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Quasi-one-dimensional Ising-like antiferromagnetism in the rare-earth perovskite oxide ThScO;
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The rare-earth perovskite TbScO; has been widely used as a substrate for the growth of epitaxial ferroelectric
and multiferroic thin films, while its detailed low-temperature magnetic properties were rarely reported. In this
paper, we performed detailed magnetization, specific heat, and single crystal neutron scattering measurements,
along with the crystalline electric field calculations to study the low-temperature magnetic properties of TbScOs.
All our results suggest the magnetic Tb>* has an Ising-like pseudo-doublet ground state at low temperatures. Due
to the constrain of local point symmetry, these Tb>* Ising moments are confined in the ab plane with a tilt angle
of ¢ = 148° to the a axis. In zero field, the system undergoes an antiferromagnetic phase transition at 7y = 2.53
K, and forms a G,A, noncollinear magnetic structure below Ty. We find the dipole-dipole interactions play an
important role to determine the magnetic ground state, which are also responsible for the quasi-one-dimensional
magnetism in TbScOs. The significant anisotropic diffuse scatterings further confirm the quasi-one-dimensional
magnetism along the ¢ axis. The magnetic phase diagram with the field along the easy b axis is well established.
In addition to the G,A, antiferromagnetic state, there is an exotic field-induced phase emerged near the critical
field B. >~ 0.7 T, where three-dimensional magnetic order is suppressed but strong one-dimensional correlations
may still exist.

DOI: 10.1103/PhysRevMaterials.7.034401

I. INTRODUCTION

The family of orthorhombic rare-earth perovskite oxides
RMOj; (where R is a 4f rare-earth ion, M is a 3d transition-
metal ion) attract continued attention due to their numerous
intriguing physical phenomena and potential applications.
Remarkable examples include ferroelectric and multiferroic
properties [1,2], magneto-optical effects [3,4], magnetocaloric
effects [5,6], exotic quantum spin states [7-9], and complex
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spin reorientation transitions [10,11] induced by tempera-
ture and magnetic field. Many of these interesting properties
arise from the peculiarity of 3d and 4 f magnetic sublattices
and the diversity of exchange interactions between them. In
general, for RM O3 with a 3d magnetic ion, the strong ex-
change coupling between the neighboring M magnetic ions
could induce a robust canted antiferromagnetic (AFM) order
with a weak ferromagnetic component at several hundreds of
degrees Kelvin [12-14]. As the temperature decreases, the
R-M coupling becomes more significant and induces spin-
reorientation transitions around several dozen Kelvin [15,16].
The strong coupling between 3d and 4f magnetic sublat-
tices gives rise to a series of nontrivial magnetism, including
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exotic solitonic lattice [17], gigantic magnetoelectric ef-
fect [18], unconventional low-energy spin excitations [7,9].
In contrast, due to the weak exchange coupling between
the 4f moments, the rare-earth sublattice orders at much
lower temperatures [8,19,20], usually below 10 K. From naive
expectation, these rare-earth ions would behave rather clas-
sically, considering the large saturation moments and the
strong anisotropy. Maybe partly due to this reason, the
low-temperature ground states of these rare-earth sublattices
remain poorly studied.

Recent work on the ytterbium (Yb) based perovskite
compound YbAIOs; reveals that the effective spin-1/2 state
emerged when the doublet ground state is realized due to
the crystalline electric field (CEF) splittings [21]. In ad-
dition, fractional spinon excitations and quantum critical
Tomonaga-Luttinger liquid behavior have been observed [8].
Meanwhile, no inelastic excitation but strong diffuse scatter-
ing was observed in the isostructural DyScO; [20]. These
distinct phenomena stimulate us to explore more perovskite
RMO; systems with different rare-earth sublattices.

