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We report on single-crystal growth, stoichiometry, structure and basic characterization of Rb;_,Fe,_,Se,_.S,
crystals where Se is substituted by S. The temperature and magnetic field dependence of magnetic and ther-
modynamic properties of all samples was studied by differential-scanning calorimetry, magnetic susceptibility,
electrical conductivity, and specific heat. The experimental results are discussed within a 7-z phase diagram,
which includes vacancy-ordered and vacancy-disordered antiferromagnetic (AFM), superconducting (SC), and
nonsuperconducting phases. The structural study reveals change in the local environment of the Fe tetrahedrons
depending on substitution: a reduction of the Fe-Fe and Fe-Ch(chalcogen) bond lengths and a tendency for six
out- of eight bond angles to approach values realizing a regular tetrahedron and hence, suggesting a reduction
of structural distortions with substitution. With increasing substitution, a nonmonotonic decrease of the super-
conducting transition temperature 7. was observed; the SC state disappears at a substitution level above z = 1.2.
The SC state coexists with the AFM state that persists in all samples independent of substitution. The transition
temperature into the AFM state, Ty, decreases gradually with increasing substitution indicating a weakening of
the AFM interactions. The AFM phase exhibits an iron-vacancy-ordered structure below the structural transition
temperature 7;. 7, shows a nonmonotonous variation: a decrease with increasing z up to 1.3, followed by an
increase on further increasing z. The electronic specific heat reveals a significant reduction of the anomaly at the
SC transition temperature indicating a reduction of the density of states at the Fermi energy and a weakening of

the electronic correlations that can explain the suppression of the superconductivity with substitution.

DOI: 10.1103/PhysRevB.101.054516

I. INTRODUCTION

In recent years, alkali-metal intercalated iron selenides
A1_(Fe;_,Se, (with A = K, Rb, Cs) have attracted significant
attention due to their unusual structural and electronic prop-
erties [1-5]. They show a fascinating coexistence of an insu-
lating antiferromagnetic (AFM) majority phase AggFe;¢Ses
with iron-vacancy-ordered superstructure (245 phase) and
stripes of a minority metallic iron-vacancy-free A;_,Fe,Se;
phase (122 phase), which becomes superconducting (SC)
below a critical temperature 7, of 30 K. Despite numerous
studies of intercalated Fe chalcogenides using various local
and macroscopic techniques, the interrelation between the
AFM and SC phases is far from being well understood (see
Refs. [1-6] and references therein). The heterogeneous nature
of Aj_ Fe,_,Se, crystals complicates their investigation and
analysis and impedes elucidation of the intrinsic behavior.

Currently, there exists a common agreement that in
Ai_,Fe;_,Se,, the minority phase is responsible for SC
properties. This phase is a derivative of the nonmagnetic
FeSe that superconducts below 8 K in bulk [7], while for
monolayers a possible 7. of 65-100 K was deduced from
singular experiments [8,9]. It should be noted that the 7. of the
order of 28-33 K [10-18] for A;_.Fe,_,Se, family is close
to T, of 37 K for bulk FeSe under high pressure [19,20]. In
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FeSe, the T, increases from 8 K at ambient pressure to 27 K at
1.5 GPa [21]. This increase is accompanied by a strong
increase of AFM fluctuations that are present above 7. [22].
The significantly enhanced 7. by external pressure suggests
a connection of the SC parameters and local structural
environment of Fe atoms pointing to an important role
of structural changes with pressure which influences the
electronic properties [20].

In intercalated A;_,Fe,_,Se, superconductors, the inter-
play of lattice and electronic degrees of freedom and the
response of T, to pressure are much more complex. For
example, in Kg gFe; 7Se; crystals, the critical temperature T
gradually decreases with applied pressure up to 9.2 GPa,
while above this pressure the SC state is fully suppressed
being accompanied by a structural transition from the Fe-
vacancy ordered /4 /m to a vacancy disordered /4 /mmm phase
[23]. Further studies of Kq gFe;7Se, and Tly4Rbg 4Fe; ¢7Se,
discovered a second SC phase emerging between 11.5 and 13
GPa with a T, of 48 K, significantly higher than the initial 7,
[24]. In Rb;_Fe;_,Se;, full suppression of the SC state was
found at a pressure of 6 GPa [25,26]. However, in contrast to
Ko gFe;7Se,, in SC Rbg gFe,Se, no structural transformations
of the AFM phase up to 15.6 GPa was found [26]. Similar
results were reported for Rbg gs(Fej_,Se),, Csos3(Fei—,Se),
and Ko g(Fe;_,Se), with /4/m superstructure reflections of
the AFM phase present up to 12 GPa [27]. A Mossbauer
study [26] also shows that the suppression of the supercon-
ductivity in RbggFe,Se, by pressure cannot be caused by a
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structural transition of the minority SC phase as observed
in the SC FeSe [19]. Importantly, with increasing pressure
a gradual suppression of both AFM majority and SC mi-
nority phases was detected [26]. Moreover, above 5.2 GPa,
the third PM phase emerges. A pronounced decrease of the
hyperfine field in the AFM phase observed above 5.2 GPa
points to a significant change in the local magnetic and
electronic properties at the Fe sites of the majority phase
[26]. A clear indication of the local structural rearrangement
with pressure in SC Rb;_,Fe,_,Se, was provided by x-
ray absorption spectroscopy which found sizable changes in
the Fe K-edge spectra [28]. Complementary EXAFS studies
performed in [28] suggested a gradual suppression of the
phase separation with pressure. A lattice rearrangement to a
locally more ordered state at pressures above 11 GPa was also
suggested. Comprehensive high-pressure resistivity studies of
insulating Tlj 36Rbg 44Fe; 565¢e,, Ko gFe; ¢Se,, and supercon-
ducting Ky gFe;7Se, and Tl 4Rbg4Fe; ¢7Se, [29] revealed
an intermediate metallic phase M* in both SC and non-SC
samples, which develops under pressure. It was shown that
the Mott insulating 245 phase coexists with the M phase over
a significant range of pressure up to 10 GPa, where the super-
conductivity vanishes. These results correlate well with those
of a Mossbauer study of SC Rbg gFe,Se; [26], which demon-
strated that the intermediate metallic phase develops with
pressure at the expense of a reduction of the AFM 245 phase.

Another well-established way to probe structural and elec-
tronic correlations and to tune the critical temperature 7
of Fe-based superconductors is to induce chemical pressure
via doping and substitution. For instance, the substitution of
Se by Te in FeSe enhances T, for FeSeysTeps up to 14 K
[30,31]. However, it does not allow a continuous variation of
T; by substitution. Similarly, the SC behavior in A;_,Fe,_,Se,
systems is observed only in a narrow range of iron stoi-
chiometry [5,18] making it difficult to unravel the correlations
between structural and electronic properties. To overcome
these problems Lei et al. [32] utilized substitution of S for Se
in K,Fe,_,Se,_.S; which allowed to continuously tune the T,
from 33 K for z = 0 to a full suppression of superconductivity
for z = 1.58. The suppression of SC state was attributed to an
increasing distortion of the Fe2-Se tetrahedra and a concomi-
tant increasing occupancy of the Fel sites occurring with S
substitution. Here Fel and Fe?2 refer to the two different sites
of the iron ions in the crystal structure which were assumed
to be nearly empty and fully occupied, respectively. It was
also suggested that the increasing distortion leads to carrier
localization and/or a decrease of the density of states at the
Fermi energy [32].

