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A structural reason for superconductivity in a Cu-, Sr-, or Nb-atom-doped Bi,Se; topological insulator is still
unclear. To understand this reason, a codoping approach has been developed and Ba, Sr,Bi,Se; single crystals
with different x and y values have been grown. The composition and structural and transport properties of the
grown crystals have been studied. With X-ray diffraction data, it has been shown that barium and strontium
intercalate the system, although barium is present in the structure in a very small amount. The addition of
barium surprisingly destroys superconductivity, slightly changing the lattice constants, the strontium doping
level of the crystal matrix, and the electron density. Thus, a key role of a certain coordination arrangement of
positions of strontium atoms between Bi,Se; quintuples for achieving superconductivity in this material has

been demonstrated.
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According to the Bardeen—Cooper—Schrieffer
(BCS) theory of superconductivity [1], the critical
temperature of superconducting transition 7, should
exponentially depend on the density of states on the
Fermi level. Consequently, the observation of super-
conductivity with 7, ~ 3 K in electron-doped narrow-
band semiconductors A Bi,Se; (A = Cu, Sr, Nb) [2—
4], where only the very bottom of the conduction band
is filled, is mysterious.

The authors of [5, 6] assumed that this unusual
superconductivity demonstrates pairing with an odd
parity (triplet p-wave). Pairing itself is due to phonons
with low momenta k& [7—9]. These assumptions are
justified by a number of phenomenological observa-
tions: (i) the nematicity of superconductivity, i.e., the
appearance of the direction of the highest critical
field H., obviously breaking trigonal crystal symmetry
[4, 10, 11], in particular, the occurrence of oval Abri-
kosov vortices [12]; (ii) the appearance of an addi-
tional Knight shift below T, which is also nematic [13]
and indicates a nonzero spin of Cooper pairs; and
(iii) a singularity in tunnel characteristics at zero shift
[12, 14], which is attributed to Majorana fermions.
The status of this field of science is most completely
reviewed in [15].

This superconductivity is an enigma at the struc-
tural level. Many simple questions remain unan-
swered. For example, why do certain dopants initiate
superconductivity in Bi,Se;, whereas other dopants do
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not? Where are these dopants located in the lattice?
Most studies indicate that atoms of a metal dopant are
located between Bi,Se; quintuple layers [16—18], but it
is unknown what particular coordination position they
occupy and why this results in superconductivity. To
solve these problems, we study a strontium-doped
Bi,Se; system. The Sr,Bi,Se; compound has the best
crystal perfection (confirmed by X-ray diffractome-
try), nearly 100% of the superconductivity phase vol-
ume, the best homogeneity, and the highest stability
[19—21]. Although Cu,Bi,Se; was discovered first and
was actively studied, it is rather inhomogeneous [12],
has a small fraction of the superconductivity volume
[16], and demonstrates the degradation of supercon-
ducting properties with time [3]. Data on niobium-
doped Bi,Se; obtained by different groups are rather
contradictory [4, 17]; in particular, good single crystals
without admixture of additional phases have not yet
been reported.

The superconducting properties of known layered
high-T, superconductors such as YBa,Cu;0,_, or
Ba, K, _ ,Fe,As, are controlled by the degree of doping
x. The degree of doping specifies primarily the posi-
tion of the Fermi level, i.e., the density of states in this
level, which determines 7, according to the BCS the-
ory. The characteristic carrier densities are several
tenths per unit cell. The situation with the supercon-
ductivity of doped bismuth chalcogenides is different:
the carrier densities are several orders of magnitude
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Table 1. Comparative table of the elemental composition, transport properties, and structural parameters of grown crystals:
the ratio of resistances RRR at 300 and 4 K, the lattice constant ¢, 5) determined from the (0 0 15) reflection, and the lattice
constant a sy determined from the (2 0 5) reflection using the c(;5,; NSC means the absence of superconductivity; the

critical temperature is determined in the middle of the resistive transition

Sample Nomil?gl Composition of the | #73,(4 K), 10 | w4 K), T K | RRR | comsy A | apos A

no. composition crystal phase cm™2 cm?/(V's)

