 K.l Actually, it was argued that these strong fluctua-
tions are enhanced by the one dimensionality of the rare earth
magnetic spin chains. Indeed, the quantum critical Tomonaga—
Luttinger liquid behavior has been reported in YbAIO;,!!6!
and the strong orbital couplings and crystal field effects was
claimed to be crucial for the unexpected low dimensionality
behaviors. [1:16:17]

On the other side, for GdScO3, with the electron con-
figuration of Gd*>* is 4f” and L = 0, no spin—orbit cou-
pling is expected. Thus following the arguments in previous
studies,!!%17] the low-temperature magnetism of GdScOs
should behave very different, comparing with DyScO3; and
YbAIO3. Despite that GdScO3 has been reported as a gi-
ant magnetocaloric system with an antiferromagnetic (AFM)
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transition, Ty = 2.6 K,[*! the details of the magnetic phase
diagram and Gd—-Gd interactions still remained poorly under-
stood. Moreover, the studying of the Gd—Gd interactions in
GdScO3 may also be very helpful to understand the complex
magnetism in GdFeO3 and GdMnOs.[18-1]

2. Experimental details

High-quality single crystals of GdScO3 used here are

commercially available.[!%2%]

Magnetization measurements
were performed using two magnetometers for different tem-
perature ranges: (i) commercial vibration sample magnetome-
ter Quantum Design Magnetic Property Measurement Sys-
tem (MPMS-VSM) for the high-temperature measurements
T = 1.8 K-300 K; (ii) MPMS-3 with He insert for the
temperatures 7 = 0.5 K-1.5 K. Heat capacity measurements
were performed on the Physical Property Measurement Sys-

tem (PPMS) in the temperature range 1.8 K-300 K.

3. Results and analysis

As shown in Fig. 1(a), GdScO;3 crystallizes in a dis-
torted orthorhombic perovskite structure with a = 5.4862 A,
b =5.7499 A, and ¢ = 7.9345 A in the Pbnm (No. 62) space
group at room temperature.'>!l Gd3* ions are located between
8 distorted ScOg octahedrons. Due to the distortion, the point
symmetry of the Gd site is decreased from Oy, in the ideal cu-
bic Pm3m structure to Cs, which is only one mirror plane nor-
mal to the ¢ axis, in the orthorhombic structure. Figure 1(b)
illustrates the 7' dependence of specific heat of GdScO3 sin-
gle crystal. A sharp anomaly appears near 2.6 K indicating
a magnetic transition similar to GdAlO;.!>?! The temperature
evolution of the magnetic susceptibility x(7) with an applied
magnetic field of 0.3 T along the three principle crystal axis

is shown in Fig. 1(c). The anomalies observed around 2.6 K
confirm the AFM phase transition. The AFM order is mainly
from a competition between exchange interactions and dipo-
lar magnetic interactions for the neighbouring Gd** ions. >
The Néel temperature Ty = 2.6 K of GdScOs is lower than the
isostructural GdAIO; (T = 3.98 K).[22] This may be due to
Sc3* jon has larger ionic radius than AI3" ion, which leads to
larger distance between the neighbouring Gd>* ions and pro-
duces smaller magnetic interactions. Above Ty, the suscepti-
bilities x (7') along the three principle crystal axis almost over-
lap together except the small T region near Ty, which indicates
GdScOs only exists very weak anisotropy. This is consistent
with the S = 7/2, L = 0 electron configuration of Gd** ion.
Below Ty, it is seen that the susceptibility for the field parallel
to axes b and c varies very little with temperature, whereas that
when the field is parallel to the a axis decreases steeply (see
the inset of Fig. 1(c)). Unlike the magnetic A, structure pre-
ferred by the direct dipole—dipole interaction only, the mag-
netization with easy axis along a is consistent with the AF
magnetic structure (Gy) as observed in GdAlO3,22 where the
exchange interaction between the large Gd>* § = 7/2 spins
in ab plane is dominant. This is very different from the cases
of DyScO3 and YbAIO;.[116:171 Figure 1(d) displays the in-
verse susceptibility plotted against the temperature for mag-
netic field applied along the ¢ axis. Fits of 1/ for the para-
magnetic (PM) region (15 K< T < 300 K) to a Curie—Weiss
law yield Curie temperature Ocw of —4.85 K and effective
magnetic moment e of 7.45 up/Gd. The negative value
in Ocw confirms AFM interactions between the neighboring
Gd3t ions. The large Uesr = 7.45 up/Gd compared with the
theoretical value of 7.94 pp assuming a spin of 7/2 for the
Gd** ions.
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Fig. 1. (a) Crystal structure of GdScOj in space group Pbnm, where a Gd>* ion is surrounded by eight distorted ScOg octahedrons. (b) T dependence of
specific heat C,(T). (c) T dependence of magnetic susceptibility x(7') in an applied magnetic field of 0.3 T parallel to the a, b, and ¢ axes, respectively. The
inset: x(7) near the AFM transition. (d) 7 dependence of inverse magnetic susceptibility 1/ (7T) with 0.3-T magnetic field along the ¢ axis. The blue solid