A systematical study of substitution effect on the
phase separation and superconducting behavior of
Ko sFe; 755€2-,S, (0 <y < 2) was performed in [33]. The
Fe-vacancy order was reported for all samples independent
on the substitution level. The 7, was found to decrease
continuously from 31.2 K for y =0 to 12.1 K for y = 1.2.
The S substitution has little effect on phase separation, the
two-phase microstructure with um-size stripes being clearly
distinguished even for the SC sample with the lowest T;. [33].
A new-phase separated pattern in pure sulfide Ko gFe; 54,S
with varied Fe concentration 0 < x < 0.5 was also found
[33]. Two spatially separated phases were also revealed in
the semiconducting RbggFe;sS, by neutron-diffraction in

[34]. In addition to the block AFM (245) phase with a Néel
temperature of 425 K with /5 x /5 Fe-vacancy order, a
second phase manifesting in-plane stripe AFM order below
275 K with a rhombic Fe-vacancy order (234 phase) was
detected. Further studies of RbggFe;s5Se, revealed two
coexisting phases: a 234 AFM phase, which orders below 220
K with complex super Fe-vacancy order in addition to the
rhombic Fe-vacancy order and the second AFM 245 phase
with Ty = 400K with a \/5 x /5 Fe-vacancy order [35]. The
phase with Ty = 220 K was reported earlier in [18] in samples
with reduced Fe concentration. In sulfide compounds with
high Fe concentration (Rbg;5Fe;g5S,), neutron diffraction
revealed two coexisting phases: a 245 phase with Ty = 470K
and a phase with a shorter in-plane lattice constant compared
to 245 phase, which was attributed to a Fe-vacancy-free
122 phase. This phase exhibits metallic behavior as was
shown by the resistivity and angle-resolved photoemission
spectroscopy (ARPES) studies [36]. The neutron-diffraction
studies on substituted RbggFe,Se,_ .S, crystals were not
reported yet, however existing resistivity and ARPES data for
a limited number of substitutions show that with increasing
S content a gradual reduction of the SC temperature takes
place, from 32 K for z =0 to 9 K for z = 1.25. Samples
with z = 1.5 and 2.0 manifest a metallic ground state [35,36].
The ARPES studies of Rbg gFe;Se, .S, with z =0, 1, and 2,
revealed only minimal changes in the Fermi surface topology
and small changes in the charge-carrier concentration.
With increasing S concentration, an increase of the overall
quasiparticle bandwidth was observed indicating a decrease
of electronics correlations [35]. Similar conclusion was
obtained for the K,Fe,_,Se,_.S., Rb,Fe;_,Se;_.Te,, and
(TIK).Fe,_,Se,_.S; systems in Ref. [37]. Later on, terahertz
time-domain spectroscopy studies of SC and metallic
Rbg 75Fe; 6Se,—.S; on a large number of concentrations
revealed a metal-to-insulator transition accompanied by an
orbital-selective Mott phase transition [38,39]. It was shown
that the orbital-selective Mott transition shifts to higher
temperatures with increasing S concentrations indicating a
reduction of correlations in the d,, channel that can account
for the observed suppression of 7, [38].

In the present paper, a comprehensive macroscopic charac-
terization of single crystalline samples of Rb;_,Fe;_,Se;_.S,
studied earlier in Ref. [38] and of additional samples with
narrow substitutional steps (z = 0; 0.1; 0.25; 0.5; 1.0; 1.1; 1.2;
1.3; 1.4; 1.7, and 2.0) is reported. The results on the stoichiom-
etry, structure, differential scanning calorimetry, magnetic
susceptibility, conductivity, and specific heat are presented.
We investigate the variation of structural and electronic prop-
erties of crystals with different substitution looking for the
critical concentration to suppress the SC state and for corre-
lation effects using the advantage of the Rb-based systems
to form superconducting compositions with much smaller
deviations of the iron stoichiometry due to existence of robust
miscibility gaps [35] compared to the related K-based system
[32].

II. EXPERIMENTAL DETAILS

Single crystals of the anion-substituted Rb;_,Fe,_,Se,_.S;
have been grown by the Bridgman method. The chemical
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TABLE I. Starting mixtures and real compositions of selected samples of Rb,_.Fe,_,Se,_.S, as determined by EPMA analysis

Concentration of the elements

Batch and Rb Fe Se S
sample label Substitution z Starting mixture (1-x) 2-y) 2-2) ()
BR16 0 0.8Rb+2FeSe 0.748(27) 1.593(16) 2.000(19) -
BR16_05 0 0.8Rb+2FeSe 0.736(40) 1.611(14) 2.000(30) -
BR28 average 0 0.8Rb+2FeSe 0.786(39) 1.612(22) 2.000(28) -
BR28 stripes 0 0.705(25) 2.017(10) 2.000(25) -
BR100 0.1 0.8Rb+1.9FeSe+0.1FeS 0.750(33) 1.596(13) 1.905(22) 0.095(2)
BR99 0.25 0.8Rb+1.75FeSe+0.25FeS 0.739(26) 1.592(16) 1.752(22) 0.248(7)
BR96_le 0.5 0.8Rb+1.5FeSe+0.5FeS 0.734(25) 1.597(27) 1.511(20) 0.489(13)
BR96_1 0.5 0.8Rb+1.5FeSe+0.5FeS 0.734(24) 1.603(26) 1.507(20) 0.493(13)
BRS80 1.0 0.8Rb+FeSe+FeS 0.765(23) 1.605(19) 1.017(20) 0.983(18)
BR&7 1.0 0.8Rb+FeSe+FeS 0.764(27) 1.595(16) 0.998(21) 1.002(16)
BR&2 1.1 0.8Rb+0.9FeSe+1.1FeS 0.844(32) 1.585(20) 0.922(23) 1.079(24)
BR107* 1.2 0.8Rb+0.8FeSe+1.2FeS 0.756(6) 1.600(11) 0.841(12) 1.152(12)
BR101_1 1.4 0.8Rb+0.6FeSe+1.4FeS 0.802(15) 1.620(14) 0.634(25) 1.366(16)
BR101_Rol 1.4 0.8Rb+-0.6FeSe+1.4FeS 0.791(36) 1.610(17) 0.650(23) 1.350(8)
BR102_1 1.7 0.8Rb+0.3FeSe+1.7FeS 0.822(21) 1.585(18) 0.312(16) 1.688(15)
BR97_optics 2.0 0.8Rb+2FeS 0.787(16) 1.595(11) - 2.000(12)
BR97_1 2.0 0.8Rb+2FeS 0.735(16) 1.611(17) - 2.000(24)

“Determined from the x-ray data.

composition of the samples was determined by electron-probe
microanalysis (EPMA) applying wavelength dispersive x-
ray spectroscopy (WDS) with a Cameca SX50 microprobe.
The concentration of the elements in the studied samples
was measured on freshly cleaved samples. The determined
concentrations were averaged over multiple (ten to twenty)
measured spots with an area of 80 x 60 um?. The errors in
determination of the absolute concentrations of the elements
are less than 1.5% for Fe, 2% for Se and S, and 5% for Rb.
The concentrations of Rb and Fe were calculated normalizing
the sum of Se+S to two atoms per-formula unit.

The single crystal x-ray diffraction was performed at room
temperature with an Xcalibur E diffractometer equipped with
a CCD area detector and a graphite monochromator utilizing
MoK,, radiation. Samples for x-ray experiments were cut
from large crystal pieces and protected with Paratone-N oil.
Final unit-cell dimensions were obtained and refined for the
entire data set. After collection and integration, the data were
corrected for Lorentz and polarization effects and for absorp-
tion by multi-scan empirical correction methods. The crys-
tallographic structures were refined by the full matrix least-
squares method based on F? with anisotropic displacement
parameters. All calculations were carried out by the programs
SHELXL2014 [40] within the package WINGX [41]. Mixed Se/S
sites were refined in a similar way. In each position, the Se
and S atoms were constrained to have identical coordinates
and thermal parameters.

Differential scanning calorimetry (DSC) measurements
were performed using a PerkinElmer DSC-8500 system. The
data were collected during temperature sweeps for heating and
cooling with a rate of 5 K/min. The samples were encapsu-
lated in standard Al crucibles. During the experiments, Ar or
He gases were used as protecting media. The heat flow was
normalized to the mass of the samples.

Magnetic characterization was performed using a commer-
cial SQUID magnetometer (MPMS-5, Quantum Design) for
temperatures between 1.8 and 700 K, in external magnetic
fields up to 5 T.The electrical resistivity and specific heat
were measured with a Physical Property Measurement System
(PPMS, Quantum Design) in a temperature range from 1.8 to
300 K.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Preparation conditions and composition analysis of samples

The preparation conditions and regimes of the single crys-
tals growth by the vertical Bridgman method were similar
to those for the nonsubstituted Rb;_,Fe,_,Se,_.S; [18]. As
starting materials, polycrystalline binary compounds FeSe
and FeS, preliminary synthesized from the high-purity el-
ements: Fe (99.99%), Se(99.999%), S (99.999%), and Rb
(99.75%) were used. Handling of the reaction mixtures was
performed in an argon box with a residual oxygen and water
content less than 1 ppm. The starting materials were placed
in double quartz ampoules, pumped to 1073 mbar, and then
closed. The ampoules were heated to a soaking temperature of
1070 °C. The soaking time was 5 h. Then, the ampoules were
pulled down in the temperature gradient of 1.5 °C/mm with a
rate of 3 mm/h. The compositions of the starting mixtures for
batches with different substitutions are given in Table I.