The rare-earth scandate perovskites RScOj3 are important
members in the RM O3 families. High-quality RScO; single
crystals have been widely used as the substrates for vari-
ous epitaxial ferroelectric and multiferroic thin film growth.
The effect of biaxial strain from the small lattice mismatch
between substrates and thin films can dramatically change
the properties of epitaxial thin films [22]. For example, the
SrTiOj thin film exhibits strain-induced ferroelectricity at
room temperature when it is grown on DyScO; substrate
[23]. In addition to the effects of strain, it was proposed
that the intrinsic magnetism from RScOj substrates may also
play an important influence on the electronic properties of
thin films, especially at low temperatures [24]. Very recently,
it was reported that the strong anisotropic magnetism in
DyScO; substrate could induce anisotropic and hysteretic
magnetoresistance in the epitaxial Sri_,La,CuQO, thin film
[24]. However, due to the low ordering temperature of RM O3
compounds, the influences of the magnetism from RScO;
substrates to the epitaxial thin films are rarely discussed,
and the detailed magnetic properties of RScO3 remain to be
explored.

Here, we investigated the terbium (Tb) based rare-earth
scandate perovskite TbScO3 by magnetization, specific heat,
and neutron scattering measurements. At low temperatures, an
Ising-like pseudo-doublet ground state with strong single-ion
anisotropy was realized for these magnetic Tb>* ions. These
Tb** moments are confined in the ab plane and canted by
+48° with respect to the a axis. Below Ty = 2.53 K, a G, A,
magnetic long-range order state is selected by the dipolar
interactions. Similar to the isostructure compounds DyScO,
[20] and YbAIO;3 [21], the interactions along the ¢ axis are
dominant, suggesting a quasi-one-dimensional antiferromag-
netism in TbScOj. Consistently, strong anisotropic diffuse
scattering was observed in the neutron scattering experi-
ments, which further confirmed the one-dimensional AFM
magnetism. Combining these experimental results, a detailed
field-induced magnetic phase diagram was established. We
found a gradual suppression of the zero-field antiferromag-
netic order with increasing field along the local easy axis. An
additional field-induced phase emerged above the critical field

B. ~ 0.7 T at temperatures below ~1 K, which is beyond the
mean-field expectations of classical Ising moments.

II. EXPERIMENTAL DETAILS

Single crystals of TbScO3 were grown by the Czochral-
ski technique [25], which are commercially available as
substrates for thin film growth. For the magnetization mea-
surements, two magnetometers were applied for different
temperature ranges: (i) Quantum Design Magnetic Property
Measurement System (MPMS) for the temperature range T =
1.8—300 K; (ii) high-sensitive Hall sensor magnetometers
[26-28] for the lower temperature range 7 = 0.1—-4.0 K.
The specific heat measurements were performed using the
relaxation time method in a Quantum Design Physical Prop-
erty Measurements System (PPMS) with a temperature range
T = 1.8—300 K. For the low-temperature (T = 0.4—4.0 K)
measurements, a dilution refrigerator insert was used.

The single crystal neutron scattering experiments were car-
ried out using the time-of-flight cold neutron spectrometer,
PELICAN [29], with fixed incident energy E; = 3.71 meV
at the open pool Australian light-water multipurpose reac-
tor (OPAL) at Australian Nuclear Science and Technology
Organization (ANSTO), and the multiplexing cold neutron
spectrometer, BOYA [30], at the China Advanced Research
Reactor. The data were collected on a 600-mg single crystal
TbScOs. The sample was aligned in the (H,0,L) scattering
plane and cooled using a cryostat (3 K-300 K) at BOYA and
a cryo-magnet (1.5 K-800 K, maximum vertical field of 7 T)
at PELICAN. The data were processed using the data analy-
sis and visualization environment (DAVE) software package
[31], and the Horace program [32].