272 Bi,Se; Bi, (7Se; 0.8 2000 NSC | 1.7 28.6343 | 4.1395
306 St 1Bi,Se; St 017Bis 0153 2.2 700 2.7 1.85 | 28.6596 | 4.141
317 St 1¢Bi,Se; Sty 015B11.985€;3 2.1 550 2.7 1.4 28.655 4.141
312 Bay ¢;S1j g9Bi,Ses St 014Bi5 075€5 3.3 280 NSC | 1.6 28.6535 | 4.1397
319 Bay 1St 19Bi,Ses Stg.015B12.025€3 1.6 550 2.7 1.45 | 28.6538 | 4.1405
307 Ba, (351 g7Bi,Se; Stg 014Bij9pSe; 3 360 NSC | 1.35 | 28.6512 | 4.1400
326 Bay 351 19Bi,Se; St 015Bis g0Se3 1.4 300 NSC | 1.3 28.651 4.1398
309 Ba, ¢3Bi,Se; Bi; ¢;Se; 2.8 180 NSC | 1.2 28.645 4.1395
316 Bag 5Bi,Se; Bi, 7S¢, 0.8 500 NSC | 1.45 | 28.6492 | 4.1396

lower, and any parameter of the chemical composition
that controls the carrier density and superconductivity
has not yet been revealed.

It was found in [2, 19] that the average chemical
composition of superconducting Sr.Bi,Se; is
Sty o7Bi,Se; and is slightly sensitive to the nominal

strontium content x in the range of 0.1 < x < 0.2. Par-
tial replacement of a chalcogenide (Se by S) weakly
affects the transport properties, including supercon-
ducting ones [19]. The addition of Cu [20] increases
the Hall carrier density, but in the end suppresses
superconductivity. Furthermore, the existence of
superconductivity strongly depends on the crystal
growth conditions [21, 22]. Thus, the problem of
adjustment of this system and understanding of its
structure is open.

In this work, we use a new strategy of the partial
replacement of Sr by another alkaline-earth element
Ba. The ion radius of Ba®* in the octahedral environ-
ment (1.35 A) is noticeably larger than those for Sr**
(1.18 A) and Bi** (1.03 A). For this reason, we believe
that the addition of Ba will not concern the sites of the
lattice and will promote the broadening of the gap
between quintuple layers in the Bi,Se; layered struc-
ture, thus changing the strontium susbsystem and all
other properties in the z direction.

A series of crystals with different nominal compo-
sitions Ba,Sr,Bi,Se; were grown from elemental com-
ponents (99.999% purity Bi and Se, 99.95% purity Sr
and Ba) by means of the modified Bridgman method.
Chemical elements in the required molar ratio were
placed in quartz ampoules in a glove box with an inert
atmosphere, which were then evacuated and sealed.
Synthesis was performed at 850°C for 24 h with peri-
odic shaking of the ampoule. Further, the melt was
cooled to 620°C at a rate of ~2 K/h with the subse-

quent annealing at 620°C for 48 h and quenching in
ice water. The crystals had a shiny surface and were
easily cleaved along the basal plane (see [23]). The
results of the study of the resulting crystals by various
methods are summarized in Table 1 and are discussed
below.

The surfaces of the (001) cleavage for all crystals
were analyzed in a Jeol JSM-7001F scanning electron
microscopy with the subsequent mapping of the ele-
mental composition by means of an INCAx-act
energy dispersive X-ray (EDX) analyzer (Oxford
Instruments). The accelerating voltage for imaging,
mapping, and determining the elemental composition
was 25 kV and the beam current was 0.1 mA.

The cleavage plane for non-codoped SrBi,Se;
samples had some morphological imperfections, as
shown in Fig. 1a. The elemental maps in Figs. 1b—1d
show that strontium is distributed nonuniformly and is
concentrated in the places of the nucleation of the sec-
ond phase. As we showed in [20], just the main volume
of the crystal, rather than strontium-enriched regions
of the second phase, contributes to X-ray diffraction
and superconductivity.