The EPMA data related to concentration of the constituent
elements are also given in Table I. The EPMA analysis did
not reveal any essential deviations in the S to Se ratio from
the starting stoichiometry for all grown batches. The concen-
tration of Fe in the samples from different batches was close to
1.6 indicating compositions with a Fe-vacancy corresponding
to the 245 stoichiometry. We note that the deviations from the
245 stoichiometry in the Rb;_,Fe,_,Se;_.S; system are much
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TABLE Ila. Structural data and details of structural refinement for samples with substitution z = 0, 1, and 2 within space group /4/m for

/5 % 4/5 x 1 supercell.

z
(nominal concentration) 0

X-ray composition Rbyg goFey.61Se2

Formula weight 315.65
a(A) 8.805(1)
cA) 14.588(1)
Volume (A%) 1131.08(19)
Z/ 10/
Pcale (gcm73) 4.634
w(mm™) 29.579
Reflections 114417779
collected / unique R = 0.1363
GooF 1.005
Ry, 0.0633,
wRy[I > 20 (1)] 0.1946

1.0 2
Rby 76Fe;.60SSe Rby 78Fe; 505,
264.95 219.58
8.623(1) 8.462(1)
14.352(1) 14.045(2)
1067.08(10) 1005.8(2)
10/ 10/
4.123 3.625
22.833 15.945
8241 /495 7574 /1520
Rine = 0.0828 R = 0.0859
1.002 1.004
0.0458, 0.0488,
0.147 0.1496

smaller than in K,Fe,_,Se,_.S; where significant variations
of the Fe content from 1.44 to 1.72 on increasing substitution
from z = 0 to z = 2 were reported [32].

An important observation concerns the microstructure of
the studied samples. As reported earlier for nonsubstituted
samples (z = 0) in Ref. [42], the presence of two different
phases could be easily distinguished in an optical microscope
with micrometer-size metallic stripes embedded into the AFM
245 phase (see Fig. 1 in Ref. [43] for microstructure of sample
with z = 0). Under high magnification conditions, we deter-
mined the composition of these stripes, which corresponds
to Rbg 705025)F€2.017¢10)S€2. Within experimental uncertainty,

this corresponds to a Fe vacancy-free and a Rb-deficient
122 phases. This result is in general agreement with those
obtained by other techniques [44,45]. A difference in Rb/Fe
ratio (0.7/2) for stripes revealed by our study compared to
neutron diffraction study (0.6/2.2) [44] and nuclear magnetic
resonance (0.3/2) [45] can be probably attributed to difference
in the accuracy of these methods.

It was further observed that for samples even with the low-
est substitution z = 0.1, it was not possible to detect any stripe
structure in the micrometer range (see Fig. 1 in Ref. [43] for
microstructure of samples with z > 0). At the same time, the
simultaneous presence of the AFM and metallic nonmagnetic

TABLE IIb. Atomic coordinates (x, y, z), site-occupation factors (sof), and thermal parameters Ugq (A? x 10%) for Fe, Se and Rb ions
within space group /4/m for /5 x /5 x 1 supercell for samples with substitution z = 0, 1, and 2. U, is defined as one third of the trace of

the orthogonalized U;; tensor.

Z (nominal charge) b y z sof Ugq
0 Atom Position
Fel 4d 0.5000 0 0.2500 0.246(13) 16(1)
Fe2 16i 0.4069(1) 0.3015(1) 0.2480(1) 0.943(11) 19(1)
Sel 4e 0.5000 0.5000 0.3564(1) 1 21(1)
Se2 161 0.2991(1) 0.1080(1) 0.3506(1) 1 22(1)
Rbl 2b 0 0 0.5000 0.856(11) 39(1)
Rb2 8h 0.1939(2) 0.4029(2) 0.5000 0.781(9) 37(1)
1 Fel 4d 0.5000 0 0.2500 0.304(13) 20(1)
Fe2 16i 0.4068(1) 0.2988(1) 0.2481(1) 0.922(14) 19(1)
Sel 4e 0.5000 0.5000 0.3547(1) 0.496(10) 22(1)
S1 4e 0.5000 0.5000 0.3547(1) 0.504(10) 22(1)
Se2 16i 0.2986(1) 0.1077(1) 0.3503(1) 0.501(8) 23(1)
S2 16i 0.2986(1) 0.1077(1) 0.3503(1) 0.499(8) 23(1)
Rbl 2b 0 0 0.5000 0.814(10) 41(1)
Rb2 8h 0.1953(1) 0.4044(1) 0.5000 0.742(10) 44(1)
2 Fel 4d 0.5000 0 0.2500 0.277(10) 16(3)
Fe2 161 0.4073(1) 0.2967(1) 0.2479(1) 0.917(10) 16(1)
S1 4e 0.5000 0.5000 0.3491(2) 1 19(1)
S2 16i 0.2964(1) 0.1093(1) 0.3469(2) 1 21(1)
Rbl 2b 0 0 0.5000 0.817(12) 35(1)
Rb2 8h 0.1953(1) 0.4054(1) 0.5000 0.761(10) 38(1)
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8.8 Rb1—xFe1.6se2—zSz 414.6
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FIG. 1. Variation of the lattice parameters a and ¢ as function of
sulfur concentration z in Rb,_,Fe,_,Se,__S..

phases was revealed in all our Rb;_,Fe,_,Se;_.S; samples by
Mossbauer experiments [46]. This suggests that the phase sep-
aration in the anion substituted crystals in Rb;_,Fe,_,Se,_.S;
is realized on a significantly lower length scale. This is in clear
contrast to K Fe.75_,Se>_.S; where the metallic stripes with
micrometer size were observed even in samples with anion
substitution z = 1.2 [33]. The difference in the microstructure
of these systems can be probably attributed to a significant
excess of Fe concentrations > 1.6 in K-based compared to Rb
systems.

B. Structural study

The x-ray single-crystal structural analysis of the exper-
imental pattern of Rb;_,Fe;_,Se;_.S; reveals a tetragonal
cell with lattice parameters a(b) ~ 19 A, ¢~ 14 A for all
substitutions suggesting a large 5 x 5 x 1 supercell. A similar

5 x 5 x 1 supercell was reported earlier by Zavalij et al. [47]
for K;_ Fe,_,Se, and Cs;_,Fe,_,Se;, crystals. Their initial
structural analysis was done in a space group /4/mmm. How-
ever, those authors noticed the incompatibility of the space
group /4/mmm with the experimental data on powder neutron
diffraction [5], and the structural data were further interpreted
within a smaller supercell /5 x /5 x 1 in the space group
I4/m with a(b) ~ 8.7A. A similar /5 x /5 x 1 supercell
was deduced by Pomjakushin et al. [48] for Cs,Fe;_,Se,
from the analysis of the superstructure reflections that appear
below the first-order structural transformation at 7, ~ 500K
resulting in twinning corresponding to reflections with two
propagation vectors k; = [%, %, 1] and k, = [é, %, 1]. A
similar twinning pattern was found in our Rb,_,Fe,_,Se;_.S;
samples (see Fig. 2 in Ref. [43] for reciprocal lattice plot);
thus the structural refinement of all samples was performed
within the generally accepted /5 x /3 X 1 cell, in the space
group /4/m. The structural data and details of the structural
refinement for three selected compositions (with z =0, 1,
and 2) are given in Tables II(a) and II(b). The full set of the
structural data for all substitutions is presented in Table III in
Ref. [43].

In the /5 x /5 x 1 supercell, all constituent elements
have two different crystallographic positions (see Fig. 2 be-
low) with different occupancies for Fe and Rb sites. The site
occupancy for the Fe2 ion in a general position (x, y, z) is close
to 0.93, while that of the Fel ion in a special position (0.5,
0, 0.25) is close to 30%. The occupancy of both Fe sites in
Rb,_Fe;_,Se,_.S; exhibits only an insignificant change with
substitution (see upper panel of Fig. 6 below). The Rb sites are
also partially occupied. The occupancy of the Rb sites shows
a nonmonotonous change with substitution (see Table III in
Ref. [43]). It probably has to be attributed to variations of the
concentration of Rb in the samples, being particularly high for

(b)

FIG. 2. (a) Crystal structure of Rb;_,Fe,_,Se,_.S; for z = 0. Fel ions are in position (0.5, 0, 0.25), Fe2 in position (x, y, z); Rb1 (0, 0, 0.5),
Rb2 (x, y, 0.5), Sel1(S1) in position (0.5, 0.5, z), and Se2(S2) in (x, y, z)(b) Schematic view of different Fe tetrahedrons: Fe2 with three Se2(S2)
neighbors and one neighboring Sel(S1); Fel with four equivalent Se2(S2) neighbors. Clusters of four Fe2 ions are marked by rectangles.
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25

3'(4) F:e1-SeI2(32;
| Fe2-Se1(S1)

Fe-Se(S) distance (A)
)
D

23

1.00 |
| (Fe2-se1)/(Fe1-Se2)

0.99 | (Fe2-Se2); .. /(Fe1-Se2) |

0.98

Ratio of distance
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1 (b)u 1 1 1 iu 1 1 1

0.0 0.5 1.0 1.5 2.0

z

| (Fe2-Se2);,/(Fe2-Se2)

FIG. 3. Structural variations with sulfur concentration z. Frame
(a): four equivalent Fel1-Ch2 bond distances, Fe2-Ch1 bond distance
and three Fe2-Ch2bond distances. Frame (b): ratio of Fe2-Ch1 bond
distance to Fel-Ch2, intercluster Fe2-Ch2 distances to Fel-Ch2, in-
tracluster Fe2-Ch2 distances to intercluster Fe2-Ch2. Vertical dashed
line separates superconducting samples from nonsuperconducting
ones.

samples with substitution z = 1.1 (see Table I). The reason of
these variations of Rb concentration is unclear at the moment
and needs additional studies.

