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We report a strategy to induce superconductivity in the;Bi&sed compound LaOBiSInstead of substitut-
ing F for O, we increase the charge-carrier density (eleatiape) via substitution of tetravalent Th Hf 4,
Zr™, and Tit for trivalent La"3. It is found that both the LaOBiSand ThOBIS parent compounds are bad
metals and that superconductivity is induced by electrquirdpwith T, values of up to 2.85 K. The supercon-
ducting and normal states were characterized by electasativity, magnetic susceptibility, and heat capacity
measurements. We also demonstrate that reducing the etemger density (hole doping) via substitution of
divalent St2 for La™® does not induce superconductivity.

PACS numbers: 74.70.Dd, 74.25.F-, 74.25.0p

I. INTRODUCTION tions, we chose to dope electrons via chemical substitution
on the La site in LaOBig& In this study, we demonstrate

Superconductivity withl;, = 8.6 K has recently been re- that substitution of tetravalent TH, Hf, Zr*, and Ti

; z 1,2 : ; for trivalent La" in LaOBIS; induces superconductivity. We

Fggz)erg Isnef/r;?;fl g?r::? ég;;):dniaé?cSc.)ndEgy:rvsv,migéTjing also observed that substitution of divalgn_f%for La*3 (hole
LnO;_,F,BiS, (Ln = La, Ce, Pr, Nd, Yb) withT, as high doping) does not induce superconductivity.
as 10 K, have been synthesized and studiéiThese mate-
rials have a layered crystal structure composed of supercon
ducting BiS, layers and blocking layers of BD,(SOy)1_. ll. EXPERIMENTAL METHODS
for Bi,O4S; and LnO for LnO;_,F.BiS; (Ln = La, Ce,
Pr, Nd and Yb). This structural configuration is similar  Polycrystalline samples of La, Th,OBiS, (0 < z < 1),
to the situation encountered in the high-layered cuprate [a,_,Hf,OBiS, (0 < z < 0.4), La;_,Zr,OBiS, (0 <
and Fe-pnictide superconductors, in which superconductiv; < 0.3), La;_,Ti,OBiS, (0 < z < 0.3), and
ity primarily resides in Cu@ planes and Fe-pnictide layers, La;_,Sr,OBiS, (0 < z < 0.3) were prepared by a two-step
respectively:*-L’ Even though Big-based superconductors solid state reaction method using high-purity startingeriat
share a similar crystal structure with Fe-pnictide superco als. Initially, the By S; precursor powders were prepared by
ductors, they exhibit some important differences. The unreacting Bi and S grains together at 500 °C in an evacuated
doped parent compoundspFeAsO, display a spin density quartz tube for 10 hours. Starting materials of La;@g, S
wave (SDW) or a structural instability near 156X’ Super-  and Bi,S; powders and eithévl = Th or Ti chunks, Hf gran-
conductivity emerges when the SDW is suppressed towardgles, or Zr foil, were weighed in stoichiometric ratios bdise
zero temperature either through charge carrier doping or apn nominal concentrations La,M,BiS, (M = Th, Hf, Zr,
plication of pressuré® 7. is raised as high as 55 K by re- Tj). Next they were thoroughly mixed, pressed into pellets,
placement of La by other rare-earth elements such a¥8M. sealed in evacuated quartz tubes, and annealed at 865 °C for
In contrast, the phosphorus-based analogu#=PO do not 72 hours. Additional regrinding and sintering at 700 °C for 3
show a SDW transition or structural instability but stillhélit days was performed to promote phase homogeneity. The crys-
superconductivity®2° For LaFePO, values df, that range tal structure was verified by means of x-ray powder diffrac-
from 3 K to 7 K22 without charge carrier doping, have been tion (XRD) using a Bruker D8 Discover x-ray diffractometer
reported. BothiLnFeAsO and_nFePO remain metallic to low with Cu-K,, radiation. The resulting XRD patterns were fitted
temperatures, while the undoped parent compoun@8iS;  via Rietveld refinemesf using the GSAS+EXPGUI software
are bad metals. It has been suggested that superconductivpackage®3° The chemical composition was investigated by
emerges in close proximity to an insulating normal state foimeans of energy dispersive x-rays (EDX) using a FEI Quanta
the optimal superconducting samgle. 600 scanning electron microscope equipped with an INCA