III. RESULTS AND ANALYSIS

A. Crystal structure and pseudo-doublet ground state

TbScO; crystallizes in a distorted orthorhombic per-
ovskite structure with the Pbnm (No. 62) space group.
The lattice parameters refined from the single crystal x-ray
diffraction measured at 7 = 100 K are a = 5.4301(1) A,
b=5.7004(2) A, c=7.85122) A and o = B =y = 90°,
that is consistent with the previous report [25]. As illustrated
in Fig. 1(a), the Tb>" ions located at 4c Wyckoff sites of
local point group Cs, are surrounded by eight distorted ScOg
octahedrons. In this distorted environment, only one mirror
plane normal to the ¢ axis is preserved, which constrains the
Tb** moment either along the ¢ axis or lies in the ab plane.
The CEF calculation based on the point-charge model was
performed using the software package MCPHASE [33]. Eight
nearest oxygen atoms around the Tb** ion are included, and
the 13-fold (2J + 1 = 13) degenerate J = 6 multiple states
are split into separated singlet states [Fig. 1(b)]. Although
Tb3* is a non-Kramers ion, the CEF calculations indicate
a quasi-doublet ground state, with a very small energy gap
(less than 0.001 meV), and this ground quasi-doublet state is
well separated from the next excited crystal field level (about
27.03 meV). Thus, we can treat the ground state as an effective
Seir = 1/2 state, similar to the case of the isostructural com-
pounds DyScO; [20] and YbAIO; [21]. Following the same
strategy, as described for DyScO; [20], we find the Ising axis
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FIG. 1. (a) The crystal structure of TbScOs. (b) The local environment of Tb*" by considering the eight nearest neighbors of oxygen
atoms. (c) Temperature dependence of magnetization M (T'), measured at B = 0.1 T, with magnetic field along the a (green circles), b (blue
circles), ¢ (red circles) directions, respectively. (d) The zero-field specific heat C,(T") (green solid circles), and magnetic specific heat Cy(T')
(blue solid circles) for TbScO;. The black empty circles represent the specific heat of the nonmagnetic YAIO;. The red line is the integrated
magnetic entropy of TbScOs. (e) Field evolution of the magnetization M (B), measured at T = 2 K, with field along the three different principal
crystallographic axes. (f) Angle dependence of the magnetization measured at B = 3 T with applying field in the ab plane.

of the moment in the ab plane with ¢ = 46.2° titled away
from the a axis. This results in the ground state wave functions
given by

|Egs) = 0.706|—6) & 0.706]+6)
—0.016]—4) F 0.016|+4
+0.028|—3) F 0.028|+3
+0.005|—2) = 0.005|+2

)

)

)

—0.006|—1) £ 0.006|+1).

If we only keep the leading terms, this quasi-doublet ground
state can be simplified as

|Eox) =~ 0.706]—6) £ 0.706]+6)
1

ﬁ(l 6) £ [+6)).

These results are just as expected from the irreducible repre-
sentation analysis of the point symmetry C; [34]. In zero field,
this wave function indicates that the quasi-doublet ground
state consists of the two closely spaced singlet states, which
are linear combinations of pure |£6) states, and thus zero
magnetic moment is expected. With the external field applied
along the local easy axis, these wave functions are then mixed
with each other, and magnetic moments are induced [34,35].
In other words, the fact that these Tb moments can be eas-
ily polarized in small magnetic fields, also confirms that the

~

ground state of TbScO; is a quasi-doublet. The saturation
moment and the calculated tilting angle are further verified
with the magnetization measurements.

B. Magnetic ground state

To determine the ground state of TbScOs, we performed
the low-temperature magnetization measurements. Shown in
Fig. 1(c) is the temperature-dependent magnetization M (T") in
an external field of 0.1 T along the a (green circles), b (blue
circles), and ¢ (red circles) directions, respectively. An AFM
phase transition was identified at Ty = 2.53 K, as illustrated
by the red dashed line in Fig. 1(c). Consistently, a sharp peak
was observed in the zero-field specific heat C,(T") (green solid
circles) at T = 2.5 K, as illustrated in Fig. 1(d), which further
confirmed the AFM phase transition. The magnetic specific
heat Cy(T) (blue solid circles) was obtained by subtracting
the phonon contribution, estimated from the nonmagnetic
isostructural compound YAIO;3;. The magnetic entropy was
then calculated by integrating Cy/7 from 400 mK to 30 K. A
total entropy of about RIn2 was obtained, consistent with the
expectation of a pseudo-doublet ground state from the CEF
calculations. It is interesting to note that, only about 66% Rln2
entropy is released at Ty, which indicates that partial moments
are still fluctuating in the AFM ordered state.