To determine the composition of this crystalline
phase, we took a sample of about 20 points in places of
the sample (e.g., marked by crosses in Fig. 2b) where
segregation of the metallic impurity was not observed.
The composition at each point was determined by col-
lecting the spectrum for 40 min; further, averaging
over the points was performed. The composition thus
determined is given in the column “Composition of
the crystal phase” in Table 1. This composition for
non-codoped samples approximately corresponds to
~Sry 0,Bi,Se;, which significantly differs from the
nominal one.
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Fig. 1. (Color online) (a) Scanning electron microscopy
image of the (0 0 1) cleavage of sample no. 306 with the
nominal composition Srj;Bi,Se; and (b—d) elemental

distribution maps. The circles indicate examples of struc-
turally separated regions with Sr excess.

The cleavages of doped (and Ba-codoped) crystals
are similar. The energy dispersive analysis did not
immediately detect barium along the steps of the
cleavages. After searches with reduction of the scan-
ning scale, we succeeded in detecting regions in the
crystal where barium is segregated. Figure 2 shows
(a, b) scanning electron microscopy images and (c—e)
elemental maps of the cleavage of sample no. 312 with
the nominal composition Ba,,Sr,,Bi,Se;. The con-
centration of Ba in segregates is as high as 6 at %,
whereas its nominal concentration is 0.2 at %. Thus,
the absence of Ba in the main volume of the crystal
within the resolution of the elemental analysis is easily
explained. Another property is more interesting: the
addition of Ba to the system slightly reduces the con-
centration of Sr and visually suppresses the formation
of Sr-enriched microinclusions; indeed, the composi-
tion of the crystalline phase in sample no. 312 approx-
imately corresponds to ~Sr, ;,4Bi,Se;. These observa-
tions mean that the addition of Ba slightly suppresses
the incorporation of Sr into the crystalline phase of
Bi,Se; and makes the distribution of Sr atoms in the
matrix more uniform.

We also grew Ba,Bi,Se; crystals with a large nomi-

nal Ba content (y = 0.07 and 0.15 for samples no. 309
and no. 316, respectively). Barium in these samples
was also not detected in the bulk of crystals, but was
found only in inclusions. This indicates that barium
even without strontium is very weakly soluble in the
No.3 2020

JETP LETTERS Vol. 111

153

[ B

© X1000

B 00 X250

Fig. 2. (Color online) (a) Scanning electron microscopy
image of the (0 0 1) cleavage of sample no. 312 with the
nominal composition Ba ;SryBiSe;. The rectangle
indicates the mapping region. (b) Magnified mapping
region, where crosses marks examples of points at which
the composition was analyzed. (c—f) Elemental maps.

solid phase of Bi,Se;. This property shows that just the
large ion radius of Ba likely prevents its introduction to
the intercalating position, whereas Sr can occupy
coordination positions between Bi,Se; quintuple lay-
ers of a growing crystal.

To reveal the structural features of Ba-doped crys-
tals, we performed X-ray diffraction studies. Although
the structure of the crystal is trigonal (space group
R3m), it is more convenient to describe the layered
structure using hexagonal notation for crystallo-
graphic planes (abc), where the third indexi = —a — b
is omitted.

Review 20 scans of the crystals with different com-
positions are shown in Figs. 3a—3d. Narrow lines
demonstrate a high structural perfection and rhombo-
hedral tetradymite structure. The second phase is
formed in samples with a high nominal barium con-
tent (y ~ 0.07—0.15). The introduction of Sr to binary
Bi,Se; reduces the structural perfection of the crystal-
line phase, as indicated by the relative decrease in the
intensity of (0 On) reflections with large » values. It is
interesting that the structural perfection in crystals
with the simultaneous Ba and Sr doping increases (see
Fig. 3d). This is in agreement with the fact that barium
prevents the formation of microinclusions of the
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Fig. 3. (Color online) (a—d) Review 26/m diffraction patterns of crystals with indicated compositions grown in this work. Peaks
from another phase are additionally shown in panel (b). (¢) High-resolution 26/ curves on the (0 0 15) reflection recorded for
the same samples with the third analyzer crystal. (f) ¢-scanning curves on asymmetric reflections with the third-order symmetry

for the (upper curve) Srj |Bi,Se; and (lower curve) Bag, (7Bi,Se; samples.

strontium-enriched second phase. Nevertheless, sam-
ples doped only with barium in an excess amount (e.g.,
sample no. 316, see Fig. 3b) are the most disordered.