Several distinct examples of chemical substitution haveEDX detector from Oxford instruments. Electrical resistiv
been found to induce superconductivity imFeAsO com- ity measurements were performed using a home-built probe
pounds including substituting F for 8:22=27Co for Fe2® Sr  in a liquid *He Dewar for temperatures 1 K 7' < 300 K
for La;2® Th for Gd2° and also the introduction of oxygen by means of a standard four-wire technique using a Linear
vacancies3? Substituting F for O induces superconductiv- Research LR700 AC resistance bridge. Magnetization mea-
ity in BiS,-based superconductci$®-12:33-36Tg determine surements were made for 2 K 7' < 300 K and in mag-
whether superconductivity might emerge under other condinetic fieldsH = 5 Oe using a Quantum Design MPMS. AC
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FIG. 1: (Color online) XRD patterns for selected conceiret of
La;—.Th,OBIS; where values af are explicitly labeled. The arrow
indicates a Bi and/or BS; impurity. FIG. 2: (Color online) (a) X-ray diffraction (XRD) patterroif
LaOBIS;. Black circles represent data and the red solid line is the
result of Rietveld refinement of the data. The arrows indicaBi
and/or BpS; impurity. (b) Lattice parameters andc vs. nominal
Th concentratiorz. (c) Unit cell volumeV vs. nominal Th concen-
magnetic susceptibility was measured down~tdl K in a trationz.
liguid “He Dewar. Specific heat measurements and electri-
cal resistivity measurements under applied magnetic faid f

Lag.s5Tho.150BIS, and La sHf, ;OBiS, samples were per- Chemical Formula ThOBIS
formed for 0.36 K< 7' < 30 K in a Quantum Design PPMS Space Group P4 / nmm (No. 129)
D_ynaCooI with a®He insert using a thermal relaxation tech- a (,&) 3.9623(8)
nique. c(A) 13.5062 (5)
vV (A3) 212.041 (6)
Z 2
Atom site X y z
Th 2c 0.25 0.25 0.1017(5)
Bi 2c 0.25 0.25 0.6013(2)
. RESULTS s1 2c 025 0.25  0.3080(17)
S2 2c 0.25 0.25 0.8382(12)

A. Crystal structure and sample quality O 2a 0.75 0.25 0

Fig.[d shows the powder XRD patterns of LaOBi&nd
ThOBIS, samples. Overall, the main diffraction peaks of
these two samples can be well indexed to a tetragonal struc-
ture with space groug’4/nmm. The crystal structure has
TABLE I: Crystallographic data for the compound ThOBi®hich previous|y been designated as having the ZrCuSiAs type
was obtained from Rietveld refinement of a powder X-ray diffron sty cture®5:8 however, the CeOBiStype structure may be
pattern collected at room temperature. a more appropriate structure assignménthile the crystal
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FIG. 3: (Color online) (a) XRD patterns and (b) lattice paetensa
andc for La; . M, OBiS; with M = Hf, Zr, Ti, Sr andx = 0,0.2.
The arrows indicate Bi and/or B$s impurities.

structure of LaOBi$ and ThOBIS has a different Wyckoff

3

guence and positions, and similar unit cell parameter gatio
(c/a) as the crystal structure for CeOBi& The crystallo-
graphic data for ThOBIS obtained from Reitveld refinement
of the powder XRD pattern given in Fig] 1 are tabulated in
Table I. The inset of Fid.]2(a), displays the crystal stregetu
of LaOBIS,. The structure is composed of stacked,Da
layers and two Big layers in each unit cell. To dope elec-
trons into the Bi$ conduction layers, we substituted tetrava-
lent Tht4, HfT4, Zrt4, and Tit* for La*3 and to dope holes
into the BiS conduction layers, we substituted divalent3r
for trivalent La™3. We find that samples for the entire range
of Th substitutions below the solubility limit, Hf substitons