Figure 1(e) shows the field evolution of the magnetization
M (B) measured at 2K with field along the three principal
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crystallographic axes. Similar to the isostructure compound
TbAlO; [36], strong magnetic anisotropy was observed be-
tween the ab plane and the ¢ axis. The saturation moments
were found to be 5.91ug and 6.53up for B || a and B || b,
respectively. These values are nearly 50 times larger than the
moment 0.12up measured at 3 T along the ¢ axis, confirm-
ing that these Tb>* moments are lying in the ab plane. To
further determine the specific orientation of these moments,
angle-dependent magnetization was measured in the ab plane.
The magnetization data (red empty circles) were collected at
T =2Kand B = 3T, as shown in Fig. 1(f). Petal-like features
were observed, as the two Ising sublattices were polarized
in magnetic fields. Assuming a canted angle ¢ between the
Ising moments [black arrows in Fig. 1(f)] and the a axis, the
measured angular dependent magnetization can be described
as

M;
M = =~(lcos(©@ + @) + [cos(® — p))), 6]

where M; is the saturation moment, 6 is the angle between the
magnetic field and the a axis. The best fit of the magnetization
is shown as the blue solid line in Fig. 1(f), with My = 8.8 ug
and ¢ = 48°. This tilting angle from the fitting of the angular
dependent magnetization is very close to the value of 46.2°
obtained from the point charge calculations.

C. Magnetic dipolar interactions

Since the 4f electrons are usually very localized, the
exchange interactions between the neighboring rare-earth mo-
ments are relatively weak. On the other hand, due to the
large local moments, the magnetic dipole-dipole interactions
are expected to play an important role. For TbScOs3, four
different magnetic structures (A,Gy, G:A,, F;Cy, and C.F,)
are allowed by the representation analysis, within the given
crystal structure and the magnetic propagation vector K =
(0, 0, 0) [20,21]. It is found that the dipolar interactions select
the zero-field magnetic ground state from these four possible
spin configurations [20,21].

Here, we calculated the dipole-dipole energy for each of
these four magnetic structures by fixing the Ising moment in
the ab plane with a canted angle ¢ = +48° to the a axis,

Mo 1 Lo s .

Egip = Tan 2P - [3(rg - 7)) (i - ;) — (g - Hiy)], (2)

T =7
where p( is the vacuum permeability, |F| is the distance be-
tween two moments, and 7; = 7/|7|. For the calculation, ten
neighboring Tb>* were considered in total, including eight
near neighbors within a distance of 5.73 A in the ab plane,
and two neighbors at a distance of 4.02 A along the ¢ axis.
We found that the influence was negligible for more dis-
tant atoms. The calculated dipole-dipole energies for each
magnetic structures are Eg, (G A,) = —2.33 K, E4;p(A,G,) =
—1.47 K, E4p(CiFy) =0.40 K, and Egp(FCy) =1.26 K.
The spin configuration G,A, [see inset of Fig. 1(d)] gains
more energy than all the other three configurations, and the
calculated dipole-dipole energy of —2.33K is also compa-
rable with the measured AFM transition temperature Ty =
2.53 K. In addition, we noticed that the dipolar interaction,

Eg, = —1.37 K, between the two nearest neighbors along

the ¢ direction is larger than the in-plane dipolar interaction
Egi’l’) = —0.42 K, even with the four nearest neighbors taken
into consideration. This suggests that Tb** ions form quasi-
one-dimensional AFM spin chains along the ¢ axis [see inset
of Fig. 1(d)] similar to the isostructural compounds TbAlO3

[37], DyScO; [20], and YbAIO; [8,21].

