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The superconducting and normal-state properties of La;—,Sm;Og.5Fo.5BiS2 (0.1 < x < 0.9) have been stud-
ied via electrical resistivity, magnetic susceptibility, and specific heat measurements. By using suitable synthesis
conditions, Sm exhibits considerable solubility into the CeOBiS2-type LaOg.5Fo.5BiS» lattice. In addition to
a considerable enhancement of the superconducting volume fraction, it is found that the superconducting tran-
sition temperature 7. is dramatically enhanced with increasing Sm concentration to 5.4 K at x = 0.8. These
results suggest that 7. for SmOg.5F.5BiS2 could be as high as ~6.2 K and comparably high 7. values might
also be obtained in the compounds LnOg. 5Fq.5BiS2 (Ln = Eu - Tm) if they can be synthesized.

PACS numbers: 74.25.F-, 74.25.Dw, 74.62.Bf
I. INTRODUCTION

Since the discovery of superconductivity in Bi;04S3,'? a
tremendous amount of effort has been made to synthesize new
superconducting materials with BiS,-layers. Through fluorine
substitution for oxygen, the compounds LnO;_ . F,BiS, (Ln =
La, Ce, Pr, Nd, Yb) were soon reported to have superconduct-
ing transition temperatures, T, ranging from 2 to 10 K.>-1°
Superconductivity can also be induced in LaOBiS, via sub-
stitution of tetravalent elements, such as Th*+, Hf**t, Zr4+,
and Ti**, for trivalent Ln3t.!! Very recently, bulk supercon-
ductivity was observed in La substituted SrFBiS,.'> These
compounds form in a tetragonal structure with space group
P4/nmm, composed of alternate stacking of double supercon-
ducting BiS, layers and blocking LnO or SrF layers.>>7:11:12
Thus, there exists significant phase space to design and syn-
thesize analogous superconductors by changing the chemical
environment of the blocking layers or modifying the super-
conducting layers.

The T, values for samples of the superconducting com-
pounds LnO;_,F,BiSs, prepared at ambient pressure, in-
crease with increasing atomic number for Ln = La - Nd.”®
Non-superconducting samples of LnBiOS» (Ln = La, Ce, Pr,
Nd, Sm, Gd, Dy, Yb) were successfully synthesized decades
ago;'? however, attempts to prepare fluorine-substituted sam-
ples of LnBiO;_,F,Ss for Ln = Sm - Tm, which could po-
tentially exhibit superconductivity, have been unsuccessful.
Since the highest 7, in as-grown samples of LaO; _, F,BiS, is
~2.8 K for z = 0.5, we felt that it would be instructive to sys-
tematically substitute Sm for La in LaOg 5Fy 5BiS2 in order
to determine the solubility limit and to address the question of
whether SmOg 5F 5BiS5 might be a superconductor.

In this paper, we report the evolution of supercon-
ductivity as well as the normal-state properties of poly-
crystalline samples with nominal chemical composition
Laj_;Sm,Og 5Fy 5BiSy from x = 0.1 to the Sm solubility
limit near x = 0.8. Evidence for an enhancement with x
of both T, and the volume fraction is presented. The in-
creasing volume fraction suggests that high-quality samples
of SmOy 5F( 5BiS2 might exhibit bulk superconductivity if
the phase could be stabilized. Performing a linear extrapola-

tion of T, vs. x to z = 1 allowed us to estimate 7, ~ 6.2 K for
SmOy 5Fy 5BiS,. The results are consistent with the trend of
T, vs. Ln for the reported LnOg 5F( 5BiS2 compounds. Un-
til the heavy lanthanide variants can be synthesized, the re-
sults reported herein for Ln = Sm constitute a test case for a
promising approach to make a preliminary assessment of su-
perconductivity in LnOg 5F( 5BiS2 compounds.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of La;_,Sm; O 5F 5BiS; were
synthesized by means of solid state reaction as described
elsewhere.” Powder X-ray diffraction experiments were per-
formed at room temperature using a Bruker D8 Discover
x-ray diffractometer with Cu-K, radiation. All resulting
patterns were analyzed by Rietveld refinement using the
GSAS+EXPGUI software package.'*!> Electrical resistivity
measurements were performed by means of a standard four-
wire technique using a Linear Research LR700 ac impedance
bridge and a home-built probe in a liquid *He Dewar from
300 K to ~1.1 K. Alternating current (ac) magnetic suscep-
tibility measurements were made down to ~1.1 K in a liquid
4He Dewar using home-built magnetic susceptibility coils and
the Linear Research LR700 impedance bridge. Direct cur-
rent (dc) magnetic susceptibility measurements were carried
out using a Quantum Design Magnetic Properties Measure-
ment System (MPMS). Specific heat measurements were per-
formed in a Quantum Design Physical Property Measurement
System (PPMS) Dynacool using a standard thermal relaxation
technique.