In Fig. 1, the variations of the lattice parameters a and ¢
with substitution are presented. Both parameters show a close
to linear decrease with increasing sulfur content following
Vegard‘s law indicating the formation of continuous solid
solutions in this system due to substitution of S for Se. This
fact together with the absence of any additional changes
in the lattice symmetry with substitution indicates statistical
substitution of Se by the S ions in the anion positions.

The local tetrahedral environment of Fe2 ion consists of
three nearly equivalent Fe2-Se2(S2) bonds and one Fe2-
Sel(S1) bond, while the local environment of Fel ion consists
of four equivalent Fel-Se2(S2) bonds as shown in Fig. 2(b).
Four Fe2 ions form clusters with shorter intracluster and larger
intercluster distances Fe2-Fe?2.

To get insight into the local distortions of the Fel and
Fe2 tetrahedrons and their evolution with substitution, we
analyzed the bond distances between the Fe ions, between
the Fe ions and chalcogens (Ch = Se or S), as well as their
bond angles. A monotonous close to linear decrease with the
substitution of the bond distances Fe-Ch for both tetrahe-
drons was found for z < 1.2 (see Fig. 3(a) and Table IV in
Ref. [43]), as anticipated for the observed decrease of the unit
cell parameters a and ¢ with substitution (Fig. 1). We also
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FIG. 4. Structural variations with sulfur concentration z. (a) In-
tercluster Fe2-Fe2 distances, intracluster Fe2-Fe2 distances, and Fel-
Fe2 distances. (b) Ratio of Fel-Fe2 to intercluster Fe2-Fe2 distance,
intracluster Fe2-Fe?2 to intercluster Fe2-Fe2 distance.

noticed that the rate of the decrease of all Fe-Ch distances
is notably higher for substitution z > 1.2 than for z < 1.1 .
Particularly, this behavior is more pronounced for the Fe2-
Se(S)2 bond distances. It must be noted that in the substitution
range 1.1 < z < 1.4 a slightly increased concentration of Rb
compared to other substitutions was observed. Therefore, for
this substitution range to account for variation of the Fe-Ch
bond distances two variables, x and z, should be considered.
At the same time, within the observed range of variation of the
Rb concentration in the studied system (0.74-0.84) we did not
found a clear correlation between the lattice parameters and
the Rb concentration (see Fig. 2 in Ref. [43]). Furthermore,
the lattice parameter ¢ for sample with substitution z = 1.1
and the highest Rb concentration 0.84 was very close to
that of the sample with z = 1.2 and significantly lower Rb
concentration 0.76. The rate of change of the anion height
with z [Fig. 6(b)] that is directly related to distances Fe-Ch
was also notably higher for samples with substitutions above
1.2 compared to those for z below 1.2. Therefore, within
the observed range, we conclude that the variation of the
Rb concentration cannot essentially contribute to the change
of the bond distances Fe-Ch. In addition, we observed that
for the substitution range z < 1.2, the ratio of the Fe2-Ch2
bond distances to the Fel-Ch2 distance changes slightly,
whereas above z = 1.2, it decreases essentially [Fig. 3(b)].
This also suggests a small influence of the difference in the
Rb concentrations on the variation with substitution of the
Fe-Ch bond distances for both Fel and Fe2 tetrahedrons. As
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Se2-Fe1-Se2 ()

Se1-Fe2-Se2 (S)

Se2-Fe2-Se2 (S)

FIG. 5. Variation with substitution of bond angles (in degrees).
(a) Fel tetrahedron (two angles «; and four angles «,. [(b) and (c)]
Fe2 tetrahedron (angles from o to «rg). Vertical dashed line separates
superconducting samples from the nonsuperconducting ones.

will be shown below, the superconductivity in the samples
vanishes just above z = 1.2. It should be mentioned that the
observed behavior of the bond distances Fe-Ch with substitu-
tion is very similar to that reported for Fe-Se distances in SC
Rb;_.Fe;_,Se; under external pressure. The Fe-Se distances
show gradual (linear) decrease with pressure manifesting a
steplike drop in the range where the SC state becomes fully
suppressed [28].

We also found that the Fel-Fe2 distance and the inter-
cluster Fe2-Fe2 distance show a much stronger decrease
with the substitution than the intracluster Fe2-Fe2 distance
[Fig. 4(a)]. The observed variations of the Fe-Fe distances
with substitution are in good agreement with those reported
for K,Fe,_,Se,_.S; [32]. It should be noted that the ratios
of the Fel-Fe2 distance to the intercluster Fe2-Fe2 distance
and that of the intracluster Fe2-Fe?2 distance to the intercluster
Fe2-Fe2 distance exhibit an opposite trend with substitution
[Fig. 4(b)] intercepting in the range close to z = 1.2. It is also
worth mentioning that, with increasing substitution, the ratio
of the intracluster to intercluster Fe2-Fe2 distances increases
and approaches unity suggesting a more regular in-plane
structural arrangement.

In Figs. 5(a)-5(c), the variations of the bond angles for Fel
and Fe2 tetrahedrons with substitution are presented. In the
Fel tetrahedron, four large angles «; and two small angles
o, exhibit a tendency to approach the ideal angle of 109°47’
on increasing concentration up to z = 2.0 [see Fig. 5(a)]. A
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0.0 0.5 1.0 1.5 2.0

FIG. 6. Variations with substitution: of occupancy of Fel and Fe
sites (a), and of anion-height from Ch (Se,S) to Fe2-Fel plane and
from Ch to Fe2-Fe2 plane (b).

similar trend is found for the other four angles o3, o4, @5 and
o in the Fe2 tetrahedron, while the remaining two angles o7
and «g of this tetrahedron increase and, respectively, decrease
with substitution [see Fig. 5(c)]. An analysis of the regularity
of Fe tetrahedrons by comparing the sum of the angles at
the Chl and Ch2 vertices has shown that with increasing
substitution from z = 0 to z = 2, the Fe2 tetrahedron becomes
more regular indicating decreasing distortions. This fact is in
a clear contrast to that reported for K,Fe,_,Se,_.S. system,
where increasing distortions with increasing S concentration
were observed and were suggested to destroy the SC state
[32].

Looking for a possible optimization of the structural pa-
rameters, we have analyzed the variations of the anion height
with substitution. Both anion heights of the Chl to the Fe2
plane and of the Ch2 to the Fel-Fe2 plane were found to
exhibit a continuous decrease with concentration as shown on
the lower panel of Fig. 6. This behavior is also in a strong
contrast to that observed in K,Fe,_,Se,_.S; that shows a
nonmonotonic behavior with substitution [32].

C. Differential scanning calorimetry

Figures 7(a)-7(d) show the DSC results for several selected
Rb,_.Fe;_,Se;_.S; crystals with different sulfur concentra-
tion z. The full set of the DSC data for the studied crystals
is given Figs. 4(a)—4(h) in Ref. [43]. The DSC signal corre-
sponds to a difference in heat required to increase the sample
temperature with respect to the reference (empty Al crucible).
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FIG. 7. Temperature dependence of DSC signals for Rb,_Fe,_,Se,_.S; crystals with different sulfur concentration z: (a) z =0, (b) 0.1,
(c) 1, and (d) 2. Red curves show data on heating, blue ones on cooling. Vertical dashed lines mark phase transition temperatures on heating.