D. Magnetic phase diagram

To further study the ordered phase in TbScOs, magneti-
zation and specific heat measurements down to 0.1 K were
performed. Figure 2(a) is the isothermal magnetization M (B)
as a function of the applied field along the b axis with tem-
perature ranging from 0.1 K to 2.5 K. We also checked if there
was any slow dynamics persisting in this system, similar with
the observation in DyScO; [20,38,39]. As shown in Fig. 2(c)
is the measured magnetization at 2K of TbScO3 with the
magnetic field sweep up (red triangles) and down (blue tri-
angles). These two magnetization curves almost overlap with
each other, and no hysteresis loop is observed, which is in
contrast with the observations in DyScOj; [black circles in
Fig. 2(c)]. These results here suggest that the spin dynamics in
TbScOs3 is much faster than DyScO;, and it is out of the DC
magnetization measurement window. For TbScOs, the zero-
field AFM order is gradually suppressed with increasing field,
and it finally enters into a polarized ferromagnetic state in high
fields. The transitions are evidenced by the sharp peak-like
anomalies of the magnetic susceptibility dM/dB at different
temperatures, as illustrated in Fig. 2(e). The phase boundaries
determined by these peak positions of dM/dB are presented
in Fig. 2(f) (blue diamonds), with the critical field B, >~ 0.7
T at 0.1 K. However, we can see from Fig. 2(a), the measured
magnetization at B, >~ 0.7 T are still far from the saturation
value, even at T = 0.1 K. It is also noticed in dM/dB curve,
the sharp peak is always followed by an additional broad
anomaly at the higher fields. As lowering the temperature, we
can find that the sharp peak and the broad anomaly smoothly
merge into one peak with the width at half maximum around
0.3 T at the base temperature. All these behaviors indicate that
there is a field region above B., where a strong correlation still
exists, although the zero-field long-range magnetic order has
been suppressed.

Besides the field dependence, the temperature-dependent
magnetization M(T) with B || b is presented in Fig. 2(b). In
small magnetic fields, the M (T) curve first shows a hump-like
feature around the AFM transition temperature. This feature
is then gradually suppressed to lower temperatures by rais-
ing the magnetic field. By taking the temperature derivative
[Fig. 2(d)], a sharp anomaly is observed in each magnetic sus-
ceptibility dM/dT curve with a field range between 0.1 T and
0.5 T, corresponding to the AFM transition points [green trian-
gles in Fig. 2(f)]. Further increasing the magnetic fields above
B, the sharp anomalies become broader. However, the system
does not enter into the fully polarized state in the field region
between 0.7 T and 0.9 T. The overall phase diagram becomes
straightforward if we plot the phase boundaries extracted from
the peak positions of dM/dB and dM/dT curves, together
with the contour of the magnetic susceptibility dM/dB, as
shown in Fig. 2(f). Remarkably, the data also reveals the
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FIG. 2. (a) Field evolution of the magnetization M (B) measured at different temperatures with B || b. (b) Temperature-dependent magne-
tization M (T') measured at different fields with B || b. (c) Field-dependent magnetization with field sweep up and sweep down measured at
2K for DyScOj; [20] and TbScOs. (d) The temperature deviation of magnetization dM/dT measured at different magnetic fields. (e) Magnetic
susceptibilities dM/dB measured at different temperatures. (f) The contour plot of the magnetic phase diagram of TbScOs3, based on the

magnetic susceptibilities dM/dB, with B || b.

existence of a field region between the G,A,-type AFM state
below 0.7 T and the fully polarized state above 1.0 T.

Specific heat measurements in the field were performed
as well to investigate the temperature-field phase diagram.
Figures 3(a)-3(c) present temperature evolution of the mag-
netic specific heat Cy;/T measured with B || b. The sharp
triangular-like peak in the Cy;/T curve is gradually suppressed
to lower temperatures with increasing fields [Fig. 3(a)]. Fur-
ther raising the field, this peak turned into a broad anomaly in
the intermediate phase as 0.7 < B < 1 T [Fig. 3(b)]. Finally,
at B > 1T, the system enters into the fully polarized state, and
a broad Schottky anomaly is observed [Fig. 3(c)].

