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Motivated by the recent discovery of unconventional superconductivity around a magnetic quantum critical point in
pressurized CeSb;, here we present a high-pressure study of an isostructural antiferromagnetic (AFM) SmSb, through
electrical transport and synchrotron x-ray diffraction measurements. At Pc ~ 2.5 GPa, we found a pressure-induced mag-
netic phase transition accompanied by a Cmca — P4/nmm structural phase transition. In the pristine AFM phase below Pc,
the AFM transition temperature of SmSb, is insensitive to pressure; in the emergent magnetic phase above Pc, however,
the magnetic critical temperature increases rapidly with increasing pressure. In addition, at ambient pressure, the magne-
toresistivity (MR) of SmSb; increases suddenly upon cooling below the AFM transition temperature and presents linear
nonsaturating behavior under high field at 2 K. With increasing pressure above Pc, the MR behavior remains similar to that
observed at ambient pressure, both in terms of temperature- and field-dependent MR. This leads us to argue an AFM-like
state for SmSb; above Pc. Within the investigated pressure of up to 45.3 GPa and the temperature of down to 1.8 K, we

found no signature of superconductivity in SmSb;.

Keywords: high pressure, antiferromagnet, magnetoresistivity, structural transition

PACS: 64.70.k, 47.80.Fg, 61.50.Ks, 81.40.Vw

1. Introduction

Rare earth metals and intermetallics with 4f electrons
have attracted great attention owing to rich exotic quantum
phenomena they exhibited, such as heavy fermion state, quan-
tum criticality, and unconventional superconductivity.['=31 In
these systems, many physical properties are governed by com-
plex interplay between the underlying interactions, including
strong Coulomb correlations, spin—orbit coupling (SOC), and
the hybridization of the localized f electrons and conduction
electrons. Recently, the addition nontrivial band topology
in 4f electrons system open a new field in condensed-matter
physics. For topological materials with 4f electrons, both SOC
strength and spin texture play important role in the formation
of nontrivial topology, which not only leads rich and unusual
quantum phenomena!®1%! but also hold promise for applica-
tion in electronic devices.!!!-14]

The family of light rare-earth diantimonides RSb, (R =
La-Nd, Sm) displays combination of nontrivial band topology
and electronic correlated effect, which crystallizes in layered
orthorhombic structure with space group Cmeca. It consists of
alternatively stacked zigzag RSb bilayer and distorted square
net of Sb layer along the ¢ axis, as shown in Fig. 1(a), and
we choose SmSb, as a representative. A charge density wave
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(CDW) order has been reported in LaSb, and PrSb,,[15-16.18]
and the former also displays superconductivity below ~
1 K.[19-221 Al of RSb, except LaSb, exhibit an antiferro-
magnetic (AFM) or a ferromagnetic ground state.!1619:23-26]
All RSb; materials present large, linear and unsaturated mag-
netoresistivity (MR) with external magnetic field along ¢
axis, while its origin still remains elusive.!!?2327-30] Re-
cently, the angle-resolved photo-emission spectroscopy mea-
surement combined with first-principles calculations revealed
non-trivial electronic topology in LaSb,, and other isostruc-
tural RSb; are also expected to have similar topological elec-
tronic bands.3"!

Pressure is an effective method to tune the lattice struc-
ture and to manipulate electronic states such as magnetism,
superconductivity, and topological phases of matter without
introducing impurities. By applying pressure to LaSb,, the
CDW state is suppressed, and the superconductivity shows

31321 The recent discovery of unconven-

dome-like diagram.!
tional superconductivity under pressure in ultraheavy fermion
material CeSb, stimulated the re-research interest of the RSby
family. The dome-type superconductivity appears near a mag-
netic quantum critical point, and its upper critical field exceeds
the conventional Pauli limit eightfold.*3] Furthermore, high-

pressure x-ray diffraction (XRD) measurements and calcula-
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tions show that LaSb, and CeSb, exhibit a structural transi-
tion at 0.5 GPa and 1.7 GPa, respectively.?>33] Therefore, it
is highly interesting to investigate whether the emergence of
the quantum critical point and novel states exist in other pres-
surized RSb, materials.