For the quantitative characterization of the effect
of impurities on the structure, we performed adjust-
ment to the most intense blocks, as explained in [23,
241, and recorded 26/m curves on the (2 0 5), (0 0 15),
and (1 1 15) reflections with the tripple crystal ana-
lyzer. Such curves for the (0 0 15) reflection are shown
in Fig. 3e. It is noteworthy that the angular position of
the reflection peak is unambiguously related to the lat-
tice parameter c. It is clearly seen that the lattice con-
stant ¢ is maximal and minimal for the Sr, ;Bi,Se; and
Bi,Se; crystals, respectively. It is known that the satu-
ration of the strontium content and the maximum lat-
tice constant ¢ in Sr,Bi,Se; occurs at the nominal value
x > 0.06 [2]. The addition of barium at the same total
content x + y = 0.1 noticeably reduces the lattice
parameter c¢. Since the ion radius of Ba is larger, this
can be explained only by a decrease in the resulting
strontium concentration in the crystal.

However, even in the crystal with barium without
strontium, where the elemental analysis does not
detect barium, the lattice constant ¢ is much larger
than that in Bi,Se;. The half-width of the 26/ scan-
ning curve increases from A(20)yg;s5, = 0.009° for pure
Bi,Se; to A(20)(15) = 0.025° for the barium-doped
sample. Since the lattice constant a,ys, in the basal
plane is almost the same in the undoped and barium-

doped samples (see Table 1), it can be concluded that
barium in some amount enters, although with diffi-
culty and nonuniformly, intercalated positions
between quintuple layers. The formation of 60° twins
was observed in the same samples with barium,
according to the appearance of three additional peaks
on the @-scanning curve (Fig. 3f). All these features
confirm that barium prevents the intercalation of
strontium into the lattice and itself enters in a very
small amount.

Transport measurements were also performed with
all samples: 5 X 1 X 0.3-mm rectandular pieces were
cleaved, and the resesitivity and Hall effect in fields up
to 2 T were measured. The measurements were per-
formed in the temperature range of 1.8—300 K at
an alternating current (~100 um, frequency of 30—
170 Hz) using PPMS-9 and CFMS-16 cryostats. The
resistances of the painted contacts were tens of ohms.
The temperature dependences of the resistivity are
exemplified in Figs. 4a and 4b. It is seen that barium
suppresses superconductivity, slightly changing the
superconducting transition temperature. A small shift
of the beginning of the transition in codoped sample
no. 319 is within the spread of 7; characteristic of this
material (see Fig. 6b in [20]). A slow decrease in the
resistivity of sample no. 319 indicates a significant
decrease in the fraction of the superconductivity
phase.

All samples demonstrated reasonably close mobili-
ties and residual-resistance ratio (or the ratio of the

JETP LETTERS  Vol. 111  No. 3 2020
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resistivity at 300 K to the resistivity at liquid helium
temperature) RRR ~ 1.5. This is in agreement with the
segregation of barium: it sediments in large rare inclu-
sions, so that the number of scattering nano- and
microcenters does not increase. It is noteworthy that
samples consist of blocks, and their resistivity includes
the resistivity of the bulk of the crystal itself and, sig-
nificantly, interblock boundaries [20, 23]. As a result,
the observed RRR and mobility u values can differ by
25—30% even for samples separated from the same
crystal. Correspondingly, the quantitative conclusions
from the u and RRR values will be unreliable.

