DOI: 10.1103/PhysRevB.92.094507

Pressure-Induced Phase Transition in La; _,Sm_ O, 5F, ;BiS,

Y. Fang!2, D. Yazici?3, B. D. White?3, and M. B. Maple!-2:3*

Materials Science and Engineering Program, University of California, San Diego, La Jolla, California 92093, USA
2Center for Advanced Nanoscience, University of California, San Diego, La Jolla, California 92093, USA and
3Department of Physics, University of California, San Diego, La Jolla, California 92093, USA
(Dated: August 20, 2015)

Electrical resistivity measurements on La;_,Sm,QOg.5Fo 5BiS2 (z = 0.1, 0.3, 0.6, 0.8) have been performed
under applied pressures up to 2.6 GPa from 2 K to room temperature. The superconducting transition tem-
perature 7. of each sample significantly increases at a Sm-concentration dependent pressure Py, indicating a
pressure-induced phase transition from a low-T. to a high-T, phase. At ambient pressure, 7. increases dramati-
cally from 2.8 Katx =0.1 to 5.4 K at x = 0.8; however, the T, values at P > P; decrease slightly with « and Py
shifts to higher pressures with Sm substitution. In the normal state, semiconducting-like behavior is suppressed
and metallic conduction is induced with increasing pressure in all of the samples. These results suggest that the
pressure dependence of 7. for the BiS2-based superconductors is related to the lattice parameters at ambient
pressure and enable us to estimate the evolution of T, for SmOy.5F.5BiS2 under pressure.

PACS numbers: 61.50.Ks, 74.25.F-, 74.62.Fj, 74.70.Dd

I. INTRODUCTION

The application of external pressure to materials has led
to the discovery of many new superconductors and has ap-
parently raised the record of the highest superconducting
transition temperature, 7., to 190 K in H,S.! Due to it-
s substantial impact on the crystalline and electronic struc-
ture of solids, applied pressure is recognized as a power-
ful tool to tune the 7., critical fields, and other physical
properties of superconductors.”? Recently, superconductivi-
ty with T, values ranging from 2.7 to 10.6 K at ambien-
t pressure has been reported for BiS,-based compounds in-
cluding Bi4,04S3, LnO;_,F,BiSy (Ln = La, Ce, Pr, Nd, Y-
b), La;_,M,OBiSy (M = Ti, Zr, Hf, Th), Sr;_,La,FBiS,,
EuBiS,F, and EuzBiyS4F4.4"'® Similar to the cuprate and Fe-
based superconductors, the structure of these compounds is
characterized by alternate stacking of superconducting BiSa
layers and charge-reservoir blocking layers, both of which are
tunable by using chemical substitution or applying external
pressure.*>1L1417.18 Therefore, there is plenty of phase space
to search for the optimal conditions for superconductivity in
this family of compounds.

The compound LaOg 5Fy 5BiS2, synthesized under high
pressure, was reported to have the highest 7, of ~10.6 K
in contrast to the 7. ~ 3 K of the same compound when it
is synthesized at ambient pressure.'>!° Although the crys-
tal structure of both the sample annealed at ambient pres-
sure (AP) and the one synthesized under applied high pres-
sure (HP) have the same space group P4/nmm, the strongly
reduced lattice parameters a and c are considered to be re-
lated to the enhancement in T, of HP samples.'?!%?0 On the
other hand, LaOg 5F 5BiSs (AP), which has a low T, under-
goes a structural phase transition from tetragonal to monoclin-
ic at a pressure of 0.7 GPa, and T, is enhanced to 10.7 K.?!
Similar abrupt increases in T, were also observed in the com-
pounds LnOg 5F( 5BiSs (Ln = Ce, Pr, Nd), LaOg 5F( 5BiSes,
EuBiS,F and Eu3Bi,S4F, under pressure.’>2° A gradual in-
crease in T, up to 5.4 K was observed at ambient pressure
in La;_,Sm,Og 5F( 5BiS, with increasing Sm concentration