In this article, we choose SmSb, as an example, which
present an AFM ordering at Ty ~ 13.9 K, and systematically
study its high-pressure physical properties by utilizing elec-
trical transports and synchrotron XRD in diamond anvil cells
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(DACs) with pressure up to 45.3 GPa. We find that the initial
AFM state of SmSb; is insensitive to pressure below 2.5 GPa,
above which another AFM-like phase shows up verified by our
MR measurement. The transition temperature of the emergent
AFM phase increase quickly with increasing pressure. The
XRD measurements show that the magnetic phase transition
is due to an orthorhombic Cmeca to tetragonal P4/nmm struc-

tural phase transition.
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Fig. 1. (a) Crystal structure of SmSb,. (b) Energy-dispersive x-ray spectroscopy. (c) Single crystal XRD pattern of SmSb,. The inset presents
a photo of one as-grown SmSb; single crystal. (d) Temperature dependence of resistivity at ambient pressure. The inset shows the blowup of

the low-temperature resistivity.

2. Experimental methods

Single crystals of SmSb, were grown by the Sb-flux
method, and the details of the crystal-growth procedure are
given in Ref. [34]. The single crystal XRD pattern was col-
lected by using an in-lab x-ray diffractometer with Cu Ko
radiation of wavelength 1.5406 A at room temperature. The
atomic ratio is analyzed by energy dispersive x-ray spectrom-
etry (EDXS). Ambient-pressure electrical transport measure-
ments were carried out in a physical property measurement
system. High-pressure electrical transport measurements were
performed in an in-house transport property measurement sys-
tem using a nonmagnetic Be—Cu DAC.?>! The standard four-
probe method was applied on single-crystal SmSb;, and NaCl
was used as the pressure-transmitting medium. The current
was applied parallel to the ab plane, and the magnetic field

was applied perpendicular to the ab plane. High pressure

angle-dispersive synchrotron XRD (A = 0.6199 A) were per-
formed on crushed SmSb; single crystals in a Mao—Bell cell
with Daphne 7373 oil as pressure-transmitting medium at the
beamline BL15U1 of Shanghai Synchrotron Radiation Facil-
ity. All above pressure values were calibrated with the ruby
fluorescence shift at room temperature.**) The Dioptas pro-
gram was employed for the XRD image integrations.?”! The
XRD patterns were fitted by using the RIETICA program with
the Le Bail method.8!

3. Results and discussion

We first characterized the ambient-pressure physical
properties of SmSby, which demonstrated high quality of the
single-crystalline samples. The EDXS spectrum gives an
atomic ratio of Sm:Sb as 1:2.06, which is close to the ideal

stoichiometry (see Fig. 1(b)). The single-crystal XRD pattern
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only consists (00/) peaks, indicating that ab plane is natural
cleavage facet of the crystals, as shown in Fig. 1(c). Fig-
ure 1(d) presents in-plane resistivity (p) as a function of tem-
perature (7)) at ambient pressure. The p—T curve shows a
metallic-like behavior in the whole temperature range besides
a sharp drop around Ty = 13.9 K (Fig. 1(d) inset) due to the
antiferromagnetic transition, in agreement with the previous
report.[1°]

The temperature dependence of the in-plane resistivity
from 0 GPa to 45.3 GPa are given in Fig. 2. Under pressures
up to 1.1 GPa, the p—T curve shows similar behavior as that at
ambient-pressure, in addition to small increment of 7Ty. At a
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critical pressure Pc ~ 2.5 GPa, another kink manifests around
a higher temperature 7y, ~ 17.5 K and coexists with the initial
one (14.6 K) in the p—T curve, as shown in Fig. 2(b). The
newly appeared kink anomaly at 7}, can be associated with
an AFM ordered state as discussed below. With further in-
creasing pressure above 5.2 GPa, the original AFM kink dis-
appears completely and Ty keeps moving towards higher tem-
peratures [see Fig. 2(c)], and the resistivity globally gets en-
hanced. Since this kink-type anomaly gradually broaden under
high pressure, we define 7} by cross point of two straight lines
above and below the transition. Up to 45.3 GPa, the highest
pressure in our measurement, 7y, reaches around 56 K.
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Fig. 2. (a) Temperature dependence of p at various pressures. The Ty is defined as cross point of extended red dashed line through the data
points. Inset shows the resistivity at 5 K at different pressures. (b)-(c) The enlarge view of low-temperature p and the data are shifted vertically
for clarity. The pink dashed lines are guide to eyes highlighting the evolution of the Tyy and 7y, evolution with pressures.