III. RESULTS AND DISCUSSION

A representative XRD pattern for La; _,Sm,Oq 5Fg 5BiS2
with z = 0.7 is shown in Fig. 1, plotted with its refined
pattern for comparison. For x < 0.8, the main diffraction
peaks can be fitted well by the Rietveld refinement method
to a CeOBiS,-type tetragonal crystal structure with space
group P4/nmm. The refinement analysis demonstrates the
presence of negligible secondary phases like La(Sm)O and
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FIG. 1: (Color online) X-ray diffraction pattern of

Lap.3Smg.700.5F0.5BiS2 as a representative example. Black
crosses denote the experimental data. Red and blue lines are the
calculated XRD pattern and the difference between the observed and
calculated patterns, respectively. Tick marks represent calculated
peak positions of the main phase (purple) and LaFs (orange). The
reliability factors are wRp = 5.27% and Rp = 3.99%. (Inset) XRD
profiles of the {102} and {004} peaks of = = 0.1 to 0.8. The dashed
lines are guides to the eye.

BisS3, but the main impurity in the samples was found to
be La(Sm)Fs, typically around 3-5 wt.% for « = 0.1 - 0.7
and around 8 wt.% for x = 0.8 samples. This situation re-
sults in a lower fluorine concentration in the main supercon-
ducting phase compared with the nominal chemical composi-
tion. This is consistent with a very recent study which shows
that the actual electron doping level in LaO;_,F,BiS, could
be much smaller than expected.16 However, an exact evalu-
ation of the actual chemical composition of the main phase
is very difficult due to the multi-phase polycrystalline nature
of the samples and the insensitiveness of energy dispersive
spectroscopy (EDS) to light elements. To be consistent with
previous studies on LnO;_,F,BiS,, the nominal chemical
compositions of the main phase, La;_,Sm,0;_,F.BiSs, is
used throughout this artical. For x > 0.9, samples contain a
considerable amount of impurities and the parent compound
SmOg 5F(.5BiSy could not be synthesized, indicating a Sm
solubility limit near 80%.!” The main diffraction peaks, {102}
and {004}, shift with increasing z (see the inset of Fig. 1), in-
dicating a systematic change in the lattice parameters. The
Sm concentration dependence of the lattice parameters a, c,
and unit-cell volume V for z = 0.1 to 0.8 are summarized in
Fig. 2. Although superconductivity is observed in the nominal
x = 0.9 sample, its lattice parameters are not plotted here be-
cause of the appreciable amount of impurities that make XRD
analysis unreliable. As the Sm concentration increases from
x = 0.1 to 0.8, the a axis decreases continuously, while the
¢ axis increases, leading to a decrease in unit-cell volume of
~3%. Extrapolation of the unit-cell volume linearly to x =
1 provides an estimated unit-cell volume V' = 211.7 A3 for
SmOg 5Fg 5BiS, (see Fig. 2(c)), which is slightly below an
extrapolation of the measured unit-cell volumes for the re-
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FIG. 2: (Color online) Dependence of (a) lattice parameters a (left
axis) and ¢ (right axis), and (b) unit-cell volume V' on nominal Sm
concentration x. (c) V for LnOg.5F¢.5BiS2 (Ln = La, Ce, Pr, Nd)
from Ref. 8 and estimated V' for SmOq.5F(.5BiS2. Dashed lines are
guides to the eye.

ported LnOg 5F 5BiSs compounds in which the Lz ion is be-
lieved to be trivalent.’