in the range).1 < z < 0.4, and Zr, Ti, and Sr substitutions
in the ranged.1 < x < 0.3, can be described by the same
space group. As shown in Figl 2(b), the lattice parameters
andc for La;_,Th,OBIiS;, (0 < x < 1) decrease with in-
creasing Th concentration, although the relative decrefse
a is much smaller than that ef With Th doping, the posi-
tions of Bragg reflections shift systematically. For exaenpl
the (004) reflections shift to higher angles, consistent it
decrease of. This result indicates that Th is really incorpo-
rated into the lattice; although, some amounts of elemental
Bi and/or B, S3 separate from the lattice, indicated by arrows
in Fig.[d and Fig[R2(a). We could not always distinguish be-
tween whether the impurity phase was Bi 058y, since their
Bragg reflections occur at very similar positions. If the imp
rity is assumed to be Bi, the amount is betweé&ntd 15% by
mass and if the impurity is assumed to be Bj, the amount

is between % to 18% by mass. In either case, the ratio in-
creases with increasing Th concentration. If the impusi®ij
there should be other La-S-O based impurities, but we could
not detect any elemental S or La impurities or binary com-
pounds made from La-S-O. The impurity is therefore likely
Bi»Ss, which should be balanced with ad@s impurity. Un-
fortunately, the Bragg reflections of £@3; overlap with the

sequence than that of ZrCuSiAs, it has the same Wyckoff semain phase peak positions, which makes it difficult to esti-
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FIG. 4: (Color online) (a) Electrical resistivity, normalized by its
value at290 K, vs. temperaturd for LaOBIS; and ThOBIS. (b) p,
normalized by its value &90 K, vs. T for La;—,Th;OBIiS; (0 <

x < 1). (c) p, normalized to its value in the normal state at 5 K, vs.

T emphasizing the transition into the superconducting state

mate the impurity ratio of LgO3 using Rietveld refinement.
For0.5 < x < 0.9, the lattice parameters (not shown) are
close to the lattice parameters of ThOB&hd do not change
appreciably withz. The impurity amount increases with
and other impurity peaks begin to appear in this region, in-
dicating the probable existence of a solubility limit of Ta/
nearx = 0.45.

More direct evidence of Th incorporation into the lattice
comes from chemical composition measurements by energy-
dispersive X-ray (EDX) microanalysis. The EDX spectrum
was collected from a single grain. Quantitative analysis fo
selected samples gives La:Th ratios of 0.08, 0.12, 0.18, and
0.24 for the samples with nominal ratios 0.1, 0.15, 0.20 and
0.25, respectively. This result demonstrates that moshef t
Th was successfully doped into the samples.

For the Hf, Zr, and Ti substitutions, the powder XRD
patterns and lattice parametets and ¢ are given for
La;_,M,OBIiS, with M = Hf, Zr, Ti, Sr andz = 0.2 in
Fig.[3(a) and Figl13(b), respectively. The lattice paramsete
a andc exhibit behavior similar to Th substitution, wherein
the ¢ lattice parameter decreases with increasing Hf, Zr, and
Ti concentration and the lattice parameter does not show
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an appreciable concentration dependence. For Sr sulstitut semiconductor-like behavior down to the lowest tempeestur
the a lattice parameter increases slightly, whielecreases measured. For the La,Th,OBiS, system, the minimum
with increasing Sr concentration. Even though the ionie siz in p is suppressed far = 0.1, andp(T") exhibits relatively
of Th is bigger than the others (Hf, Zr, and Ti), thdattice  strong temperature-dependence and an inflection poinit (ind
parameters are very close to each other. The decrease of thated by an arrow) as shown in Fig. 4(b). Ror 0.15, this
c-axis may be attributed to a strengthening of the interlayefeature disappears anddrops to zero below, = 2.85 K.
bonding as a consequence of doping. p(T) becomes less temperature-dependendfbvd < = <
0.45 and increases with decreasing temperature until the onset
of superconductivity. First principles calculations haug-
B. Electrical resistivity gested that there may be a charge density wave instability or
enhanced correlations in the LaQ.F, BiS, system:3 We are
Electrical resistivityp(T) data, normalized by the value Unable to unambiguously observe such an instability froen th
of p at 290 K, are shown in Fig]4 for the pure LaOBiS electrical resistivity measurements in this study. Howee
and ThOBIS samples. For both compoundsinitially de-  inflection point could be related to such an effect.
creases with decreasing temperature, exhibits a minimum at Electrical resistivity measurements for |LaHf,OBIS,,
T = 220 K andT = 206 K, respectively, and then shows La;_.Zr,OBiS,, and La _,Ti,OBIS, samples are shown in
Figs.[3, [6 and[J7, respectively. Resistive superconducting
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FIG. 5: (Color online) Electrical resistivityp vs. tempera-

