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LaSb has attracted intense interest due to the recent discovery of its extreme magnetoresistance (XMR) and
controversial topology states. Motivated by the existing structural phase transition and the possible topological
phase transition, the electrical transport properties of a LaSb single crystal under pressure up to 35 GPa were
investigated. Superconductivity appears at 10.8 GPa, and the critical temperature (7;) rapidly reaches a maximum
of 5.3 K at 13.7 GPa and then linearly decreases with further loading pressure, which can be represented by
a typical dome-shaped superconducting phase diagram. The superconductivity is believed to originate from
the significant increase of the density of states near the Fermi level [N(Er)], which is induced by the volume
collapse due to the structural transition from cubic to tetragonal at approximately 10.8 GPa. This result has
inspired systematic studies of the LnX (Ln = lanthanide and X = P, As, Sb, Bi) family under high pressure,

especially superconductivity investigations.
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I. INTRODUCTION

Rare-earth-metal monopnictides LnX (Ln = lanthanide
and X = P, As, Sb, Bi) have been studied for several decades
as examples of typical materials possessing unoccupied 4 f
states [1-3]. One of their essential properties is the pressure-
induced structural phase transition. Recently, interest has in-
creased as a result of the extreme magnetoresistance (XMR)
in LaSb [4,5], and LnX was added to the family of XMR ma-
terials [6—-10]. LnX supports an ideal platform with which to
study the underlying physics of the XMR phenomenon as well
as the relevant electronic band topology and superconductivity
[10-13].

The structural and electronic properties of LnX under
high pressure have been intensively studied both theoretically
[3,14] and experimentally [15]. LaX crystallizes in a cubic
structure of NaCl type (B1 phase) at ambient conditions. Most
members undergo a structural phase transition to the prim-
itive tetragonal structure (PT phase) of distorted CsCl type
under high pressure, accompanying a large volume collapse
of approximately 10%. Theoretical calculations predicted that
LaSb transforms from Bl to PT in the range 6.9-11 GPa
[16,17]. The pressure-volume relationship extracted from the
synchrotron x-ray diffraction pattern revealed that the phase
transition occurs at 11 GPa [18]. In addition, Guo et al.
predicted a topological phase transition at 3—4 GPa without
breaking any symmetry [19]. However, the electrical transport
properties under high pressure have not been reported in
LaSb. In addition, analogous studies are very rare for the
entire family. On the other hand, pressure can dramatically

*Corresponding author: zzm@ustc.edu.cn

2469-9950/2020/101(6)/064106(5)

064106-1

change the physical properties in different ways [20-23]. It
is therefore highly desirable to carry out a thorough study of
the intrinsic electrical transport properties of LaSb under high
pressure.

In this study, the temperature-dependent electrical resis-
tance and magnetoresistance (MR) of LaSb under high pres-
sure up to 35 GPa are reported. Superconductivity emerges
with the formation of PT phase of LaSb above 10.8 GPa, and
the upper critical magnetic field H,, for 13.7 GPa is obtained.
Implied by the pressure coefficients variations of transport
parameters, the coexistence of Bl and PT phases is proposed
in the range 10.8-13.7 GPa.

II. METHODS

LaSb single crystals were grown by the stannum flux
method. A stoichiometric ratio of La:Sb:Sn =1 : 1 : 20 was
mixed and placed in an alumina crucible before being sealed
in an evacuated quartz tube. The quartz tube was heated to
1000°C and slowly cooled to 700°C at a rate of 2°C/h,
and crystals were finally decanted with centrifugation. Single-
crystal samples were obtained with a typical cubic size of
1.5 mm. The structure of the crystals was analyzed by x-
ray diffraction (XRD) using a Rigaku diffractometer with
Cu Ko radiation. Figure 1 shows the XRD pattern, the ob-
vious (00n) peaks indicating the pure phase crystallization
of the samples. A diamond anvil cell (DAC) was used as
the high-pressure generator, and pressures were determined
from the ruby fluorescence line shift [24]. KBr was used
as the pressure-transmitting medium. A sample sheet with
a typical thickness of 10 um was thinned from the cubic
bulk and then configured with four platinum electrical probes
[25]. The electrical transport measurements were performed
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FIG. 1. X-ray diffraction pattern of NaCl type structure of LaSb
samples. Strong (00n) peaks can be clearly seen. Lower-middle and
upper-right insets correspond to crystal structures for NaCl type (B1
phase) and high-pressure distorted CsCl type (PT phase) of LaSb,
respectively.

using a commercial physical property measurement system
(DynaCool, Quantum Design).