For the nonsubstituted sample [Fig. 7(a), z = 0 ] on increasing
temperatures from 300 to 600 K, three clear anomalies were
recorded. The temperature positions of these anomalies were
very close to those found for the as-grown Rb,Fe,_,Se; single
crystals studied by the DSC technique in Refs. [44,49]. The
neutron diffraction studies, also performed in Ref. [44], al-
lowed assigning the anomaly in the DSC signal at the highest
temperature 7 to a structural transition of the majority 245
phase from the vacancy-disordered state into the state with
ordering of Fe vacancies. The anomaly at 7y at intermediate
temperature was assigned to a transition of the 245 phase into
the AFM state. The anomaly at the lowest temperature at 7,
was attributed to a phase-separation temperature, where the
Rb-deficient 122 phase segregates from the 245 phase [44].

Inspection of the observed anomalies in the DSC signal
for our Rb;_,Fe,_,Se,_.S; crystals reveals that the anomalies
at T; and 7, exhibit significant hysteresis (up to 10 K) on
cooling and heating cycles indicating that they are related
to the first-order structural transformations. The anomaly at
Ty shows the smallest hysteresis (2 K) as expected for a
second-order magnetic transformation.

The structural anomaly at 7, shows complex behav-
ior. In samples with substitution z < 1.0 this anomaly was

discernible in the DSC signal as a small step or distinct maxi-
mum on heating [see Figs. 7(a) and 7(b)]. In the samples with
the steplike anomaly at 7, it was evidenced as well-defined
minimum better seen on cooling. Even for samples from
different batches but with the same concentration z = 1.0,
the anomaly at 7,, showed a completely different appearance
on heating, although the other two anomalies at 7Ty and T
were quite similar both for heating and cooling cycles [see
Fig. 7(c)]. We found no difference in the magnetic behavior
of these samples in the non-SC state. In the SC state they
show a notable difference in the low-field range (see Fig. 5
in Ref. [43]) and a significant difference in their resistivity
behavior. The sample with a higher height of the anomaly at
T, in the DSC signal shows a much lower value of the residual
resistivity (see Fig. 6 in Ref. [43]). The transition at 7, from
metallic to semiconductor-like behavior of the resistivity for
this sample is shifted to higher temperatures compared to
that for the sample with smaller height of the anomaly at 7),.
Such a difference in the resistivity behavior can be related
either to different amount of the minority (SC) phase or
different distribution of the minority phase network in these
samples. It is necessary to mention that heat-treatment experi-
ments on Rb,Fe,_,Se, superconductors demonstrated that the
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distribution of the minority metallic phase in samples can be
changed significantly by annealing, yielding a similar reduc-
tion of the resistivity and shift of 7,, to higher temperatures,
but not affecting the volume fractions of the majority AFM
and minority metallic phases [49]. Therefore, the difference
in the resistivity behavior and in the height of the anomaly at
T, in the DSC as well as the difference in low-field magnetic
behavior in the SC state for samples with z = 1.0 can be
mostly related to different distributions of the SC phase in the
bulk of these samples. In addition, a considerable increase of
the height of the anomaly at 7, for the nonsubstituted sample
observed on the cooling cycle compared to the heating curve
[Fig. 7(a)] can be also interpreted as due to a change in the
distribution of the minority phase by annealing even during
such a short time. Thus, from annealing experiments reported
in literature and our data, we conclude that the appearance
of the anomaly at 7, depends on the distribution of the
minority phase in the bulk that can be affected by details of
cooling process during the crystal growth or during the DSC
measurements.

For the intermediate range of substitution 1.1 < z < 1.3,
the anomaly at 7, was hardly detectable (see Fig. 4(e) in
Ref. [43]). Since in this substitution range the superconductiv-
ity vanishes, one would intuitively associate this behavior with
a reduction of the amount of the minority SC phase. It should
be noted here that the suppression of the phase separation
was suggested to take place at the threshold of suppression
of the SC state observed in the pressure experiments [28].
However, from the Mossbauer experiments we know that two
different phases are always present in the samples independent
of substitution [46]. Therefore, the absence of an anomaly
at T, does not necessarily signals that the phase separation
vanishes. Moreover, for samples with concentration z > 1.3,
the height of the anomaly at 7, in the DSC signal becomes
large again, being even larger than the height of the anomalies
at Ty and Ty(see Fig. 7(d) and Figs. 4(f)—4(h) in Ref. [43]). The
observed strong hysteresis on heating and cooling still allows
associating this anomaly with the structural transformation.
However, the highly enhanced enthalpies of the transition at
T, compared to those of the other two anomalies at Ty and T
suggests a different origin of the metallic phase that is present
in samples with high S substitution. A modification of the
distribution of the minority phase resulting in microstructural
changes that takes place in samples in the substitutional
range 1.1 < z < 1.3 can also not be excluded. The significant
difference in the magnetic and conducting properties of SC
samples with z = 1.1 and 1.2 compared to SC sample with
z = 1.0 (discussed in the following sections) may reflect these
microstructural changes.

It was further observed that, while the anomaly at 7 is well
separated from the anomalies at 7}, and Ty for the whole range
of substitution, the values of T, and Ty in the range 1.1 < z <
1.4 become close to each other. These merging effects make
it difficult to distinguish the anomaly at Ty due to its lower
intensity in the DSC curve compared to that of the anomaly
at T,. Therefore, to have an additional proof of the origin
of the anomalies at Ty and 7, susceptibility studies of our
samples in the temperature range 300-600 K were carried out.
The respective data are given in Figs. 7(a)-7(e) in Ref. [43].
All three anomalies revealed in the DSC measurements were

560 Rb, Fe, .Se, S
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520

To Ty Te (K)

500

480

FIG. 8. Concentration dependence of the structural phase transi-
tion temperatures Ty, and 7, and of the magnetic transformation Ty
for Rb;_Fe,_,Se,_.S.. Data are taken from DSC curves measured
on heating. Solid lines are drawn to guide the eye.

distinguishable and identified as clear steps or change of slope
in the susceptibility or inverse susceptibility data. A good
agreement of the phase-transition temperatures T, T, and Ty
was observed in DSC and magnetic-susceptibility. A compar-
ison of the hysteretic behavior of these anomalies allowed
getting reliable assignment of the structural and magnetic
transformations.

Figure 8 shows the variations of the temperatures of the
structural and magnetic transformations with substitution as
derived from the DSC data on heating. The structural transi-
tions exhibit a nonmonotonic change with substitution with
a small decrease of T; and 7, in a range of 0 <z < 1.2
followed by a strong increase of their values for z > 1.3. At
the same time, Ty changes monotonously decreasing from 515
K (for z = 0) to 472 K (for z = 2) indicating strong decrease
of the AFM interactions with increasing sulfur concentration
z. Note that the value of Ty for the pure sulfide sample
(z =2) is very close to Ty = 470K determined from the
neutron-diffraction measurements for a crystal with nominal
composition Rby gFe, S, [35] supporting our results.

D. Magnetic susceptibility and hysteresis

Figures 9(a) and 9(b), respectively, present the temperature
dependencies of the magnetic susceptibility, x;, for super-
conducting and nonsuperconducting samples with different
substitutions measured in a magnetic field H = 10kOe ap-
plied parallel to the ¢ axis. For the substituted samples,
shows a nonlinear increase with temperature similar to pure
Rby sFe ¢Se, [18]. With increasing concentration z up to 1.2,
the susceptibility exhibits an insignificant increase in the value
just above the SC transition. For the nonsuperconducting
samples with z > 1.3, the susceptibility shows very similar
over-all temperature dependence as for samples with z <
1.2 above the SC transition. In addition, in Fig. 9(b), the
susceptibility x,; versus temperature is shown for the sample
with z = 2 measured in a configuration with the magnetic
field applied perpendicular to the ¢ axis. Except for the
temperatures below 50 K, the susceptibility x is significantly
enhanced and shows very little change with temperatures. A
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FIG. 9. Temperature dependent susceptibility yx for supercon-
ducting (a) and nonsuperconducting (b) Rb,_,Fe,_,Se, .S, samples
measured in an external magnetic field of 1 T applied along ¢ axis.
Arrow indicates the SC transition temperature for the sample with
z = 1.1. Additionally, the susceptibility y, measured in a magnetic
field applied perpendicular to the ¢ axis is shown for the sample
with z = 2.

similar behavior of the temperature-dependent susceptibility
x1 with temperature was found for all samples studied in the
course of these experiments. The observed behavior of x
and ) is characteristic for an antiferromagnet with the spins
aligned along the c axis and is a distinct feature for the whole
Rb;_,Fe;_,Se,_.S; system.