ture T' for L&y, Hf; OBIS,. The left inset showsp vs. T for kG 7. (Color online) (a) Electrical resistivity vs. temperature
Lag.s5Hf0.150BIiS;. The right inset displays the superconducting T, plotted for La_,Ti,OBIS, (z = 0.2 — 0.3). (b)pvs. T

transition curves for samples with concentratiors < = < 0.4. for Lao.oTio.1 OBIS,. (c) The superconducting transition curves for
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Lao.9Zro.1OBIS;. The right inset displays the superconducting tran-temperatures for Lia . M, OBiS; with M = Th, Hf, Zr, Ti andz =
sition for Lay.sZro.2OBIS;. 0.2.
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transition curves for these systems are indicated in thHe rig at 5 K for Lay g5 Thy.150BiS; and La gHfy.2OBIS, sam-
inset of Figs[b, [, and]7(c). All of these doping stud- ples, is shown in Figi_10(a, b), respectively, under several
ies show similar characteristics such as an inflection poinapplied magnetic fieldsH{ = 0, 0.01, 0.05, 0.1, 0.2, 0.3,
anomaly in the normal state with low concentration and in-0.4, 0.5, 1, and 9 T) down to 0.36 K. Both samples undergo
duced superconductivity for concentrations starting with  relatively sharp superconducting transitionsZat= 2.85 K
0.15 for La_,Th,OBIiS; and z = 0.2 for La _,Hf,OBIS;, andT, = 2.40 K for Lay.gThg 2OBIS, and La sHfy 2OBIS;,,
La;_,Zr,OBiS;, and La_,Ti, OBIiS,. Furthermore, all of respectively. With increasing magnetic field, the trapsiti
these systems show semiconductor-like behavior in the nowidth broadens and the onset of superconductivity graguall
mal state. The inflection point ip of samples with low shifts to lower temperatures. Similar broadening of tha-tra
concentration is emphasized in the left inset of Figs[b, 6sition was observed in the high- layered cuprate and Fe-
and in Fig.[T(b) where the anomaly is indicated by an arpnictide superconductors and attributed to the vortexidiq
row. These anomalies all appear to be present at a constate3*! Fig.[T0(c, d) shows the upper critical field, vs. T
mon temperature of roughly 120 K in concentratianpust ~ for Lag g5Thg.150BIS; and La sHfy.2OBIS, samples, corre-
below those where superconductivity is induced. To comsponding to the temperatures where the resistivity drops to
pare the superconducting transition temperatufgswe con-  90% of the normal state resistivity,, (T, H) (Tt onset), 50%
sider data for20% substitution of La by Th, Hf, Zr, and of p,,(T, H) (T.), and10% of p,,(T, H) (Tt .er0) in applied

Ti in Fig. [8(a). The superconducting transition tempera-magnetic fields. Using the conventional one-band Werthamer
tures, as shown in Fidl 8(b), are characterized by the temHelfand-Hohenberg (WHH) theof,the orbital critical fields
peratures where the electrical resistivity drop$@, of the  H.5(0) for Lag s5Thy 150BIS; and La sHfy 2OBIS, com-
normal state resistivity, and the width of the transitiomlés  pounds were inferred from their initial slopes 8§ with re-
termined by the temperatures where the resistivity drops tspect toT, yielding values of 1.09 T and 1.12 T, respectively.
90% and 10% of the normal state resistivity. Electron dop- These values off.»(0), are very close to the values seen in
ing clearly induces superconductivity in LaOBiSThe7.'s  Sr_,La,FBiS, (1.04 T¥*and LaQ 5F.5BiS, (1.9 T)& sug-

are quite similar to one another, but the transition width isgesting that the superconducting state in Bifased super-
sharper for LggHfy 2OBIS, and Lg sTig2OBIS, than for  conductors probably shares a common character.