III. RESULTS AND DISCUSSION

Figure 2 shows the temperature-dependent electrical resis-
tance under high pressure. As shown in Fig. 2(a), the lower
pressure data exhibit typical metallic behavior with a residual
resistivity ratio (RRR) approximately 10 (RRR is defined as
the ratio of the resistivity of a material at room temperature
and at 0 K). Up to 10.8 GPa in Fig. 2(b), a sharp drop in
resistance appears near 5.1 K, which signifies the occurrence
of superconductivity. Upon further compression, the resis-
tance decreases with pressure at low temperature and drops
to zero when it reaches 13.7 GPa, indicating the completion
of the superconducting transition. This is attributed to the
coexistence of two structural phases (described below). The
superconducting transition temperature region is character-
ized by the transition width (from 10% to 90% of the normal-
state resistance) of 0.4 K, indicating the good homogeneity
of the superconducting phase. Above 13.7 GPa, as shown in
Fig. 2(c), the superconducting transition temperature starts to
decrease with increasing pressure. Here, the critical tempera-
ture (7;) is defined as the temperature at which the resistance
drops to 90% of the normal-state resistance. In summary, the
superconductivity sets in at 10.8 GPa, and T increases slightly
to reach a maximum of 5.3 K at 13.7 GPa and then decreases
gradually, which can be shown by a typical superconducting
dome phase diagram. Compared with the previous report of
the B1-PT phase transition at 11 GPa [18], the pressure-
induced superconductivity is attributed to the structural phase
transition. Notably, in contrast to the isostructural compound
LaBi [26], superconductivity was not observed in the Bl
phase of LaSb under high pressure. Since most elements of
lanthanide and pnictogen are superconducting at ambient or
at high pressure [27-30], it is recommended that the effects
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FIG. 2. Electrical resistance of LaSb single crystals as a function
of temperature at various applied pressures.

of the elements and defects on superconductivity behavior
receive more careful investigation in the future.

The presence of pressure-induced superconductivity in
LaSb was further corroborated by the resistance measure-
ments under external magnetic fields. Figure 3(a) shows the
temperature dependence of resistance with applied magnetic
fields vertical to the current at 13.7 GPa. Resistance drops
are gradually induced to lower temperature with increasing
field, which is typical for a bulk superconducting transition.
It can be seen that the onset point of transition shifts slowly
with the magnetic field, but the zero resistance point shifts
more quickly to lower temperature. This is understandable
since the latter is determined by the weak links between the
grains as well as the vortex flow behavior, while the former
is controlled by the upper critical field (H,,) of the individual
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FIG. 3. Upper critical field analysis of LaSb superconductor.
(a) Temperature dependence of resistance with applied field up to
0.3 T at 13.7 GPa. (b) H, — T, phase diagram at 13.7 GPa. T, is
determined as the 90% drop of normal-state resistance. Solid line
represents fitting by Eq. (1) and H.,(0) is estimated to be 0.25 T.

grains [31]. Figure 3(b) displays H,, as a function of T;; the
zero-temperature H., [H.2(0)] is estimated to be 0.25 T at
13.7 GPa by using the extended Ginzburg-Landau formula
[32]:

1 —(T/T.)?
1+ (T/T.)%

H»(0) is far below the Bardeen-Cooper-Schrieffer (BCS)
weak-coupling Pauli limit of 1.84 T, = 9.7 Tfor T, =5.3K
[33,34].

MR evolutions under high pressure are now discussed.
Large-MR materials have received great attention not only
because of their promising applications as magnetic stor-
age device, spin valves, etc., but also owing to their rich
physical information, e.g., carriers, dynamic scattering, and
electronic and crystal structure. MR is defined as MR =
[R(H) — R(0)]/R(0), which expresses the electrical resistance
change ratio with applied magnetic field. Here, R(0) is the
normal-state resistance at zero field, which was extracted from
the parabolic curve fitting to our high-field data. Figure 4(a)
shows MR as a function of magnetic field measured at 7 =
3.5 K under high pressure. As the MR magnitude of LaSb
is extremely sensitive to the RRR, a quadratic dependence
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FIG. 4. (a) Magnetic field dependence of MR at T = 3.5 K under
high pressure up to 35 GPa. Inset shows the enlarged image for the
region of lower pressure and high field. (b) Pressure-dependent MR
amplitude at H =9 Tand T = 3.5 K.

equation of MR = 103 RRR? has been reported by Tafti ez al.
[4,6]. The XMR phenomena were not observed in the current
work due to the small RRR, which probably is introduced
by the crystallographic defect; even so, the pure B1 phase of
LaSb single crystal is confirmed through the XRD pattern as
shown in Fig. 1. Figure 4(b) shows a drastic suppression of
MR near the structural phase transition region; meanwhile,
a pressure coefficient inflection appears near 6 GPa, which
can be seen in the inset of Fig. 5 as well. The mean mobility
of carriers, (,,, should exhibit the coincident trend versus
pressure as result of the relationship of MR = u2 H? [35].