We then performed electrical transport measurements un-
der external magnetic fields to investigate the origin of the
anomaly in p—T curve. Figures 3(a) and 3(b) present the evo-
lution of resistivity under different fields at ambient-pressure
and 5.2 GPa respectively, and figures 3(c) and 3(d) present
the corresponding temperature-dependent MR. Here, MR is
defined as [MR = (p(H) —p(0 T))/p(0 T) x 100%)], where
p(H) represents resistivity under a field and p(0 T) represents
resistivity under zero field. At ambient pressure, 7Ty remains
unaltered up to 8 T, suggesting that it is very hard to align the
spins along the ¢ axis. Moreover, the MR increases remarkably
below Ty and saturates below 5 K. Interestingly, when we ap-
plied external magnetic field to SmSb, above Pc at 5.2 GPa,
we find that the 7} is still insensitive to the field and the MR

increases significantly upon cooling below the 7Y}, which is
similar as our ambient-pressure measurement. Singha ez al.'")
suggested that the MR value strongly depends on carriers mo-
bilities. As the temperature decreases, the carrier mobilities
increase and suddenly enhance around the magnetic transition
temperature due to the transition of magnetic moments from a
disordered to an ordered state.”!

We also measured MR at 2 K under various pressures as
shown in Fig. 3(e). At ambient pressure, it can be observed
that an unsaturated positive MR as large as ~ 1200% is ob-
tained at 2 K and 8 T with almost linear under high field. With
applying pressure, the magnitude of MR decreases dramati-
cally from 390% at 0.3 GPa to 6% at 12.9 GPa. It is noticed
that the MR at 2 K is keep positive above Pc, which is differ-
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ent from typical negative MR of FM transition due to signifi-
cant suppression of critical FM fluctuations near the ordering
temperature. 3%4%1 The suppressed MR may attribute to reduc-
tion of the carrier mobility under pressure due to the presence
of disorder in the sample.*®! The reduction of the carrier mo-
bility under pressure is also reflected in the inset of Fig. 2(a),
indicating that the resistivity at 5 K increases monotonically
with pressures. For a pressure above Pc, the MR also shows

with no sign of saturation up to 8 T, suggesting the unchanged
MR mechanism across the magnetic transition. According to
above MR measurement, we conclude that the emergent kink
at T{, on p-T curve above Pc origins from a magnetic tran-
sition, which could potentially remain an AFM order. In the
future, SmSb, would particularly benefit from further clari-
fication of the magnetic structures under pressures, by using
magnetizations, neutron measurements, and theoretical calcu-

positive value and presents linear field-dependent behavior  lations.
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Fig. 3. (a) and (b) Temperature dependence of p under various fields at ambient pressure and 5.2 GPa, respectively. (c) and (d) Temperature-
dependent MR at ambient pressure and 5.2 GPa, respectively. The pink dashed line denotes the temperature of the magnetic transition. (¢) MR
as a function of field at representative pressures and a fixed temperature of 2 K. The inset shows the MR at ambient pressure. The dashed red

lines denote the linear behavior at various pressures.
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We then performed in-situ high-pressure synchrotron
XRD experiments on SmSb; to investigate the relationship be-
tween magnetism and structural modulation. The XRD pat-
terns up to 41.9 GPa are presented in Fig. 4(a). From 0.7 GPa
to 2.7 GPa, all XRD peaks move towards higher angles mono-
tonically due to shrinkage of the SmSb, lattice, and the XRD
patterns can be fitted by the initial phase with space group
Cmca. Starting from 5.6 GPa, some diffraction peaks, such as
(200), (202), (204), and (225) peaks, from the original Cmca
structure disappear (as indicated by blue arrows), and some
peaks show distinct downshift, as exhibited in Fig. 4(b) as an
example. These observations indicate structural phase transi-
tion from low symmetry to high symmetry between 2.7 GPa—
5.6 GPa, in line with the magnetic transition from the above
transport result. Above 5.6 GPa, the XRD peaks move to-
wards higher angles with increasing pressure and remaining
up to the highest pressure of 41.9 GPa, suggesting completion
of the structural transition.

Recent studies suggested that isostructural LaSb, and
CeSb, shifts structurally from Cmca to Cmcm under

32331 However, the fitting is failed to SmSb, by us-

pressures. |
ing the Cmcm phase above 5.6 GPa, suggesting that SmSb,
may not adopt the Cmcm phase at high pressures. Considering
the feasible phase for the high-pressure structure in SmSby,
we then focused on the discovered structures in AB, family (A
is rare earth or actinide elements; B is other d or p-block met-
als), which crystallize in a series of crystal structure, including

(411 After careful analy-

Fd-3m, P6/mmm, P4/nmm, and so on.
sis and fitting of data, we found that the XRD patterns above
5.6 GPa can be well fitted by tetragonal structure with space
group P4/nmm. Two representative XRD pattern fitting results
at 0.7 GPa and 41.9 GPa are presented in Figs. 4(c) and 4(d).