Here, we also noticed that an upturning feature was ob-
served at the lowest temperatures in a field region between
0.3 T and 1.5 T. The integrated magnetic entropy at different
fields is presented in Figs. 3(d)-3(f). The integrated entropy is
found to be larger than RIn2 in the region of the intermediate
field [Figs. 3(d) and 3(e)], where a large upturn is observed in
the Cyi/T curves. To double-check this phenomenon, field-
dependent specific heat at constant temperatures was also
measured [Fig. 3(g)]. At higher temperatures (1.2K < T <
2.4K), a sharp peak at the lower field side was observed,
indicating the magnetic phase transition. At higher fields,
a broad Schottky anomaly was identified, with the peak
positions linearly extending to the saturation field with de-

creasing temperatures. The sharp anomaly and the broad
maximum gradually shift towards each other with temperature
decreasing and eventually merge into a broad peak at T = 0.8
K. Further lowering the temperature, the peak becomes even
wider, as shown in the inset of Fig. 3(g). The contour plot of
the field and temperature-dependent specific heat Cy /T (T, B)
is presented in Fig. 3(h). Overlaid on the contour plot are the
phase boundaries determined from the magnetization M (T, B)
and the specific heat Cy (T, B) measurements. One can see
that these two measurements are well consistent with each
other.

The most remarkable phenomenon is the upturning feature
of the specific heat at ultralow temperatures around the inter-
mediate field region. One of the origins may be from the field
induced nuclear Schottky anomaly, which should contribute a
more pronounced effect with increasing magnetic field. On the
contrary, we find that the lower temperature upturning is sup-
pressed with further increasing fields above 1.5 T [Fig. 3(c)]
in TbScOs.

Moreover, the fields around 1 T should not induce such
strong nuclear Schottky anomaly due to the very small nu-
clear moments. An alternative scenario is that the anomaly
may be induced by a much stronger internal field from the
ordered f electrons. To understand these exotic behaviors of
specific heat, further studies with neutron scattering or nuclear
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magnetic resonance (NMR) in this particular field and temper-
ature region are needed.

E. Magnetic diffuse scattering

To further explore the spin dynamics, the single crystal
neutron scattering of TbScO; was performed in the (H,0,L)
scattering plane at different temperatures and fields. Con-
sistent with a pseudo-doublet ground state, the excited CEF
levels are far away from the ground state, and no inelastic
magnetic excitations are observed in the low-energy window
between 0 meV and 2.5 meV at T = 3.5 K, as presented in
Fig. 4(a). Instead, broad magnetic diffuse scattering is iden-
tified around (0, 0, £1) [Figs. 4(b) and 4(c)], at 3.5K, well
above the Ty = 2.53 K. This indicates that short-range AFM
correlations are well developed before the system enters into
the long-range ordered state.

With the position-sensitive area detector, we can also ac-
cess a finite Q-region in the (H,K,1) scattering plane. As
shown in Fig. 4(b), this diffuse scattering around (0,0,1) is
almost isotropic in the (H,K,1) scattering plane. On the con-
trary, striped patterns along the [H,0,0] direction is observed
in the (H,0,L) scattering plane. For a more quantitative anal-
ysis, line cuts along the [0,0,L] and [H,0,0] directions at

T = 3.5 K are made, as shown in Figs. 4(e) and 4(f). Here, a
lattice Lorentzian function was used to describe the magnetic
structure factor [40],

sinh(a/&;) sinh(c/&)
cosh(a/&,) — cos(sth) cosh(c/&) — cos[m (Il — 1)]

3

where &, and §; are the correlation lengths along the a and ¢
axis, respectively. The black solid lines, shown in Figs. 4(e)
and 4(f), are fittings of the lattice Lorentzian function. The
correlation lengths along the a and ¢ axis are about 6.58(10)
and 9.79(6) A, respectively. The correlation length along
the ¢ axis is larger than that in the ab plane, although the
near-neighbor distances are similar for these two directions.
Furthermore, it is worth noting that the background along
the [H,0,0] direction is much larger than that along [0,0,L]
direction, suggesting there is stronger diffuse scattering along
the [H,0,0] direction. For T = 1.5 K < Ty, we can also
observe the weak striped-like diffuse scattering along the
[H,0,0] direction, although a significant part of the intensity
is established at (0, 0, 1) positions due to the formation of
long-range magnetic order. This indicates short-range corre-
lation along the [H,0,0] direction in the AFM ordered phase.