line is the fit using the Curie—Weiss law above the transition temperature.
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Figure 2(a) illustrates the isothermal magnetizations of
GdScOs as a function of applied field along the a axis ranging
from 1.0 K to 5.0 K. The magnetizations closely approach to
saturation around M = 6.5 ug/Gd above 5 T, which is consis-
tent with the reported saturated moment of Gd** ion.!??! An
enlarged view of the low-field region of M(B) curves is shown
in Fig. 2(b). All of the magnetization curves for T < Ty show
an abrupt change around the field between 0.2 T and 0.45 T.
This suggests the occurrence of a spin flop (SF) type transi-
tion, similar as the transition reported in GdA103,??! where
the spin direction of two sublattice Gd** ions suddenly turn
perpendicular to the easy axis direction. This is due to the
lower Zeeman energy of Gd>* spins for the applied field along
the easy axis until reaching the critical field of SF transition
Bc1. In addition, the observed hysteresis loop shown in the
inset of Fig. 2(a) indicates the SF transition is a subsequent
field-induced first-order transition. With increasing of temper-
ature, B.| also increases. This behavior is slightly different
with GdA1Os3, in which the critical field is almost independent
of 7.1221 Above B, the magnetizations increase linearly with
the field, and break off at a point which gives an AFM-to-PM
critical field B.;. The T-dependent magnetization of GdScO3
with field applied along the a axis is shown in Fig. 2(c). Two
anomalies are observed at 1.97 K and 2.55 K for B=0.35T,
which correspond SF transition and AFM-to-PM phase transi-
tion, respectively. For the former, as the applied magnetic field
increases, the phase transition 7 also increases, while the lat-
ter has the opposite trend (see the dash lines in Fig. 2(c)). Fig-

ure 2(d) shows the contour plot of magnetic phase diagram for
applied field along the a axis. The intensity corresponds to the
susceptibility y = dM/dB. Below 7y, the critical field of SF
transition divides the phase diagram into two regions. At the
low-field region, GdScOs is an antiferrromagnet, in which the
spin directions of Gd** ions are dominantly aligned in the a
axis, and each Gd>* ion in one sublattice might be surrounded
by six nearest neighbours Gd3* ions with opposite moments
direction belonging to the other sublattice like GAA1O3 >3 (the
magnetic structure of GdScO3 should be confirmed by neutron
diffraction). Above B, the moments turn perpendicular to the
a axis due to the lower ground energy. A further increase of
field rotates the spins continuously, until an AFM-PM critical
field B, is reached where all the moments are polarized along
the applied field.

The measurement of isothermal magnetizations of
GdScO3 with applied field along the b and ¢ axes from 1.8 K
to 3.0 K is shown in Figs. 3(a) and 3(c), respectively. Both
the saturation moments and critical fields along the two axes
are very similar with the a axis, which is consistent with the
S-state of Gd* ions. In addition, since the spins direction of
Gd** ions are dominantly along the a axis, there is no SF tran-
sition occurred when the field along the two axes. Figures 3(b)
and 3(d) illustrate the magnetic phase diagram for field paral-
lel to the b and ¢ axes, respectively. With the increasing field,
the AFM arrangement of spins of two-sublattice Gd** ions are
gradually polarised, forming a PM magnetic state.
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Fig. 2. (a) Field dependence of magnetization M of GdScO3, measured at different 7', with field along the a axis. (b) The magnetization discontinuity at
several T corresponds the SF phase transition. (¢) 7 dependence of magnetization M of GdScO3; measured at several fields along the a axis. (d) The contour
plot of the magnetic phase diagram of GdScO3 with applied field along the a axis.
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Fig. 3. (a) and (c) Field dependence of magnetization M of GdScO3, measured at different 7', with field along the b and ¢ axes. (b) and (d) The contour plot
of the magnetic phase diagram of GdScOs3 with applied field along the b and c axes. The AFM to PM phase boundary is given by the red open circles.