Figure 10 presents the temperature dependent zero-field
cooled (ZFC), xzrc, and field-cooled (FC), xgc, susceptibil-
ities for superconducting samples with different substitutions
measured in a field H = 10 Oe applied parallel to the ¢ axis.
The value of the FC susceptibility (Meissner effect) is small
due to strong pinning effects. At the same time, the value of
the ZFC susceptibility indicates a 100% shielding effect for
the samples with z up to 1.2, although the volume fraction of
the SC phase is small. With increasing substitution from O to
1.2, a continuous reduction of the superconducting transition
temperature from 32.4 to 10 K is observed, however, with a
nonmonotonous change at the substitution level of 1/8. This
sample with z = 0.25 shows a lower transition temperature
T, of 25 K than the sample with the higher concentration
z = 0.5 with T, = 28 K. The transition into the SC state for
the samples with the substitution up to z = 1.0 is rather
sharp. No broadening of the SC transition width for this
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FIG. 10. Temperature dependent susceptibilities (ZFC and FC)
for different superconducting Rb,_.Fe,_,Se,_.S; samples measured
in an external magnetic field of 10 Oe applied along ¢ axis. Arrow
indicates the temperature of the onset of superconducting transition
for the sample with z = 0.

substitution range was observed compared to nonsubstituted
samples (again with exception of the sample with z = 0.25).
The sample with z = 1.2 exhibits the lowest SC transition
temperature close to 10 K. Thus our magnetic studies revealed
that the threshold for the appearance of superconductivity in
Rb;_,Fe;_,Se,_.S; crystals is placed between z = 1.2 and
1.3. It differs essentially from the K.Fe, ,Se;_.S; system
where the SC state was reported up to a substitution z = 1.6
[32].

Figure 11 presents magnetization hysteresis loop (MHL)
for SC samples with different substitution measured at 2
K with the magnetic field H applied along the ¢ axis. The
MHL for nonsubstituted sample exhibits a minimum in mag-
netization near zero field. Similar feature was observed by

80 T T
Rb, ,Feq¢Se; S,

M (emu/cms)

FIG. 11. Hysteresis loops measured at 2 K with the mag-
netic field applied along ¢ axis for different superconducting
Rb;_Fe,_,Se,_.S, samples.
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FIG. 12. Temperature dependence of the electrical resistivity for
superconducting Rb;_Fe,_,Se,_.S, with concentrations as indi-
cated in the figure. Arrows indicate critical temperatures.

Shen et al. [50] in the MHL of superconducting K,Fe,_,Se,
crystals. It was attributed to a two-step penetration of mag-
netic field in the bulk of the samples. The minimum in the
magnetization near zero field was interpreted in terms of a
phase-separation scenario of percolating superconductivity of
weakly coupled superconducting islands embedded within a
nonsuperconducting matrix.

The diamagnetic response (i.e. the area of the loop) of
the samples with the substitution range up to z = 1.0 (except
for the sample with z = 0.25) is very similar to that of the
nonsubstituted sample (z = 0). However, compared to the
sample with z = 0, no minimum in magnetization near zero
field is observable in the MHL for the substituted samples,
even for a minor concentration z = 0.1. This fact suggests a
significant change of the flux profile that occurs as a function
of concentration, which can be attributed to a difference in
the distribution of the SC phase in these samples. As already
mentioned, changes of the spatial distribution of the SC phase
can be concluded from changes of the microstructure (see
Fig. 1 in Ref. [43]). A lower diamagnetic response observed
for sample with z = 1.1 may result from z approaching the
critical range of suppression of the SC state in this system,
and concomitantly from the reduction of the amount of SC
phase. The reason for the strong reduction of the diamagnetic
response for the sample with z = 0.25 is unclear and this
anomalous behavior deserves further studies.

E. Resistivity

Figures 12 and 13 show the temperature-dependent resis-
tivity of superconducting and nonsuperconducting samples,
respectively. The resistivity for both types of samples exhibits
nonmonotonic temperature dependence with semiconductor-
like behavior at high temperatures, a broad maximum at 7;, on
decreasing temperature followed by a metallic-like behavior
below 7,,. In the Rb;_,Fe,_,Se,_.S; system, the temperature
T,, was found to show a nonmonotonic variation with substi-
tution. In fact, the observed temperature dependence of the
resistivity of our samples is typical for the whole family of
A _ Fe,_,Se, superconductors. Shoemaker et al. described
such a nonmonotonic temperature behavior of the resistivity
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FIG. 13. Temperature dependent resistivity for nonsupercon-
ducting Rb,_,Fe,_,Se,_.S. for sulfur concentrations z as indicated
in the figure.

observed in the SC K gsFe; 9Se, sample by two percolating
phases: one, minority phase, with metallic, and the other,
majority phase, with insulating behavior [51]. The change of
the temperature position of the maximum of the resistivity
at T,, was attributed to a variation of the relative volume
fraction of these two phases. For superconducting crystals
with substitution z < 1.2 we have registered a lower value
of T,, for samples with a higher residual resistivity in the
normal state. This, however, cannot be exclusively attributed
to a decrease of the volume fraction of the metallic (SC)
phase. Indeed, as was discussed in Section C, the significant
difference (by a factor of five!) in the residual resistivity in the
normal state and in the values of 7, for two SC samples with
the same concentration z = 1.0 and similar volume fraction
of the majority insulating phase (see Fig. 6 in Ref. [43]),
points to a significant influence of the distribution of the
minority metallic phase on the resistivity behavior of the
samples. Although the residual resistivity in the normal state
for samples with substitution z < 1.2 shows a general trend
of increasing values with increasing sulfur content (see Fig. 8
in Ref. [43]), several exceptions, e.g., the resistivity behavior
of samples with z = 0.25 and 1.1 still need to be clarified,
requiring additional studies.

Figure 14 demonstrates the temperature dependent resistiv-
ity measured in different magnetic fields applied in the vicin-
ity of the superconducting transition for Rb;_,Fe,_,Se,_.S.
with substitution z = 0.1, 0.25, 1.0, and 1.2. The data for other
substitutions are given in Fig. 9 in Ref. [43]. In zero field, the
transition temperature of the substituted samples determined
at the level of a 90% drop of the normal-state resistivity differs
by 1 to 2 K from that of the onset temperature 7, estimated
from the susceptibility measurements. In pure Rbg gFe; ¢Se,,
this difference does not exceed 0.1 K [18]. This suggests an
increasing inhomogeneity of the samples which can be prob-
ably attributed to substitutional disorder. When increasing
the magnetic field, the resistivity curves are shifted to lower
temperatures. Figure 15 shows the temperature dependence
of the upper critical field H.,(T') for samples with different
substitution level estimated by using the criterion of a 90%
drop of the normal-state resistivity. The estimation of the
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FIG. 14. Temperature dependent electrical resistivity in different applied magnetic fields in the vicinity of superconducting transition for

growth of the sulfur content in the samples, going down to the

Rb,_,Fe,_,Se,_.S, with sulfur concentrations: (a) z = 0.1, (b) 0.25, (c) 1.0, and (d) 1.2.
value of 9 T for z = 1.1 (as shown in Fig. 16). It is noteworthy

upper critical field H(0) for T = 0 K was performed with the

Werthamer-Helfand-Hohenberg model [52] using the relation

H»(0) = —0.69T.(dH»(T)/dT)|r.. The upper critical field
increases from 22 T for z = 0 to 35 T with increasing sulfur
substitution up to z = 0.25, but then decreases with a further
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FIG. 15. Temperature dependence of upper critical field H,, for
samples with different sulfur concentrations as indicated in the

figure.

that the sample with z = 0.25 with a smaller 7, compared to
the pure selenide compound (with z = 0) shows the highest

value of the upper critical field.
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FIG. 16. Concentration dependence of the critical temperature 7,
(left scale) and of upper critical field H.,(0) (right scale). Closed cir-
cles and squares show T, estimated from resistivity and susceptibility
measurements, respectively. Lines are drawn to guide the eye.

054516-12



STRUCTURE, SUPERCONDUCTIVITY, AND MAGNETISM ...

PHYSICAL REVIEW B 101, 054516 (2020)

T T T T
Rb1-x':e1.6se2-zsz
100 | E
e z=0
- z=1
—_ + z=2
3
5 < 100
S L = ]
S g
o g 50
g
o
0
50 100
7 (K7)
0 1 1 1
0 50 100 150 200 250

T(K)

FIG. 17. Temperature dependent specific heat C for selected
Rb,_,Fe,_,Se;_.S, samples with different sulfur concentrations as
indicated in the figure. The inset shows C/T vs T2 . The solid lines
represent fits as described in the text.

F. Specific heat

Figure 17 presents the temperature-dependent specific heat
C for selected samples with different sulfur concentrations. In
the measured temperature range, the specific heat for both su-
perconducting and nonsuperconducting samples exhibits quite
similar behavior being dominated by the lattice contribution.
For the superconducting samples, the anomaly at the critical
temperature is hardly detectable in the raw data. However,
these anomalies become clearly visible after subtraction of
lattice and magnetic contributions from the total specific heat
C. The data for the electronic specific heat C, of several
nonsubstituted samples Rbg sFe; ¢Se,, are shown in Fig. 18.