Figure 5(a) shows the pressure-induced structural transi-
tion from Cmca to P4/nmm corresponds to shift in ab-plane
and a collapse of the c axis. The extracted lattice parameters
and unit-cell volume of SmSb, under high pressure are exhib-
ited in Figs. 4(b) and 4(c), respectively. The equation of state
(EOS) was fitted by using the third-order Birch—-Murnaghan
formulal4?!

P = Bol(Vo/v)"" — (Vo/v)*)
x{1+j<36—4>[(vo/V)2/3—1]}, (1)

where Vy, By, and Bj are the volume, bulk modulus
—V/(dV/dP), and first-order derivative of the bulk modu-
lus at zero pressure, respectively. The fits yield By = 79.2 &+
3.7 GPa and B, = 1.8 + 1.2 for the Cmca phase and By =
119.8 +£5.5 GPa and Bj, = 9.6 +4.3 for the P4/nmm phase.
The structural phase transition yields a unit-cell volume con-
traction AV /V ~ 8.4% (Fig. 5(e)).
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Fig. 5. (a) Schematics of the crystal structures of the pristine structure

(Cmeca phase) and the high-pressure structure (P4/nmm phase). (b) Pressure-
dependent lattice parameters ag, by, and ¢y of Cmca phase and ay (by) and
cp of P4/nmm. (c) Unit cell volume per formula unit (V /Z) as a function of
pressure. The solid lines are fits based on the third-order Birch-Murnaghan
equation of state.

We conclude the above results into a phase diagram for
SmSb, in Fig. 6. We observed that the Ty of SmSb; increases
with increasing pressure with a rate of ~ 0.28 K/GPa, followed
by a jump to 7, accompanied by a structural transition from
Cmca to PA/nmm. The T} initially increases rapidly with in-
creasing pressure, while the increasing rate gradually slows
down. Note that the phase diagram of SmSb, is quite differ-
ent with that of the CeSb,. In CeSb,, the magnetic transition
temperature is suppressed in high-pressure Cmcm phase, and
the superconductivity emerge around the magnetic quantum
critical point.[*3] In the P4/nmm phase of SmSb,, the AFM-
like transition temperature is significantly enhanced to about
56 K at 45.3 GPa, which is quadruple the value observed
in the Cmca phase. The AFM-like transition temperature of
56 K is also much higher than that of other RSb, material
at ambient pressure,!!'”) indicating that the P4/nmm structure
may play an important role in the establishment of magnetic
order. The enhancement of TI\’I in SmSb, is consistent with
the Doniach phase diagram, which describes the behavior of
T as the result of competition between Ruderman—Kittel—
Kasuya—Yosida (RKKY) and Kondo interactions.*>~*! When
changing into the high pressure structure, SmSb; localizes in
the far left part of the Doniach phase diagram dominated by
RKKY interaction. In this region, the increase in hybridiza-
tion strength primarily enhances the RKKY interaction under
pressure, resulting in the promotion of magnetic order. With
further compression, as supported by slow rate of 73, increase,
the Kondo spin would suppress the RKKY interaction, caus-
ing the magnetic ordering temperature to reach a maximum
and then rapidly decrease towards the quantum critical point
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at 0 K, similar to the observation in Nd metal, PrTi; Alyg and
CeRhlIns.[*48] Ag a result, it may require significantly higher
pressures to suppress the magnetic order in SmSb.

Cmeca

—_—

P4/nmm

60}

Paramagnetic ,_{}"—_i}
50t 1%
T]\'é .-l

a0} &
g 52
~ 301 QQ’
oo AFM-like
2017y
10F:EAIFMI .
0 5 10 15 20 25 30 35 40 45

P (GPa)

Fig. 6. Magnetic ordering temperature of SmSb, versus pressure. The
dashed line through the data points is a guide to eye. The error bars give
uncertainty in 7y and Ty values.

4. Conclusion

In conclusion, we have systematically investigated the
high-pressure properties of the AFM SmSb, by high-pressure
electrical transports and XRD measurements with pressure up
to 45.3 GPa. Our data show that the initial antiferromag-
netic (AFM) order is maintained under applied pressures be-
low Pc ~ 2.5 GPa. Beyond Pc, anew AFM-like state emerges,
owing to a structural phase transition from an orthorhombic
Cmeca phase to a tetragonal P4/nmm phase. The transition tem-
perature of the emergent magnetic phase keeps increasing in
our pressure range. Further higher pressure may suppress the
magnetic order and could induce superconductivity.
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