S(Q)
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FIG. 4. (a) Inelastic neutron scattering spectra of TbScO3 measured at 3.5 K. (b) The diffuse scattering of TbScOs in the (H,K,0) scattering
plane. The magnetic diffuse scattering of TbScOj in the (H,0,L) scattering plane with the integrated energy £ = [—0.1, 0.1] meV, measured at
()T =3.5Kand (d) T = 1.5 K, respectively. (e) Line cut along the [0,0,L] direction measured at 3.5 K by integrating over £ = [—0.1, 0.1]
meV, H = [-0.2,0.2], and K = [-0.2, 0.2]. (f) Line cut along the [H,0,0] direction measured at 3.5 K by integrating over E = [—0.1, 0.1]

meV, K=[-0.2,0.2], and L = [0.85, 1.15].

These are consistent with the quasi-one-dimensional character
as a result of the dominant dipole-dipole interaction along the
C axis.

Figures 5(a) and 5(b) present the contour plots of the
temperature and field-dependent intensity of the (0,0,1) peak.
The line cuts of the diffuse scattering along the [0,0,L] di-
rection at different temperatures are illustrated in Fig. 5(c).
The temperature dependence of the correlation lengths of the
diffuse scattering [Fig. 5(e)] shows that the correlation length
is only about 7.09 AatT =5 K, which is close to the nearest-
neighbor Tb-Tb distances (~7.85 A) along the c axis. At the
lower temperature, the correlation length increases gradually
and reaches a maximum (*17.78 A) near Ty, and then de-
creases due to the formation of long-range magnetic order.
Even at the ordered AFM state, there exists partial fluctuating
magnetic moment, which results in the observed weak diffuse
scattering with the relatively short correlation length. The
field dependence of the magnetic peak at 1.5K is shown in
Fig. 5(d). Below the critical field, the magnetic peak is rather
sharp due to the long-range order. It is interesting to notice that
this magnetic peak did not vanish upon the phase transition.
Instead, a very broad peak is observed, which extends up to
1.0 T [Figs. 5(b) and 5(d)], with the large correlation length
~22 A found near the phase boundary [Fig. 5(f)]. Further
studies of this intermediate phase may reveal new physics,
such as spin density wave as proposed for the isostructural
compound YbAIO; [41].

IV. DISCUSSIONS AND CONCLUSIONS

We established the phase diagram and confirmed that
strong quasi-one-dimensional spin fluctuations were present
in the system of TbScOs. In terms of the crystal structure, lo-
cal point symmetry, and Ising-like doublet ground states with
dominating one-dimensional interaction, there is strong simi-
larity among the three isostructural perovskite compounds of
TbScOs3, DyScO; [20], and YbAIO; [21]. However they show
very different spin dynamics. Broad continuum-like spinon
excitations were observed for YbAIO; [8], while they are
absent for DyScO; and TbScOj;. Slow spin dynamics were
observed in DyScO; [39], while this has not been found for
YbAIO; and TbScOs3;. What is the underlying mechanism
that causes the distinct physics for these three isostructural
compounds?