Lag sZrgoOBIS; and La s Thy 2 OBIS,. The lowesfT., is seen

in LaggZry.oOBIiS;. There does not appear to be a clear o PRAL 3 o ;TR 2 3
correlation betweerl, and the lattice parameters. Mean- 12l o1 Laovs‘sTho_wo‘BiSz” "H:g‘T '—aostOZOB'S 12
while, Fig.[9 shows(T') measurements for La, Sr,OBIS, 3 seeseo02sresasen - ogagdansataa,
0.9 o° ar 'l 2 —010.9
wherein no evidence of a superconducting transition is ob- < - ]

served down te- 1 K in the rangé).1 < z < 0.3. This result S o06)
suggests that hole doping is not sufficient to induce superco §
ductivity. Itis, however, interesting to note that the miagthe
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tration, which is similar to the behavior observed with T, H 12 La, ThmOBIS La, Hf ,OBiS, |12
Zr, and Ti doping. o8t H H,0)=109T H H0)=1.12T 0.9
The temperature dependencepphormalized by its value %0.6 “mo0%,, —ms0% 106 '§
—@—50% p, A ® —@—50%
03 < —A—10%p, A A\l\\‘ \+10/ ;)’ 0.3
(c) (d) . Soe e
0 =)
0 1 7(K) 2 3 0 7K) 2
100 T T T T T 3
+taOB'S o ] FIG. 10: (Color online) (a, b) Resistive superconductiransition
o L, Sr, OBiS, A curves for La.gsThy.150BIS, and La gHfy 2OBIS, samples, re-
*LaoeSrMOB'S | d und | diff lied etigfield
LS 0BiS, spectively, measured under several different applied etgfields
o708 ] (H =0,0.01, 0.05, 0.1, 0.2,0.3,0.4,0.5, 1, 9 T). (c, d) The tem-

perature dependence of the upper critical fi€ld, andH;..., deter-
mined from the90% and10% normal state for Lag.s5 Tho.15O0BIS;

and La sHf(.2OBIS, samples, respectively. The temperature corre-
sponding to th&0% normal statey is also shown.
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To determine whether superconductivity is a bulk phe-
) . o nomenon in La_,M,OBiS;, zero field cooled (ZFC) and
FIG. 9: (Colqr online) Electrical resistivity vs. temperaturd’, for field cooled (FC) measurements of the magnetic suscepti-
Lai1—.SrOBIS; (0 <z < 0.3), plotted on a semi-log scale. bility x4.(7) were made in a magnetic field of 5 Oe for
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FIG. 11: (Color online) (a, c) DC magnetic susceptibilipy. vs.
temperaturel” for Lag.s5Tho.150BIiS; and La sHfy.2OBIS,, re-
spectively, measured in field cooled (FC) and zero field abd&C)
conditions with a 5 Oe applied magnetic field. (b, d) Real pathe
AC magnetic susceptibility .. vs. T" for Lag.g5The.150BIS; and
Lag.gHfo.2OBIS,, respectively. The superconducting critical tem-
peraturel is indicated and labeled explicitly.
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FIG. 12: Specific heat’ divided by temperaturé’, C/T, vs. tem-
peraturel” for Lag.s5 Tho.150BIS,. C/T vs. T? is shown in the inset
in the upper left hand part of the figure. The red line is a fithaf t
expressiorC(T) = T + BT? to the data which yields = 0.58
mJ/mol-f.u.-K and®p = 220 K. The inset in the lower right part of
the figure shows a plot af'e vs. T, whereC. /T is the electronic
contribution to the specific heat, in the vicinity of the stqmnduct-
ing transition. An idealized entropy conserving consinarclyields
T.=25KandAC/~T. =0.91.
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FIG. 13: Specific heaf’ divided by temperatur&, C/T vs. tem-
peratureT’ Lay.gsHfp.2OBIS,. A plot of C'/T vs. T? is shown in
the inset in the upper left hand part of the figure. The red ikne
fit of the expressiorC(T) = T + BT to the data which yields
v = 2.12 mJ/mol-f.u.-K and®p = 228 K. A plot of C. /T vs. T,

in the vicinity of the superconducting transition, is deyd in the
inset in the lower right hand side of the figure. The superootd
ing transition temperatur€., obtained from the electrical resistivity
measurementd{ = 2.36 K), is indicated by an arrow.

clear that, even though the superconducting transition-is i
complete at 1.3 K, the volume fractions ar€7% and~16%
for Lag.g5Thy.150BIS; and La gHfy2OBIS, samples, re-
spectively, according to the AC magnetic susceptibilityame
surements.