Electrical resistivity p vs. temperature 7" in zero magnetic
field is depicted in Fig. 3. Upon cooling, p(T) increases
until the onset of the superconducting transition for all sam-
ples, indicating semiconducting-like behavior. Previous stud-
ies on electrical transport behavior in single crystalline sam-
ples of LnO;_,F,BiS, (Ln = La, Ce, Nd) do not provide a
cohesive or consistent picture of the intrinsic behavior; both
metallic and semiconducting-like behavior were observed in
these samples depending on the synthesis mothod and the
chemical composition.'®!° Since single crystalline samples of
La;_,Sm,Og 5Fy 5BiS, were not used in this study, it is dif-
ficult to determine whether the observed semiconducting-like
behavior might be related to poor intergain contact or not.
However, if this is a bulk effect in single grains, the sam-
ples with higher Sm concentration would have smaller semi-
conducting energy gaps compared with those with lower Sm
concentration since the semiconducting-like behavior is sup-
pressed with Sm substitution.

With Sm  substitution for La, the T, of
La;_,Sm,O¢ 5Fy 5BiS, gradually increases and reaches
a maximum value of T, , = 5.4 K for = 0.8 as is shown
in Fig. 4. The value of T, , is defined by the temperature
where the electrical resistivity falls to 50% of its normal-state
value, and the width of the transition is characterized by
identifying the temperatures where the electrical resistivity
decreases to 90% and 10% of that value. For z = 0.9, due
to the presence of an appreciable amount of impurities
like LaF3, the actual chemical composition of the sample
is probably quite different from the nominal composition
(i.e., less fluorine). This would be expected to cause a
decrease in T,,° which is consistent with our results. Ex-
trapolating T, ,(x) for x < 0.8 linearly to = 1 yields an
estimate for the expected 7, of SmOg 5F(5BiSy of ~6.2



K (see Fig. 4), which is significantly higher than the T,
reported for other LnQOg 5F( 5BiSs compounds synthesized
at ambient pressure.”® We recently became aware of a
report that the parent compound SmOg 5Fj 5BiS, could be
synthesized by solid state reaction and it does not exhibit
superconductivity above 2 K. However, both this work
and a recent study on the system Nd;_,Sm.O;_,F,BiS;
show solubility limits of Sm by using the same synthesis
method.!” The T, of La;_,Sm,0q 5F 5BiS> seems closely
related to the lattice parameters shown in Fig. 2(a), which
is consistent with the study of the chemical pressure effects
on Ce;_,Nd;O;_,F,BiSs and Nd;_,.Sm,0O;_,F,BiS,.!"*!
Besides, the T, values of La;_,Sm,Oq 5Fy 5BiSs are prob-
ably intermediate between those of the parent compounds
LaOg 5F) 5BiSs and SmOg 5F; 5BiS,, otherwise it would
be difficult to explain why 7. increases as we substitute
non-magnetic La ions by magnetic Sm ions.

The effect of annealing temperature on the electrical resis-
tivity and T, were also investigated. An annealing temperature
of 800°C is suitable to prepare La;_,Sm,Og 5Fj 5BiS, sam-
ples for = < 0.3. However, for > 0.5, annealing the samples
at 800°C caused a significant increase in the amount of im-
purities, resulting in a large normal-state electrical resistivity
and low T.. To reduce the concentration of these impurities,
different heat-treatment temperatures were used to synthesize
the samples. By decreasing the annealing temperature, it was
possible to significantly enhance 7. and reduce the normal-
state electrical resistivity (see Fig. 3(b)) for the samples with
high Sm concentrations. On the other hand, when the = =
0.8 sample is annealed at 750°C, T, is very similar but the
electrical resistivity is slightly lower, compared with the T,
and resistivity values for samples annealed at 710°C. This
suggests that the optimal annealing temperature for synthesiz-
ing La;_,Sm, Oy 5Fg 5BiSs samples with x > 0.5 is probably
around 750°C.