The Hall concentration weakly depends on a par-
ticular position of blocks in the sample and on the
temperature. This means that the Fermi level certainly
lies in the conduction band far from impurity levels.
Sample no. 316 doped only with barium exhibited
even some decrease in the concentration compared
to Sr,Bi,Se;. Shubnikov—de Haas oscillations indi-
cate a comparatively high structural quality and simi-
lar electronic parameters (Fig. 4c). Oscillations in
codoped and non-codoped samples begin in the same
field and have close frequencies. All these data indi-
cate that the location of strontium in certain places of
the lattice is responsible for superconductivity and
partially for the concentration. Barium reduces the
concentration of strontium and, according to X-ray
data, partially enters the lattice itself, so that the
resulting change in the concentration is insignificant.
This means that the key reason for superconductivity
is a certain specific structure in the arrangement of
impurity atoms rather than the position of the Fermi
level.

DISCUSSION OF THE RESULTS

In contrast to all previous works, where the stron-
tium content in Sr,Bi,Se; crystals was not controlled
and was determined by its solubility in the crystal
phase, we were able in this work to slightly reduce the
strontium content by means of cooping. According to
our data, superconductivity is suppressed. It is note-
worthy that the suppression of superconductivity is
not accompanied by change in 7. To explain such
extraordinary properties, it is impossible to exclude
the possibility of ordering of strontium at a submicron
scale. In this case, a seemingly uniform elemental dis-
tribution map can really be nonuniform. It is very dif-
ficult to establish such a possibility with the current
level of analytical methods. Indeed, the amount of
strontium in “superconducting” positions in the crys-
tal is very small (less than 0.4 at %) and it is located
between quintuple Bi,Se; layers, i.e., has weak bonds
with the lattice. At the same time, the appearance of
superconductivity is likely finely related to the Sr con-
centration in the matrix. Indeed, superconductivity in
codoped samples with the same nominal barium con-
tent y = 0.01 appears when the nominal strontium
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Fig. 4. (Color online) (a) Temperature dependences of the
resistivity of several crystals with indicated compositions.
(b) Magnified low-temperature part. (c) Magnetic-field
dependences of the resistivity at a temperature of 2 K with
Shubnikov—de Haas oscillations for samples no. 306 and

no. 319.

content increases from x = 0.09 to x = 0.19 (see sam-
ples no. 312 and no. 319 in Table 1).

Calcium is the only remaining alkaline-earth ele-
ment that can be used to dope the Bi,Se; system (Be,
Mg, and Ra are not considered because they have fun-
damentally different properties). Calcium has the
smallest radius; for this reason, as shown in [25, 26], it
not only enters between Bi,Se; quintuple layers but
also substitutes bismuth in quintuple layers them-
selves, leading to the p-type conductivity. Calcium
also tends to segregation [25]. We thereby believe that
calcium, as a codopant, will not promote the appear-
ance of superconductivity in the Sr,Bi,Se; system. Our
work has revealed the general tendency in a series of
alkaline-earth dopants of Bi,Se;: calcium, being the
smallest of them, not only enters between layers but
also substitutes bismuth; strontium, as a larger ele-
ment, does not enter quintuple layers themselves but
intercalates; and barium, being the largest of them,
hardly intercalates (poorly soluble in the solid phase of
the tetradymite structure). It is noteworthy that the
replacement of bismuth is characteristic of metallic
impurities in this system [27]. The statement that it is
not the main doping mechanism for alkaline-earth
metals requires further study. A tendency to segrega-
tion is also manifested for various metallic impurities
in Bi,Se; [28].

CONCLUSIONS

To summarize, we have presented a comparative
structural proof through barium codoping that stron-
tium in Bi,Se; is located between quintuple layers. We
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have shown that barium slightly reduces the strontium
content in the crystal phase, enters the lattice in a very
small amount, but strongly suppresses superconduc-
tivity. The Hall concentration and lattice constant ¢
are insensitive to barium addition. This indicates that
the key factor for Sr,Bi,Se; is a certain structural con-
figuration of metal atoms in the van der Waals gap
between quintuple layers rather than the concentra-
tion of dopants or free carriers as for other supercon-
ducting systems.
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