until the solubility limit near o = 0.8.2” The lattice parame-
ter a in Lag oSmg 8Og 5Fg 5BiSs is significantly smaller com-
pared with other BiS; based compounds; however, further op-
timization of superconductivity in this system is prevented by
the presence of a solubility limit.>” Hence, it would be in-
teresting to explore the electrical transport properties of the
system La;_,Sm;Oq 5F( 5BiSs under pressure. Such an ex-
periment will not only provide a broad picture of how T, e-
volves at extreme conditions, but will also help to determine
which parameters are essential to promote superconductivity
in the BiS,-based compounds. Additionally, pressure may be
particularly well suited to induce certain types of phase tran-
sitions in Lag oSmg 80 5F.5BiSs due to its extraordinarily
small lattice parameters in ambient conditions.

II. EXPERIMENTAL DETAILS

The synthesis and crystal structure analysis of polycrys-
talline samples of La;_,Sm,O¢ 5F)5BiSs are described
elsewhere.'®?” The chemical composition of each sample p-
resented in this paper is nominal; impurity phases, including
La(Sm)F3, La(Sm)O, and Bi,S3, typically ~4 wt.% for z =
0.1, 0.3, 0.6 and ~8 wt.% for z = 0.8, were found in these
samples, which may cause slight differences between the
nominal and actual chemical compositions of the samples.?’
Geometric factors for each sample were measured before ap-
plying pressure and used to calculate the electrical resistiv-
ity from measurements of resistance. Electrical resistance
measurements from ambient pressure to ~2.6 GPa were per-
formed on samples with nominal Sm concentrations x = 0.1,
0.3, 0.6, 0.8 between 2 and 280 K using a standard four-probe
method in a pumped “He dewar. External pressures were gen-
erated by a clamped piston-cylinder cell using a Teflon cap-
sule filled with a 1:1 by volume mixture of n-pentane and
isoamyl alcohol, which is known to be a good hydrostatic
pressure medium.”®2° The pressures applied to the samples
were inferred from the 7, of a high purity (>99.99 %) S-
n disk inside the sample chamber of the cell using the well-
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FIG. 1.

(Color online) (a), (b), (c), (d) Temperature dependence of the electrical resistivity at various applied pressures near 7. for

La;—»Sm;0¢.5Fy.5BiS2 with x = 0.1, 0.3, 0.6, and 0.8, respectively. Lines are guides to the eye.

established behavior of T,.(P) in high purity Sn.** The width
of the superconducting transition of Sn, indicated by an ac
magnetic susceptibility measurement, is ~0.1 K at ambien-
t pressure and remains the same until ~2.6 GPa. This result
strongly suggests a good hydrostatic environment at low tem-
perature and high pressure.

III. RESULTS AND DISCUSSION

Measurements of the low-temperature electrical resistivi-
ty p(T) for La;_,Sm,Og 5Fy 5BiS, (x = 0.1, 0.3, 0.6, 0.8)
samples in zero magnetic field under applied pressures are de-
picted in Fig. 1. Superconducting (SC) transitions in which
p abruptly drops from a finite value to zero were observed
in each sample from ambient pressure to the highest pressure
(~2.6 GPa) applied in this study. We defined T, as the tem-
perature where the electrical resistivity (p) falls to 50% of its
normal-state value, and the width of the transition is charac-
terized by identifying the temperatures where the electrical re-
sistivity decreases to 90% and 10% of its normal state value.
Superconducting transitions are very sharp at low pressures
for all of the samples. However, as can be seen in Fig. 1,
the width of the SC transition is quite broad within a narrow
range of pressures (~0.5 GPa), after which, T, is remarkably
enhanced and the transitions become sharp again for the sam-

ples with nominal z = 0.1, 0.3, 0.6. In the case of the x =
0.8 sample, however, the width of the SC transition remain-
s broad at high pressures after the enhancement in 7; this
might be related to the = = 0.8 sample being so close to the
solubility limit and possible chemical inhomogeneity of the
sample.?’ This behavior reveals pressure-induced transitions
from a low-T. superconducting phase (SC1) to a high-T,. su-
perconducting phase (SC2) in each sample.