D. Specific heat

Specific heat data for la5Thg.150BIS; and
Lag gHfy 2OBIS; samples are displayed in Fig.]12 and
Fig.[13, respectively. The data for §.gThg.150BIS, cover
the temperature range 0.36 K to 30 K. A fit of the expression
C(T) = 4T + BT?3 to the data in the normal state, where
~ is the electronic specific heat coefficient apdis the
coefficient of the lattice contribution, is plotted as a ftioc
of T2 in the inset in the upper left hand side of Figl 12.
From the best fit, which is explicitly indicated by a line in
the inset, we obtain values of = 0.58 mJ/mol-f.u.-K and
B = 0.91 mJ/mol-f.u.-K; the value of3 corresponds to
a Debye temperature @ddp = 220 K. In the inset in the
lower right hand side of Fid. 127, /T vs. T is plotted. A
clear feature is observed betweerand 3 K. If this feature
is related to the transition into the superconducting stae

measurements are plotted in Figl 11(a, c). ZFC measurementan estimatd’,. = 2.5 K from an idealized entropy conserving

yield diamagnetic screening signals with onset values that
are lower than values obtained froiti’) data, while FC mea-

construction. This value of . is close to the temperature
obtained from the electrical resistivityl{ = 2.85 K). The

surements reveal evidence for strong vortex pinning. AC-magpresence of the feature may suggest that superconductivity

netic susceptibility measurements forglsg Thy.15OBIS; and

is a bulk phenomenon in this compound. The ratio of the

Lay gHfo.2OBIS, samples are shown in Fig.111(b, d), respec-specific heat jump toy T., AC/~T. = 0.91, was calculated

tively. These data exhibit signatures of SC with slightlyé
T.'s than those observed im and y4. measurements. It is

using a jump inC, /T of 0.53 mJ/mol-f.u.R, extracted from
the entropy conserving construction as seen in the insbgin t



lower right hand side of the figure. This value is less than the
value of 1.43 predicted by the BCS theory, but is similar to 3t
that seen in La@sF 5BiS; 2

The specific heat data for LgHf, 2OBIS, are displayed - h
between 0.36 K and 30 K in Fig. 1L3. The upper inset of[Eig. 13 l i I l
highlights the linear fit to th€’/T data plotted vsT'2, from R —
which we extracteds = 2.12 mJ/mol-f.u.-K andg3 = 0.82 l I
mJ/mol-f.u.-K, and calculate®p = 228 K. In the inset in <
the lower right hand side of the figure, the electronic centri  ~°
bution to the specific heat. /7" vs. T is shown, which has 1L Sc
been obtained by subtracting the lattice contribui@ii from
C(T). Absent from these data is any clear evidence for a jump
at theT, obtained from either the electrical resistivity or DC
and AC magnetic susceptibilitf { = 2.36 K, 2.81 K, and 1.42 o . . . .
K, respectively) measurements. However, there is a sl fe 0 0.1 02 03 0.4
ture around thd". obtained from the electrical resistivit{{ X
=2.36 K) as indicated by an arrow in the lower right hand side
of the figure. The absence of a well-defined superconducting!G. 14: (Color online) (a) Superconducting transition tem
jump at7, is probably a consequence of the superconductPerature 7. vs.  Th concentrationz phase diagram for the
ing transition being spread out in temperature due to samplg?:-=TN=OBIS; system. The phase diagram is constructed from
inhomogeneity. electrical resistivityp (filled triangles), DC magnetic susceptibility