An important problem for the calculation of Cy is related
to the determination of the phonon, Cj,, and magnetic, Cy,,
contributions. In Ref. [18], it was shown that an insulating
sample Rbg7s5Fe; 5Se, exhibits very similar magnetic prop-
erties like superconducting Rby sFe; ¢Se,. The present study
of Rb_.Fe,_,Se; .S, system also revealed quite similar
antiferromagnetic behavior of all samples independent of
substitution. Therefore, for modelling the phonon and mag-
netic contributions, the specific-heat data for the nonsuper-
conducting samples Rbg7s5Fe; sSe; with Ci,(0) for z =0,

—— BR16s1
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—— BR26s12

——BR28s13

04} z=0 \ -
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00 C 1 1 1 -
0 10 20 30 40
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FIG. 18. Temperature dependent electronic specific heat C, for
RbgsFe; ¢Se, samples (z = 0) from different batches. Arrow marks
T. taken from the susceptibility data.

and RbggFe; ¢S, with C,(2) for z =2 were used. For the
substituted samples, this contribution was calculated taking
into account the respective weight of Ci,(0) and Ciy(2),
e.g., 0.5[Ciat (0) + Crat(2)] for Cig (1), 0.5[Cra (0) + Crar (1)] for
C:(0.5)], etc.

The inset in Fig. 17 shows the temperature dependent
specific heat in the representation C/T versus T2 at temper-
atures below 10 K for samples with z =0, 1, and 2. These
dependencies display two linear regimes: one below 4.5 K
and the other in the temperature range from 7 to 10 K.
Assuming that in the lower linear regime the superconducting
contribution to heat capacity is much smaller than in the
second one, the experimental data at temperatures below 4
K were fitted by the expression C/T = yy + BT?. Here y is
the coefficient for the term in the specific heat that is linear
in temperature and the prefactor 8 characterizes the lattice
and magnon contributions to the specific heat, which are both
proportional to T3 and cannot be estimated independently
because the AFM transition temperature 7y and the Debye
temperature 6 are comparable. The calculated values of the
parameters yy and 8 are given in Table III. The phonon and
magnetic contributions for the superconducting samples with
substitutions z < 1.2 were corrected for the difference in their
effective Debye temperatures, when comparing with the value
0p for the modelled nonsuperconducting contribution [53].
The effective Debye temperature was calculated from the
relation 6 = [127*kgNsZ/(58)]"/3, where kg and N, are the
Boltzmann and the Avogadro constants, respectively. Z = 5,
is the number of atoms in the unit cell. The calculated values
of 6p for all studied samples are also presented in Table III.

The determined values of yy were found to vary in a
range 0.08-0.3 mJ/(mol K?) for all samples with substitution
z < 1.1 (with exception of sample with z = 0.25). Even for a
given z, the spread of experimental values of yy is rather large
indicating variations of the growth-dependent pair-breaking
mechanisms. The reason for this variation is probably orig-
inating from the phase-separated nature of the system. Be-
sides the pair-breaking effects of substitutional disorder and
residual impurities occurring in single-phase superconductors,
the proximity to the AFM phase and the orbital-selective
contribution of the charge carriers in the normal and super-
conducting phases will be sources of pair breaking which
vary both with the substitution z and with temperature and,
therefore, cannot easily be estimated quantitatively.

We note also that a value of yp = 0.394 mJ mol~'K~2
was reported for a superconducting sample K,Fe,_,Se, in
Ref. [54]. For our samples with z > 1.2, the value of yy
increased significantly suggesting an increasing amount of
metallic phase.

The value of the prefactor 8 shows a continuous decrease
with increasing substitution in agreement with respective
decrease of the molar mass of the samples. However, about
10% difference in the value of 8 for nonsubstituted samples
(with z = 0) from the different batches was found, which
cannot be accounted for by the difference in their compo-
sitions. It also should be noted that the values of 8 for the
Rbg sFe; ¢Se, samples studied in the course of this work are
close to 8 = 1.018mJmol 'K~ reported in Ref. [54] and
B = 1.1 mJmol~'K~* in Ref. [55] for K Fe,_,Se; indicating
comparable lattice and magnetic contributions to the total
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TABLE III. Parameters calculated from the specific heat data for Rb;_.Fe,_,Se,_.S; samples.

Substitution 10(0K) B Op ¥2(SC) N
Sample label z mJ mol'K~2 mJ mol'K™* K mJ mol'K~2 States/(eV f.u.)
BR19 NSC* 0 - 0.97(1) 215.4 - -
BR16s1 0 0.18 1.10(1) 206.5 10.7 45
BR16s8 0 0.24 1.07(1) 208.4 10.7 45
BR26s1 0 0.09 0.99(1) 213.9 6.2 2.6
BR26s6 0 0.08 1.04(1) 210.4 7.1 3.0
BR26s11 0 0.30 1.04(1) 210.4 13.7 5.8
BR26s12 0 0.10 1.02(1) 211.8 9.8 42
BR26s13 0 0.09 0.98(1) 214.6 7.4 3.1
Average 0 0.15 1.02(1) 211.8 10.3 4.4
BRY8 0.25 0.51 0.91(2) 220.0 53 2.3
BR96 0.5 0.23 0.83(1) 226.9 3.9 1.7
BRS80 1.0 0.12 0.79(1) 230.6 3.5 1.5
BR87 1.0 0.25 0.78(1) 231.6 3.7 1.6
BRS82 1.1 0.23 0.77(1) 232.6 1.5 0.6
BR107 1.2 0.81 0.764(6) 233.2 1.4 0.6
BR109 1.3 0.81 0.764(6) 233.2
BR97 2.0 1.51 0.533(6) 262.9 -

4NSC-nonsuperconducting sample.

specific heat despite a considerable difference (~15%!) in the
molar mass of the K and Rb- based systems. We do not have
a reasonable explanation of this quite surprising similarity.
The value of the normal-state Sommerfeld coefficient y,
for superconducting samples was calculated from the temper-
ature dependence of the electronic specific heat assuming the
constraint of entropy conservation at the onset of T, i.e.,

Tc Cel Tc
/ =2t = / yndT.
o T 0

The applicability of this assumption for our samples is dis-
cussed in Ref. [43], Sec. H. The calculated values of y,,(SC)
related to SC phase are given in Table III. For nonsubstituted
Rbg sFe; ¢Se,, the values of y,(SC) differ significantly (by
factor of two!) for samples from different batches and even for
samples from the same batch. To understand the reason of this
variation, we analyzed the specific heat data measured under
applied magnetic fields, in which the phonon and magnetic
contributions are expected to be identical to those for zero
field [54]. In Fig. 19, the difference in the C values measured
in zero field and a field of 9 T versus temperature is shown
for several samples Rbg gFe| ¢Se,. For all these samples, the
A anomaly at around T is quite sharp and its width does not
exceed 4 K, being much lower than the shift of 7, by the field
of 9 T [18,54]. Importantly, the amplitude of the anomaly at
T, varies only within 15% for different samples indicating that
they have rather similar values of the electronic specific heat
C.. This indicates that the lattice and magnetic contributions
used to estimate C, can create significant errors in calculation
of the absolute value of y,,(SC).

Inspection of Fig. 19 reveals the following additional fea-
tures in the heat-capacity data in zero field: a pronounced
tail at temperatures above 7, indicating fluctuating supercon-
ductivity and a step at temperatures between 20 and 27 K,
which suggests the presence of additional density of states.
It is worth mentioning that even in samples that do not

show a superconducting ground state, a broad anomaly in the
specific-heat difference Cyr-Cor in the temperature range from
20 K to 40 K was observed. We assume that it can be related
to nonpercolated SC states due to intrinsic (substitutional)
inhomogeneities of the samples.