The abrupt change in 7. under pressure is particularly ap-
parent in the temperature-pressure phase diagram (see Fig.
2), in which P.° is the onset of the phase transition, Pi¢ is
the pressure where the phase transition is complete, and Py
is the midpoint between P.° and P°. The broad supercon-
ducting transitions between P;° and P.° indicate the emer-
gence of the SC2 phase; the sample in this pressure range
is presumably in a mixture of the SC1 and SC2 phases.
The values of T, obtained in measurements with decreasing
pressure (open symbols) are consistent with those measured
with increasing pressure (filled symbols), revealing that the
pressure-induced phase transitions are fully reversible. Tomi-
ta et al. recently reported a similar enhancement of 7, at ~0.7
GPa in polycrystalline samples of LaOg 5Fy 5BiSs, which
was attributed to a structural phase transition from tetrago-
nal to monoclinic due to sliding between two neighboring
BiS,-layers along the a-axis.?! Since both LaOg 5Fg 5BiS,
and La;_,Sm,Og 5F, 5BiS, are characterized by the same



crystal structure with space group group P4/nmm at ambien-
t pressure and have similar chemical compositions, it seem-
s likely that the pressure-induced enhancement of T, for
La;_,Sm,Oq 5F( 5BiS, is also associated with a structural
phase transition, i.e., the SC1 phase is tetragonal in structure
as has been demonstrated by Ref. 27 and SC2 phase is proba-
bly monoclinic.
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FIG. 2. (Color online) Superconducting critical temperature 7. vs
pressure for La;_;Sm;Og.5F.5BiS2 (z = 0.1, 0.3, 0.6, 0.8). Filled
and open circles with the same color represent 7. measured with in-
creasing and decreasing pressure, respectively. The width of the su-
perconducting transition is denoted by the vertical bars. Py° and P;°
are defined as the pressure of the low-7. to high-7. phase transition
onsets and completions, respectively; P is the midpoint between Py °
and P:°.

The T, values of La; _,Sm,;Og 5F( 5BiS2 superconductors
at ambient pressure gradually increase from ~2.7 K for z =
0.1 to ~5.4 K for = = 0.8 with increasing Sm substitution up
to the solubility limit near = = 0.8.2” However, the pressure
dependence of 7 for all of the samples at P <P differ sig-
nificantly from each other. For the x = 0.1, 0.3, 0.6 samples,
T, is initially enhanced with increasing pressure almost lin-
early and dT./dP decreases with increasing Sm concentration
as is shown in Fig. 3 (right axis). Although the value of T, for
x = 0.8 is the highest among the four compositions at ambi-
ent pressure, dT./dP is negative with a value of roughly -0.45
K/GPa, which results in a decreasing 7, with pressure down to
P°. These results suggest that reduction of the lattice param-
eter a, which is regarded to be essential to the enhancement
of T, for BiS,-based compounds at ambient pressure,'27-31:32
does not always result in an increase of 7.

The T, values at pressures just below and above the tran-
sition at Py from SC1 to SC2 are plotted in Fig. 3 (left ax-
is) and are denoted 7.° and 7,.°, respectively. Although 7.°
increases with Sm substitution, 7, is suppressed almost lin-
early from 9.4 K for z = 0.1 to 6.2 K for x = 0.8, resulting
in a reduction of the size of the jump in T, below and above
the phase transition (AT,) with increasing Sm concentration.
This phenomenon is very similar to that which was observed
for the compounds LnOg 5Fy 5BiSs (Ln = La, Ce, Pr, Nd),
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FIG. 3. (Color online) Sm concentration dependence of T, at Pi°
(T.°) and at P (T.°) together with the initial rate of change in T,
with pressure (dT./dP) for P < P.°.

in which the T, values above the phase transition decrease
with increasing Ln atomic number.?> By linearly extrapolat-
ing both T.° and T.€ of La; _,Sm,Og 5F( 5BiS, to x = 1, the
estimated AT, of SmOg 5Fy 5BiSs is only ~0.27 K, which
is within the uncertainty of our estimate. If we plot AT, for
LI’ZOO,5F0,5BiSQ, Lal,mSmIOO,g,FOﬁBiSQ, and the estimated
AT, for SmOg 5Fy 5BiSs as a function of lattice parameter a,
they are located almost on the same line despite the differ-
ences in their chemical composition (see Fig. 4(a)).