Figure 5 summarizes the temperature-pressure phase di-
agram. In general, the pressure-driven superconductivity is
often accompanied by a structural phase transition, most of
which lead to anomalies in normal-state resistivity [36—40].
In Summerfeld’s modes, electrical resistance is written as R =
1/n(EF)ep,,. Here, n(Er) and p,, represent the carrier density
near the Fermi energy and the mean mobility of carriers,
respectively [41]. Dominated by both of these, the electrical
resistance carries information that is critically important to
understanding the high-pressure behavior of materials.

In the B1 phase, the residual resistance Rjox shows a slope
change after 6 GPa, and then a more gentle attenuation is
clearly visible. This is comparable with the MR variation in
the same range as shown in the inset of Fig. 5. The inflection
point is obtained as 5.5 GPa from linear fitting of Rjox data.
Guo et al. theoretically predicted the pressure-induced topo-
logical phase transition at approximately 3—4 GPa [19]. It is
surmised that the pressure coefficient changes in both residual
resistance and MR are possibly related to the topological
phase transition. Similar slope changes associated with the
electronic topological transition have been identified in nu-
merous materials, e.g., Auln, [42], BP [43], and BiTeBr [44].
Further confirmation is needed, however, and the relationship
between XMR effect and pressure merits further study.

When LaSb starts to transform into the PT phase, the most
striking finding is that R ok shows an abrupt drop in the range
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FIG. 5. Temperature vs pressure phase diagram. Left-hand axis
denotes 7, and right-hand axis corresponds to residual resistance
Ryok. Superconductivity appears at 10.8 GPa, where the structural
transition takes place as denoted by the gray dashed line. Pink
and yellow dashed lines near 5 and 14 GPa, respectively, mark the
boundaries where the possible topological phase transition occurs
and the B1-PT transformation finishes, respectively. Inset shows a
magnification of residual resistance Rjox and MR in the region of
lower pressure. Red dashed lines are linear fitting curves in the ranges
1.8-5.0 and 6.5-10.2 GPa, respectively, from which the inflection
point is extracted as 5.5 GPa.

10.8-13.7 GPa, after which an upshift appears. From previous
reports, the structural phase transition in LaSb was accom-
panied by a large volume collapse of 10.1% [18]; simultane-
ously, ab initio calculations indicated that the density of states
near the Fermi level [N(Er)] exhibits a significant increase
from 3 to 10-15 states/Ry cell [16,17]. Thus, the pressure-
induced N(EF) increase should be the origin of the sharp
decrease of the residual resistance and, correspondingly, the
occurrence of superconductivity [45]. Meanwhile, the broad
range of the Rjox drop could be related to the coexistence of
B1 and PT phases, while similar mixed phases were observed

in other isostructural compounds [46]. Therefore, the initial
increase of 7, with compression probably results from the
increasing of the superconducting phase proportion. Upon
further compression, 7;. shows a linear decrease. The negative
pressure coefficient is commonly attributed to the volume
dependence of N(EF) and of the effective interaction between
the electrons mediated by the electron-phonon coupling [47],
which is typical in metal element superconductivity [48]. As
implied by the inflected increase in R}k, the linear decrease in
T, can be explained by the shrinking of N (Er) with increasing
pressure.

IV. SUMMARY

In summary, the electrical transport measurements con-
ducted in this work reveal superconductivity rooted in the
high-pressure PT phase of LaSb. The 7, — P phase diagram
is obtained, and, corresponding to the transition from the
B1 to PT phase, an abrupt drop appears both in residual
resistance and MR between 10.8 and 13.7 GPa, where a
typical superconducting dome starts to form. Based on the
previous electronic band calculations, the superconductivity is
attributed to the significant increase of N (Ef ) due to structural
instability. Conclusively, one mixed phase containing B1 and
PT phases is proposed in the range 10.8—13.7 GPa, leading to
the initial increase of T, after which a typical linear decrease
of T, is observed. In the B1 phase, possible signals of the
topological phase transition near 5.5 GPa are also found, but
further confirmation is needed. In light of the common struc-
tural phase transition occurring in LnX, more superconducting
compounds and related physics can be expected in the entire
LaX family. It should be noted that the superconductivity
identified in the B1 phase of LaBi was not observed in LaSb,
and the distinct transport properties reported here indicate
promising prospects for further investigation of the LaX fam-
ily, in particular the elements’ effects and the high-pressure
behaviors.
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