We believe that the devil is in the details. Listed in the
Table I are the calculated ground state wave functions for three
compounds YbAIO3 [21], DyScO; [20], and TbScOs3;. We
found the term (Eox|S™, S™|Eos) = 0 for both DyScO; and
TbScOs. A nonzero contribution of (Eox|S™, S™|Ey.) was
identified for YbAIOj3 only. The absence of (Eo|S *, ST |Eo+)
means that the spin Hamiltonian such as HY = J¥§? . ij Y
can neither flip these Ising moments, nor make propagating
excitations. Thus, the spinon-like excitations are missing in
DyScO; and TbScOs. This corresponds to an effective spin
Hamiltonian only with the Ising term H* = J*S7 - S7. In this
Ising limit, excited magnetic moments form localized domain
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FIG. 5. (a) Contour plot of the temperature evolution of the magnetic diffuse scattering along the [0,0,L] direction. (b) Contour plot of
the magnetic diffuse scattering field evolution along the [0,0,L] direction. (c) Line cuts along the [0,0,L] direction measured at different
temperatures, integrated over £ = [—0.1, 0.1] meV, H = [-0.2, 0.2], and K = [—0.2, 0.2]. (d) Line cuts along the [0,0,L] direction measured
at different fields at 1.5 K, integrated over £ = [—0.1, 0.1] meV, H = [—0.2, 0.2], and K = [—0.2, 0.2]. The black solid lines are obtained by
fitting the lattice Lorentzian function. (e) Temperature dependence of the correlation length along the [0,0,L] direction. (f) Field dependence
of the correlation length along the [0,0,L] direction. The correlation length is obtained from the fitting of the lattice Lorentzian function.

walls. In addition, even this flat localized excitation can not
be observed in DyScO; and TbScOj; in neutron scattering
experiments, due to the selection rule AS = 1 [20].

On the other hand, for DyScOj3, all these terms that con-
nect spin up and down are close to zero ((Eox|SE, S*|Eox) =
0). The spin-up moments can relax to the spin-down states
by overcoming the large CEF energy barrier [42], and thus
significant slow dynamics are observed [39]. Conversely,
Tb is a non-Kramers ion, and the quasi-doublet state con-
sists of two low-lying singlet states. For these singlet states,
(Eo+|S?|Eo+) = 0, but (Epg|S*|Eo+) # 0. This provides ad-
ditional channels for tunneling between these singlet states,
which may greatly reduce the relaxation time for the spin

flipping, and thus, slow spin dynamics are less significant in
TbScOs.

In summary, low-temperature magnetic properties of
TbScO; were studied by a combination of CEF calcula-
tions, and measurements of magnetization, specific heat, and
single-crystal neutron scattering. The results point toward
an Ising-like quasi-doublet ground state with wave functions
mostly composed of |46). The Tb*>* Ising moments lie in the
ab plane with a tilting angle of ¢ = £48° to the a axis, as
determined from magnetization measurements. These Ising
moments undergo an AFM transition at 7y = 2.53 K, and a
G.A, magnetic ground state is selected by the dipole-dipole
interaction. Similar to DyScO; and YDbAIOs, the dipolar

TABLE I. Ground doublet state wave functions of the three isostructure orthorhombic rare earth perovskites YbAIOs [8,21], DyScO; [20],

and TbScO;.

[Eox) |(Eox|S*|Eo+)| [{Eox|S*[Eo)| [{Eo|S*Eo)|
YbAIO; al|£7/2) + BIFS5/2) + ... af + .. 0 o+ B+ ...
DyScO, a)£+15/2) + B|£13/2) + ... 0 0 ol + B2+ ..
TbScOs 1/3/2(1—-6)%|+6)) 0 6 0
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interaction along the ¢ axis is dominating, which determines
quasi-one-dimensional magnetism in TbScO3. We also estab-
lished the low-temperature phase diagram of TbScO; with
the magnetic field along the easy b axis. Besides the G.A,
AFM state, a field-induced intermediate state was identified.
In this intermediate state, the long-range magnetic order is
suppressed but strong one-dimensional correlations still per-
sist. To explore the possible spin configurations in these
intermediate field state, further neutron scattering experiments
are required. Besides the magnetic phase diagram, we clari-
fied the ground doublet state wave functions of TbScO3. The
differences in the doublet state wave functions may be respon-
sible for the distinct spin dynamics observed in YbAIOj3 and
DyScO;.
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