With Sm substitution for La, P; increases from 0.59 GPa
for x = 0.1 to 1.80 GPa for x = 0.8. The nearly linear evolu-
tion of Py with Sm concentration (see Fig. 4(b)) enables one
to estimate a P; of ~2.2 GPa for SmQOg 5F 5BiSs, which is
consistent with the P; values of other known LnOg 5F 5BiSs
compounds as is shown in the inset of Fig. 4(b).?>?* Figure
5 shows the T, of La;_,Sm_,Oq 5F, 5BiSs at different pres-
sures and Sm concentrations together with the estimated 7. of
SmOg 5F 5BiS, under pressure. The T, at pressures below
and above 2.2 GPa of SmQOy 5F( 5BiSs is estimated from a lin-
ear extrapolation of the 7, values of the four samples below
and above the phase transition, respectively. It can be seen
that higher T, values for the SC1 phase are found at high-
er Sm concentrations and lower pressures; however, higher
T. values for the SC2 phase are located in the region with
lower Sm concentration just above the phase transition. In
fact, by further reducing the Sm concentration to = 0, a
higher T, value of ~10.7 K could be obtained under pres-
sure in LaOg 5Fy 5BiS2, which has the largest a lattice pa-
rameter among the LnOg 5Fy 5BiSe compounds at ambien-
t pressure.?! On the other hand, reducing a enhances T, at
ambient pressure; however, it also reduces AT, as discussed
above. The pressure dependence of T, below and above 2.2
GPa for SmOy 5F( 5BiS5 has a similar trend and is almost in-
distinguishable as is shown in Fig. 5. Thus, the possibili-
ty that SmOg 5Fy 5BiSs has the same phase at low and high
pressures cannot be ruled out. Although it was reported that
SmO 5F 5BiS; can be synthesized by solid state reaction,
this result might be helpful in explaining why this parent com-



(a) La Ce Pr Nd Sm
°
~
N .
oL ‘\ . ¢ La, SmO, F/ BiS, ]
S ® LnO, F BiS, (Ref. 10, 20)
e ® SmO,.F BiS,
N
~
o N
= °
[ N -
< 4 <
N
N
A 4
~
N
° N
N
2+ N E
N
*
N
X L | | | ~
0.1 0.3 0.6 0.8 S
oL . . . . e
4.07 4.05 4.03 4.01 3.99 3.97
a(A)
T T T T T T T T T P
(b) -
rd
20 La,,SmO, F,.BiS, -7 1
_ 7
rd
o P -7
— — Linear fit -
15| _ E
7
rd
—_ P 1T T T T T T
< °
[ rd
e - - 20 - ; b
- 10+ . ; —
- 15} .
- <
e o
_ .
Q’_I.O - LnoovsFo,sBlsz -
05| o Ln = La, Ce, Pr, Nd, Sm | |
0.5 L ®  Ref. 20 i
® This work
0 1 1 1 1 1 1
La Ce Pr Nd Pm  Sm
0 1 1 1 1 1 f 1 1 1
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0

nominal x

FIG. 4. (Color online) Dependence of (a) AT, on lattice parameter
a and (b) dependence of P; on nominal Sm concentration. The inset
in panel (b) displays the evolution of P; as a function of Ln. Dashed
lines are guides to the eye.

pound could not be synthesized in other studies using the same
method.?”!