It usually believed that the AFM phase will directly en-
ter into trivial PM phase in GdScO3 with the applied field in-
creased. However, since the AFM—-PM transition is of second
order and the transition temperature is gradually suppressed
by the applied field, it might be existed a quantum critical field
B at 0 K, where the AFM state transforms into the PM state.
Around the QCP, the magnetic fluctuations are quantum me-
chanical in nature, which can exhibit scale invariance in both
space and time. Unlike classical critical points, where the criti-
cal fluctuations are limited to a narrow region around the phase
transition, the influence of the QCP can be felt over a wide
range of temperatures above the QCP, so the effect of quan-
tum criticality is felt without ever reaching 0 K. Figure 4(a)
illustrates the field-dependence of the magnetic susceptibili-
ties ¥ = dM/dB measured below and above Ty. Around the
QCP, susceptibilities with different 7' can be scaled as

dM o v (dt2))z _ B
=7 T2z A= ¢ m 7

1B (1

where d is the spatial dimension, V is the scaling exponent re-
lated to the magnetic field, z is the dynamical exponent, and
B=B—By (B ~32T at 0 K). The relationship between
d, v, and z can be obtained by scaling the susceptibility curves
as shown in Fig. 4(a) and minimizing the deviation:

2)
3)

vz=1,
2—v(d+z)=0.08.

The equations give
“

yielding the interesting result that the spatial dimension d is
approximately equal to the dynamical exponent z in GdScOs.
The susceptibility curves scales well for temperatures from
1.0 K to 4.2 K and the scaling behaviors observed are con-
sistent with a two dimensional QCP, where d = 2, z =~ 2, and
v a2 1/2. This is not very surprising.

As previous discussed, in GdScOs3, the orbital contribu-
tion (L = 0) is absent, and the magnetic ground states of Gd**
are isotropic eight-degenerated S = 7/2 states. Due to the large
spin values of S = 7/2, the in plane exchange interactions of
the form JS - § are greatly enhanced, and become dominant in
GdScOj; and GdA10;3.123

On the other hand, although sharing the same crystal
structure, the situations in YbAIO3 and DyScO3 are com-
pletely different. Due to the large orbital contributions, the
degenerated spin states of YbAlIO3; and DyScOs are lifted by
the crystal field effect, and the ground states are well sepa-
rated Kramer doublets. These doublet ground states could be
treated as effective spin S = 1/2, which turns out to be cru-
cial for observed unconventional one dimensional physics in
YbAIO; and DyScO3 and related systems. 16171
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Fig. 4. (a) Field dependencies of the magnetic susceptibility y = dM/dB
from 1.0 K to 4.2 K with field along a axis. (b) Critical scaling of the mag-
netic susceptibility in panel (a).

4. Conclusion

In summary, we investigated the magnetism and heat ca-
pacity of single crystal GdScO3 at low temperatures. GdScO3
is an uniaxial antiferromagnet with the easy axis of magneti-
zation along the a axis. The Néel temperature is found to be
2.6 K. The magnetization measurements show it exists an SF
phase transition when the applied field along the a axis. The
field-temperature phase diagrams for B along the three princi-
ple crystal axes are established. By scaling the magnetic sus-
ceptibilities, we demonstrate there might be a quantum crit-
ical point (QCP) at B=3.2 T and T = 0 K corresponding
to the AFM-to-PM phase transition. Compared to the one-
dimensional physics observed in YbAIO3 and DyScOs, the
magnetic structure and the critical scaling indicate that the in-
plane exchange interactions are more important in GdScOs.
It is found that quantum critical like fluctuations affect the

physical properties over a large temperature and field area in
GdScO3, and additional caution may need be paid at low tem-
peratures, when it was treated as a simple PM substrates for
the epitaxial growth of magnetic thin films.
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