Figure 5(a) shows the temperature dependence of zero-
field-cooled (ZFC) and field-cooled (FC) dc magnetic suscep-
tibility under an applied magnetic field of 10 Oe. The sam-
ples exhibit reasonable diamagnetic signals associated with
the induced supercurrent during ZFC measurements, suggest-
ing that the samples are bulk superconductors. A paramag-
netic contribution to the magnetic susceptibility around T,
which is larger at lower external magnetic fields and for higher
Sm concentration samples, was observed during both FC and
ZFC measurements as shown in Fig. 5(b). Similar features
have been reported in certain copper oxide superconductors,
Nb disks, MgB,, and Pb, and are generally referred to as a
paramagnetic Meissner effect (PME).?>"?’ However, further
work needs to be done in order to determine whether the ob-
served paramagnetic signal is associated with the PME or is
related to movement of the samples in an inhomogeneous ex-
ternal magnetic field in the MPMS system.?®?° A jump from
negative to positive magnetic susceptibility during ZFC mea-
surements in the data for x = 0.7, 0.8 is an instrumental arti-
fact resulting from a brief loss of the temperature control near
the boiling point of “He, during which the temperature will
suddenly increase above T, and then slowly return to the set
point. This induces extra irreversible magnetic flux penetra-
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FIG. 3: (Color online) (a) Temperature dependence of the electri-
cal resistivity, p(T), normalized by its value at 290 K, p(290 K), for
La;_»Sm;O¢.5F.5BiS2. The inset displays the data in panel (a)
from 2 to 6 K, emphasizing the superconducting transitions. (b) and
(c) Electrical resistivity p(T") for two samples with = 0.5 and x =
0.8, respectively. The annealing temperature used for each sample is
denoted.

tion during ZFC measurements in the samples with 7, > 4.4
K. AC magnetic susceptibility data for selected samples with
z = 0.1, 0.5, 0.7, and 0.9 are plotted in Figs. 5(c) and (d).
The smooth transitions in both ac and dc magnetic suscepti-
bility data imply there is probably only one phase that con-
tributes to the observed bulk shielding signal. No evidence of
a structural phase transition induced by Sm substitution was
observed.?%-*2

We defined T, in dc and ac magnetic susceptibility mea-
surements as the temperature at which the ZFC and FC data
separate and the point where the imaginary part drops below
zero, respectively. The T 4. values determined from g
measurements increase monotonically from 2.65 K for x =
0.1 to 5.20 K for = 0.8 as shown in Fig. 4. Furthermore,
dc and ac susceptibility measurements reveal enhanced vol-
ume and shielding fractions at 2 K with increasing Sm sub-
stitution (Fig. 5(e)), respectively, indicating improvements in
the quality of the samples. The optimal volume fraction is
obtained at x = 0.7. With further Sm substitution, however,
the volume fraction rapidly decreases, coinciding with the ap-
pearance of an appreciable amount of non-superconducting
secondary phases. The fact that the T, of the sample with x =
0.8 is higher than that of the sample with = = 0.7, which shows
the highest volume fraction, implies that superconductivity in
Laj_,Sm,Og 5F( 5BiS, could be further enhanced if samples
could be prepared with a higher Sm concentration.

Magnetization M, divided by magnetic field H, M/H, for H
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FIG. 4: (Color online) Superconducting critical temperature 7 vs.
nominal Sm concentration x of La; _,Sm,Oq.5Fo.5BiS2. Red, blue,
and purple symbols represent results for samples annealed at 800°C,
750°C, and 710°C, respectively. The dashed line is a linear fit of 7 ,
from z = 0.1 to = = 0.8. (Inset) T, of LnOg.5Fo.5BiS2 compounds
reported in Refs. 8 and 13 together with the estimated T , = 6.2 K
of SmOO,SFO‘sBiSQ .

=5 kOe and x = 0.7 is displayed as a function of temperature
in Fig. 5(f) (left axis). In addition to distinct non-Curie Weiss
behavior (see Fig. 5(f), right axis), there is no evidence for
magnetic order down to 2 K. Unlike other heavy lanthanides,
the energy between the J = 5/2 ground state and the J = 7/2
first excited state in Sm®* is only 0.12 eV and the Van Vleck
term should be considered when modeling the magnetic sus-
ceptibility of compounds containing Sm.>*** Hence, the tem-
perature dependence of the magnetization was fitted by a mod-
ified Curie-Weiss law:

2
o= g+ g m
B 3(T = Ocw)

in which N4 is Avogadro’s number, kp is Boltzmann’s con-
stant, (1 p is the Bohr magneton, i s is the effective magnetic
moment in Bohr magnetons, and ¢y is the Curie-Weiss tem-
perature. We define oy = 20/7A, where A is the energy
separation between the J = 5/2 ground state multiplet and the
J = 7/2 first excited state multiplet for Sm.* From the best
fit of the M/H data using Eq. (1), values for A, 6oy, and
ey were found to be 1640 K, -2.8 K, and 0.58 p3/Sm atom,
respectively. The experimental A value is close to the esti-
mated value for free Sm3* (~1500 K).33 The effective mag-
netic moment of the samples are considerably smaller than the
free Sm3* ion value of 0.845 ;15/Sm atom. Similar low val-
ues of yi.ry have been reported in other studies*®3” and are
not necessarily evidence for an intermediate valence for Sm;
an accurate theoretical description of experimental data in Sm
systems is complicated by the combined effects of the crys-
talline electric field (CEF) effects and J —mixing.38

The results of specific heat C measurements for z = 0.1,
0.8, and a nonmagnetic reference compound LaOBiS; are dis-
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FIG. 5: (Color online) (a) Zero-field-cooled (ZFC) (filled symbols)
and field-cooled (FC) (open symbols) dc magnetic susceptibility data
for La;—»Sm;00.5F0.5BiS2 in an applied magnetic field of 10 Oe.
(b) Paramagnetic-like behavior of selected samples with = = 0.1 and
0.9 in applied magnetic fields of 5 Oe and 10 Oe, respectively. Mag-
netic susceptibility data for = 0.1 in 10 Oe is also plotted for com-
parison. (c) Real and (d) imaginary part of the ac magnetic sus-
ceptibility for selected samples. (e) Evolution of shielding volume
fraction with Sm substitution. Open and filled circles correspond to
ac and dc susceptibility; red, blue, and purple colored data points
represent measurements on samples annealed at 800°C, 750°C and
710°C, respectively. (f) M/H and H/M vs. T data in the normal state
for Lag.3Smg.700.5F0.5BiS2, measured from 2 to 300 K in an ap-
plied magnetic field of 5 kOe. The solid line is a nonlinear fit using
Eq. ().

played in Fig. 6(a), plotted as C/T vs. T. Above 10 K, the spe-
cific heat of the compounds are almost the same, due to similar
lattice contributions. The upturns in C/T" vs. T below 3.7 K
and 8.0 K for the samples with z = 0.1 and 0.8, respectively,
which overlap with the superconducting transitions, are due to
a Schottky contribution (Cgs.p,) caused by CEF splitting of the
J = 5/2 Hund’s rule ground state multiplet. Hence, the spe-
cific heat of the samples consists of electronic (C,;), phonon
(Cpn), and Schottky (Cs.p) contributions. The best fit of the
LaOBiSy data below 7 K using C(T) = Ci(T) + Cpp(T) =
AT + A3T? + A5T°, yields the normal-state electronic specific
heat coefficient v = 3.32 mJ/mol K? and the coefficients of
the phonon contribution Az = 0.655 mJ/mol K* and A5 = 4.27
pJimol K6. Representative (C-Cpp,)/T vs. T data for z = 0.8
are shown in the inset of Fig. 6(a). The phonon contribution
of the Sm-substituted samples was assumed to be the same as
for LaOBiSs and was subtracted from the specific heat. The
remaining specific heat data could be fitted with the following
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FIG. 6: (Color online) (a) Specific heat C divided by tempera-
ture, C/T, vs. T for La;_,Sm,;O¢.5Fy 5BiS2 with =z = 0.1, 0.8
and for LaOBiS,. (Inset) (C-Cpp)/T vs. T, where Cpy, is the lat-
tice contribution, and a fit of the Schottky anomaly contribution for
Lag.2oSmg.§O¢.5F(.5BiS2 (dashed line). (b) and (c) Electronic con-
tribution Co;/T of Lai_.Sm;Oq.5F.5BiS2 withx =0.1 and z = 0.8,
respectively. An entropy conserving construction is shown, which is
used to define T..

expression:

2,0\ (5x)

R(kBT) erte

C(T)/T:'Y+HCSch/T:’Y+nTﬁ. )
[I—Fe(’“BgT)]

The second term in Eq. (2), nCs.p/T, represents a Schottky
anomaly in which n is the number of Sm atoms per formula
unit that contribute to the Schottky anomaly, A, is the split-
ting between the ground state and the first excited state dou-
blet of the J = 5/2 Hund’s rule ground state multiplet, kg is
Boltzmann’s constant, and R is the ideal gas constant. The
best fits to the C(T)/T data for the La;_,Sm,Og 5Fy 5BiSs
samples with « = 0.1 and 0.8 provide very similar A, split-
ting values, but different v values (listed in Figs. 6(b) and
(c)). Subtracting both Cpp,(T) and Cge,(T) from C(T) data
yields the electronic specific heat C,;(T) contribution, reveal-
ing a clear feature around 7., which provides evidence for
bulk superconductivity.