As is shown in Fig. 6, p(T) of La; _,Sm, O 5Fy 5BiS» in-
creases with decreasing temperature at low pressures in their
normal state, indicating semiconducting-like behavior, which
is suppressed by applied pressure. However, as the repre-
sentative p(T) data in the inset of Fig. 6(d) show, a mini-
mum near 262 K (T',i,) emerges at pressures above 0.4 G-
Pa. Semiconducting-like behavior is observed in p(T) for T'
< Thin- Tmin decreases with increasing pressure and then
saturates at ~1.8 GPa, reaching a value of roughly 40 K. Ex-
cept for the x = 0.1 sample, in which Ty,;, does not satu-
rate until ~2.5 GPa, similar behavior is observed in the oth-
er samples under high pressures. However, the relationship
between Ty, and Sm concentration is still unclear. The ap-
pearance of a metallic-like to semiconducting-like cross over
was also found in EugBisS4Fy4, Sri_,La,FBiS, (z > 0.45),
LaOBiSs, and ThOBiS, at ambient pressure. In the first ex-
ample, this behavior was attributed to a self-doping effect aris-
ing from Eu intermediate valence, while in the second exam-
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FIG. 5. (Color online) 7. plotted as a function of pressure and nom-
inal Sm concentration . The 7. of SmOg.5F¢.5BiS2 is estimated
by linearly extrapolating the 7. of La; —,Sm;Oq.5F¢.5BiS2 (z =0.1,
0.3, 0.6, 0.8) below and above the phase transition near P;. Filled
circles in the x-y plane are projections of 7.
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FIG. 6. (Color online) (a), (b), (c), (d) Electrical resistivity of
La;_»Sm;0¢.5Fq.5BiS2 with x =0.1, 0.3, 0.6, and 0.8 under applied
pressure from 270 K to ~1.2 K, respectively. The inset of panel (d)
is a representative p(1") curve in which a minimum (indicated by the
arrow) is observed in the normal state upon cooling.

ple, it was ascribed to Anderson localization.'>!63* However,
further work is required to identify the origin of the minimum
inLa;_,Sm,; Oy 5F( 5BiS, since the valence of Sm ions might
change and sample defects might develop at high pressures.
Figure 7 shows p values at 270 K (p270x) and at certain
low temperatures (pjow ), €xplicitly indicated in the figure, just
higher than T, for each sample. Both pa7ok and pjy first de-
crease with increasing pressure almost linearly. However, the
slope of the p(P) curve changes at the pressure indicated by
the arrows in Fig. 7, resulting in a kink for each p(P) curve.
For the x = 0.6 and 0.8 samples, a positive pressure coeffi-
cient of resistivity is observed at the pressures above the kink.
Although the kink is located at pressures near Py, it should
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FIG. 7. (Color online) (a), (b), (c), (d) Electrical resistivity of

La;_»Sm;0¢.5F0.5BiS2 with = 0.1, 0.3, 0.6, and 0.8, respective-
ly, at a temperature just above 7. in the normal state and at 270 K.
The filled circles represent data collected with increasing pressure
and the open circles are the data taken upon releasing the pressure.
The dashed lines, which are guides to the eye, reflect the slopes of
the pressure dependence of the electrical resistivity. Arrows indicate
the pressure at which the slope changes.

be noted that the kink does not necessarily coincide with the
appearance of the SC2 phase, since both the phase transition
between SC1 to SC2 and the appearance of metallic-like be-
havior may contribute to the normal-state electrical resistivity
of the samples.

Since the electrical transport behavior of single crystals of
La;_,Sm,0Oq 5F) 5BiS2 has not yet been reported, it is still
difficult to determine whether the observed semiconducting-
like behavior is related to poor intergain contact or whether it
is an intrinsic property. If we assume that the semiconducting-
like behavior is intrinsic, the energy gap can be estimated by
using the simple activation-type relation:

p(T) = poe™/ 5T, D

where pg is a constant, kp is the Boltzmann constant, and A
is the energy gap.’>*¢ Because the relationship between 1/
and Inp is not linear for the whole temperature range in the
normal state, the p(7T") data were fitted using Eq. (1) in two
different temperature ranges, 270-160 K and 22-10 K, similar
to the analysis in Refs. 22, 23, 35, and 36. The energy gaps
Ay/kp and As/kp, which are extracted from the high tem-
perature and low temperature ranges, respectively, are plotted
in Fig. 8. The gap A1/kp is not shown above the pressure at
which metallic-like conduction is observed. It can be seen that
both Ay/kp and As/kp are suppressed rapidly with increas-
ing pressure; however, the value of A;/kp does not change
significantly above P.° with increasing pressure for all of the
samples. Hence, the SC2 phase probably has a different band
structure which is less sensitive to pressure.