. . . dc (filled diamonds), and AC magnetic susceptibility,. (filled
There is an upturn in specific heat below roughly 1.2 K andéirdes) measurements. THe — « phase boundary (dark gray area)

0.9 K for the La sHf(.2OBIS, and La 55 Tho.150BIS; sam-  geparates the superconducting phase (SC) from the norraaéph
ples, respectively. The same kind of upturn is also seen ihe value ofT. from p(T) was defined by the temperature where
Sry.sLay 5FBIS; at a similar temperature. This upturn may drops to50% of its normal state value and vertical bars indicate the
be a contribution to specific heat from a Schottky anomaly otemperatures where the electrical resistivity drop8# and10%
may be indicative of a second superconducting phase in thigf its normal state value. Values @t from x.. andxq. were de-
compound®® However, measurements must be made at temfined by the onset of the superconducting transition. Thaethtine
peratures below 0.36 K to unambiguously clarify the nattre oindicates another possible upper bound for the SC region

this feature.

La, Th OBiS,

n
T
(] =OH—p

@ —

>

7_from p (T)
® 7 fromy,

[

7;from Xeo

boundary, studies on samples with sharper transitionsdvoul
be beneficial.

A similar result can be seen in Fig.]15 where the high-
estT.(z) is observed at: = 0.2 for Hf, Zr and Ti doping.
T.(x) decreases initially with increasingand then becomes
concentration-independent. The charactef dfc) observed
o _ for La; .M, OBIS, and displayed in the phase diagram sug-
.0'15 t02.05K at; = 9'20 ar!d exhibits rough!y concentration- gests that the superconducting state is similar for these sy
independent behavior at higher concentration. The superco .o Considering other examples of inducing superconduc-
ducting region may be defined by the dark gray region intivity by electron doping such as in LaO,F, BiS,*68-1012
Fig.[14, and apparently lacks a dome-like character tyfyical and Si_,La,FBiS, 4 our results sugges? tﬁat electron dop-

seen fo(; both theDhlg[T-c Iliyered cuprage and Fe-pnlctlde suI- ing is a viable approach to induce superconductivity in-BiS
perconductors. Dome-like superconductor regions are alsg_ compounds.

seen in LaQ_,F,BiS,, and NdQ_,F,BiS,.82 At concen-
trations below the SC domes in these compounds, electrical
resistivity measurements reveal bad metal or semiconuycti
like behavior. These results are in agreement with first-prin
ciples calculatior® which suggest that the density of states
at the Fermi level increases with increasing electron dppin  In summary, we have synthesized polycrystalline samples
such that the insulating parent compound becomes metalliof La; _, M, OBIS, (M = Th, Hf, Zr, Ti, and Sr) with the
This effect is expected to be maximal at half filling£ 0.5).  CeOBIS crystal structure. Electrical resistivity, DC and AC
The LaQ_,F,BiS, systeni shows a maximunT, for 2 = magnetic susceptibility, and specific heat measuremerres we
0.5 while the NdQ_,F,.BiS,® system exhibits its highe&t. performed on selected samples. Electron doping via substit
atz = 0.3. Other scenarios may be possible depending on hotion of tetravalent T4, Hft4, Zrt4, Tit* for trivalent La™

we define the SC region because of the broadness of the simduces superconductivity while hole doping via substitut
perconducting transitions. For example, a dashed linesis al of divalent Sr2 for La*® does not. These results strongly
shown in Fig[ZI# which mostly resides within the ranges charsuggest that electron doping by almost any means may be suf-
acterized by the transition. In order to better define thespha ficient to induce superconductivity in BiShased compounds.

IV. DISCUSSION

The results fromp(T'), x4e, and x,. measurements are
summarized in a phase diagramiofvs. Th concentration
shown in Fig[I#T.(z) decreases with from 2.85 K atr =

V. CONCLUDING REMARKS
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FIG. 15: (Color online) Superconducting transition tengpere 7.

vs. concentratior: phase diagram for the La, M.OBIiS; system
(M = Th, Hf, Zr, Ti), constructed from electrical resistivity(("))
measurements. The value @t was defined by the temperatures
wherep drops t050% of its normal state value and vertical bars are
defined by the temperatures wherdrops t090% and of10% of its
normal state value.
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