The electronic contribution to the specific heat data for the
x = 0.1 sample shows a jump at ~2.8 K, which is consistent
with the 7, obtained from the resistivity and magnetization
measurements. However, for the sample with z = 0.8, the T,
values estimated from the entropy conserving-constructions
are considerably lower than the T , values determined from
p(T) measurements, which may suggest an inhomogeneous
distribution of Sm in the polycrystalline samples. Domains
with high Sm concentration would result in relatively high T,
values in the electrical resistivity measurement. In contrast,
a considerable amount of domains, which are associated with
the bulk superconductivty of the sample, could contain a lower
Sm concentration with lower T,.. Values of AC/~T, of 0.21 +

0.09 and 3.6 4+ 2.3 were extracted from the C.;(T) data for x
= 0.1 and 0.8, respectively. The uncertainties associated with
values of v, Ay, n, and AC/yT,, which are shown in Fig.
6(b) and (c), are appreciable for the following reasons. First,
making a precise evaluation of the Schottky contribution to
the specific heat is very difficult since the local environments
of the Sm ions may be quite different due to sample inhomo-
geneity and the temperatures that have been measured are not
low enough to observe the complete profile of the Schottky
anomaly. Second, the Schottky contribution to the specific
heat at low temperatures is much more significant than the
electronic contribution; a slight error in evaluating the Schot-
tky anomaly may result in a considerable uncertainty of the
value. Third, secondary impurity phases also contribute to the
specific heat; however, quantitative analysis of their contri-
butions is very difficult since the amount and exact chemical
compositions of these phases are not known with high pre-
cision. Finally, there are many variable parameters that are
involved in the specific heat analysis, which introduces addi-
tional uncertainty into each best-fit value. We estimated the
uncertainties associated with the best-fit values for v, A4, and
n by considering both the errors inherent to the specific heat
measurements as well as the range of values for v, A, and
n that lead to optimized fits of the C/T data using Eq. (2).
The magnitude of the specific heat jump AC at T, depends
sensitively on the values of A, and » since they characterize
the large Schottky anomaly contribution to specific heat that is
subtracted from the measured C/T data to obtain the electronic
contribution C;/T. The uncertainties in the values of AC/T,
that are presented in Figs. 6(b) and (c) take this into account
and are quite large as a consequence. Given the uncertainties
involved in the procedure for extracting the AC/~yT, values,
these estimates are consistent with bulk superconductivity;
however, the question of whether or not the AC/yT, values
of the samples are consistent with the BCS value of 1.43 re-
mains open. To perform a more precise quantitative analysis,
homogenous single phase samples of La; _,Sm O 5F( 5BiSs
need to be prepared and the specific heat below 1.8 K should
be investigated.

IV. SUMMARY

In summary, the 7. and superconducting volume fraction
were found to increase with x in the La;_,Sm,Oq 5Fg 5BiS»
samples investigated in the experiments reported herein. The
solubility limit of Sm has a large value of z ~ 0.8 in
La;_,Sm,Og 5Fy 5BiSs, and a continuous decrease in the a
axis and increase in the c axis is observed with increasing x.
Bulk superconductivity was observed in the samples accord-
ing to magnetic susceptibility and specific heat measurements.
No evidence for a structural phase transition was found in
this study. The results demonstrate that the superconducting
critical temperature T, of tetragonal BiSs-based compounds
is correlated with the lattice parameters and can be signifi-
cantly enhanced by Sm substitution. This gives a promising
way to further increase the 7, of BiSs-based superconductors
by modifying the blocking layers through the substitution of



heavier Ln lanthanides (Ln = Eu - Tm) or synthesizing the
parent LnO;_,F,BiSs compounds.
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