T T T T T T T T T T
Sa) SC1 . SC2 ® 1 pressure |, o(b) ¢ 1 pressure |
°
* o35 | pressure . SC1 . sc2 ©° | pressure
o . La, Oslm 10,5F0BiS, |, LI
X= - A
g . el
. 21 . 2
LA N .<1 o <
1t La, SmO, F, BiS, e o, ,
x=0.3
G 05 1.0 15 70 75 Q 05 10 15 25 75 °
Pressure (GPa) Pressure (GPa)
T T T T T T T T T T T
(©) ® 1 pressure |, (d) e 1 pressure
° o | pressure o | pressure20
Lr
. J20 . La, Sm O, F,.BiS,
. o . 1 ] ° 08
SC1 - sc2 3 xX= £lis
° o £s ® . sci.sc2 &£
. 4 . <
.
La, SmO, F,.BiS, 410 .
e o gee L0
x=0.6 8 o o )
0 05 10 15 20 75 0° 0 05 10 15 20 25

Pressure (GPa) Pressure (GPa)

FIG. 8. (Color online) (a), (b), (c), (d) Evolution of the energy gaps
Ai/kp and Ax/kp plotted as a function of pressure for = 0.1, 0.3,
0.6, and 0.8, respectively. Filled and open symbols represent values
that were obtained with increasing and decreasing pressure, respec-
tively. Pressure ranges in which the low-T. to high-T. phase transi-
tion is observed and in which the normal-state electrical resistivity
shows metallic-like behavior above 40 K are also indicated.

Although T, is reversible (i.e., there is no difference in val-
ues measured for increasing and decreasing pressure), val-
ues of Ay/kp and As/kp are higher for decreasing pres-
sure than increasing pressure, indicating an enhancement of
semiconducting-like behavior for all of the samples. A sim-
ilar phenomenon was also observed in LaOg 5F( 5BiS, and
CeOy 5F 5BiS,.2% This behavior is associated with the pres-
sure dependence of the electrical resistivity in which values
of p obtained at similar pressures in measurements in which
the pressure cell was being unloaded are significantly higher
than those measured upon loading as the representative data
show in Fig. 7. However, irreversible defects and disorder
as well as a reduction of the geometric factors might develop
in the samples under high pressures, which could contribute
to a reduction in the conductivity of the samples. Since the
energy gap A1/kp and Ay/k p are derived from the electronic
structure, there is no obvious reason why these fundamental
quantities should show hysteretic behavior as a function of
pressure.

IV. SUMMARY

Electrical  resistivity measurements on
talline samples of the BiSe-based superconductors
La;_,Sm,O¢ sFysBiS, (z = 0.1, 0.3, 0.6, 0.8) were
performed from 2 K to room temperature under applied
pressures. In the normal state, semiconducting-like behavior
is suppressed with increasing pressure. A reversible low-T,
to high-T, superconductor phase transition was observed in
all of the samples at a pressure that is proportional to the
Sm concentration. With increasing Sm concentration, AT,
is suppressed and a larger pressure is necessary to induce
the transition from the SCI1 to the SC2 phase. It is also
found that an optimal 7. could be tuned by decreasing the a

polycrys-



lattice parameter in the SC1 phase at ambient pressure or by
increasing a in the SC2 phase under pressure. These results
indicate that the high-pressure behavior of Sm-substituted
LaOg 5F( 5BiS; is largely determined by Sm concentration

or the lattice parameter a at ambient pressure.

Therefore,

the evolution of 7, under pressure for the parent compound
SmQOg 5Fy.5BiS, can be estimated, and we find that the SC1
and SC2 phases exhibit almost indistinguishable T, values;
this result suggests that applied pressure may not induce a
phase transition in SmOg 5F( 5BiS..
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