Under assumption that the values of C for different sam-
ples with z =0 are the same and in order to minimize the
errors when subtracting phonon and magnon contributions,
we averaged the experimentally determined specific heat
data over seven measured samples. The calculated values of
the parameters for the average data are given in Table III.
The value of the coefficient y,,(SC) for the averaged data
equals 10.3mJmol~'K~2. The reduced specific heat jump
at T,, AC/y,(SC)T,, for the averaged data was 0.79. For
the sample with the lowest calculated value of y,(SC) =
6.2mJ mol~'K~2 the reduced specific jump at T, was 1.31,
which is only slightly lower than the BCS estimate of 1.43 for
the weak-coupling limit. It is worth mentioning that the lowest

——BR16s1
——BR16s8

02F ——BR26s11
——BR26s13

Cor-Cor (4 mol™ K7

T(K)

FIG. 19. Difference of the heat-capacity values measured in zero
field and in an external magnetic field of 9 T vs temperature 7 for
several samples of nonsubstituted Rbg gFe, ¢Se,(z = 0).
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FIG. 20. Temperature dependent electronic specific heat C, for
Rb,_,Fe,_,Se,_.S, samples with different sulfur concentration z as
indicated in the figure. The dashed vertical line indicates T..

value of y,(SC) = 6.2 mJ mol~'K~? obtained for our samples
is close to ¥, = 5.8 mJmol~'K~2, reported for K.Fe,_,Se,
by Zeng et al. [54]. Their value of the calculated reduced
specific jump at T, AC/y,T. = 1.93 is however characteristic
for strong coupling. The reason of this significant difference
between two related systems needs additional study. To clarify
this problem, an independent method of evaluation of y,, is
desired.

Figure 20 shows the calculated electronic specific heat Cy
versus temperature normalized to the critical temperature 7
for superconducting Rby_,Fe,_,Se;_.S, samples with differ-
ent substitutions. The magnitude of the A anomaly at 7. shows
a continuous decrease with substitution indicating a reduction
of the contribution from the SC quasiparticles that suggests
the decrease of the amount of the minority superconducting
phase. With increasing substitution, a reduction of the values
of Cq and of the coefficient y,(SC) was derived from the
experimental data. This indicates that the suppression of the
superconductivity with increasing substitution is accompa-
nied by a reduction of the density of states (DOS) at the
Fermi energy. This conclusion is further supported by the
data presented in Fig. 21, which shows the difference in the
experimental specific heat C measured in zero field and in a
field of 9 T vs temperature for Rb;_,Fe>_,Se,_.S; samples
with different concentrations z. With increasing z from 0 to
1.0, a significant reduction, of the magnitude of the A anomaly
in the total specific heat C at T, estimated from the difference
Cor-Cor, by a factor of 6 occurs. A somewhat smaller reduc-
tion, by a factor of 3 to 4, was estimated from the respective
change of y,,(SC) for these samples (see Table III). A better
estimate of the reduction of the DOS with substitution from
our data is difficult because of the uncertainty in calculating
the electronic specific heat mentioned above and because of
the poor statistics for samples with z > 0. It should also be
noted that for the estimate of y,(SC) we applied a similar
approach for all substitutions. Even if the absolute values of
¥,(SC) can be questioned, the tendency of decreasing values
of ,(SC) with substitution is strongly supported by the data
shown in Fig. 21, which represents the difference in the
experimentally measured specific heats at zero and 9 T, which
is independent of lattice and magnetic contributions.

-1 -1
Cot- Cgr (dmol " K7)

0.4 0.6 0.8 1.0 1.2 1.4
TIT,

FIG. 21. Difference in the heat-capacity values measured in zero
field and in field of 9 T vs temperature T for Rb,_,Fe,_,Se,_.S;
samples with different sulfur concentration z. The dashed vertical
line indicates T,.

It is also necessary to mention that from the Mossbauer
measurements of our samples we know that the concentration
of the metallic phase in the nonsubstituted samples (with
z = 0) is about 12% [26].With increasing substitution to z =
1.0, the fraction of the metallic phase increases up to 17%
[46]. From the heat-capacity measurements in this work, on
increasing sulfur concentration, we observed a reduction of
the anomaly in the specific heat at 7, and the respective
lowering of the electronic specific heat associated with the
SC phase (Figs. 20 and 21). Therefore, despite the increase of
the concentration of the metallic phase with increasing sub-
stitution, its contribution to the DOS related to the SC phase
decreases. This suggests that only a part of the metallic phase
becomes SC at low temperatures and that the relative amount
of the SC phase decreases with increasing substitution.

Finally, we would like to point out that the reduction of the
density of states at the Fermi energy with substitution, derived
from the specific heat data is in agreement with the results of
[36-38], where it was shown that with increasing substitution
of S for Se, a decrease of the electronic correlations takes
place. It was found that the orbital-selective Mott transition
shifts to higher temperatures due to reduction of correlations
in the d,, channel [38], which can account for the observed
suppression of T in the Rb;_,Fe,_,Se;_.S; system.

G. Phase diagram and conclusions

Figure 22 presents the 7-z phase diagram of
Rb;_Fe,_,Se;_.S;, which summarizes the results of our
studies. At the lowest temperatures, the ground state of the
samples with sulfur concentration z < 1.2 is superconducting
coexisting with the AFM state. With increasing substitution,
a nonmonotonic change of the SC transition temperature
T. takes place with an anomaly at 1/8 of substitution. The
SC state disappears between concentrations 1.2 and 1.3.
The AFM state is present in all samples independent on
the substitution level. The AFM phase has a Fe-vacancy
ordered structure below the structural transition at Tj.
The transition temperature into the AFM state Ty shows
a monotonous decrease indicating a weakening of AFM
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FIG. 22. T-z phase diagram of the Rb;_.Fe,_,Se;_.S. system.
SC: superconducting state, AFM VO M: antiferromagnetic vacancy
ordered metallic, PM VO: paramagnetic vacancy ordered, and PM
VD: paramagnetic vacancy disordered. Vertical dashed line separates
SC and nonsuperconducting samples. The solid lines are drawn to
guide the eye.

interactions with increasing substitution of Se by S ions.
Since the AFM correlations are important for triggering the
SC state via proximity effect, the weakening of the AFM
interactions can contribute to the observed suppression of the
superconductivity in this system. This is reminiscent of an
external pressure experiment on the SC Rby gFe; ¢Se,, which
revealed that the suppression of the SC phase takes place
concomitant with the suppression of the AFM phase [26]. A
similar effect can probably take place in Rb;_,Fe,_,Se,_.S;
system due to an increase of the chemical pressure with
substitution of Se by smaller S ions.

In conclusion, our detailed structural, magnetic, conduc-
tivity, and thermodynamic studies of Rb;_.Fe;_,Se;_.S; re-
vealed several important peculiarities of this system. The
superconducting state exists up to a sulfur concentration z =
1.2. With increasing z, the temperature of the SC transition
T, shows a nonmonotonic drop from 32.4 K for z =0 to
10 K for z = 1.2 with an anomaly at 1/8 of substitution.
The AFM order persists in all samples of Rb;_,Fe,_,Se,_.S;
independent of substitution. With increasing concentration,
the transition temperature into the AFM state Ty shows a
gradual decrease from 515 K for z = 0 to 472 K for z = 2. The
Fe-vacancy ordered crystal structure of the studied samples
exists within the entire range of substitution. The temperature

of the structural transformation into the vacancy-ordered state
T; changes nonmonotonously with substitution. It decreases
from 538 K (z = 0) to 523 K for z = 1.3 and then increases
again to 563 K for z = 2. The observed variations of the bond
distances and bond angles in the Fe tetrahedrons indicate a
decrease of the structural distortions with substitution.

The SC and AFM phases are coexisting in a phase-
separated arrangement. For nonsubstituted samples (z =
0), the SC stripes are of um size. Their composition
Rby70Fes 02Ses, corresponds to a Fe-vacancy free phase. For
the S-substituted samples, the phase separation of the SC and
AFM phases is obviously realized on lower length scales.

Above the SC transition and below 140 K, the samples
with concentrations z < 1.2 manifest a metallic-like conduc-
tivity, while at higher temperatures, a metal-to-semiconductor
transition takes place. The ground state of the samples with
substitution z > 1.3, including z = 2, is also metallic.

A significant reduction of the A anomaly in the specific heat
at the SC transition with increasing substitution indicates a
reduction of the density of states at the Fermi energy that can
account for the observed suppression of the superconducting
state.

Finally, we would like to note that besides the above
mentioned basic macroscopic results clarified by our study of
the Rb;_ Fe,_,Se,_.S; system there remains a large number
of problems related to exceptional (anomalous) magnetic and
conductivity behavior of several SC and non-SC samples
which falls out of the general picture. Our results clearly
demonstrate that the phase separation in Rb;_,Fe,_,Se,_.S;
system is distinctly different from the related K-base system
and requires further study of this fascinating phenomenon.
The strength of the electronic correlations is still an open
issue for whole family of the intercalated iron chalcogenide
superconductors. It is clear that local techniques like Moss-
bauer spectroscopy, NMR, neutron diffraction, ARPES, TEM,
STM, uSR, etc. that probe structural and electronic properties
on a microscopic level can provide necessary information and
clarify these issues.
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