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Superconducting state in YSn3 with a AuCus-type structure
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In this paper, the superconducting properties of YSnj; are reported. YSn; has a cubic AuCus-type structure

with the space group Pm3m. Magnetic susceptibility, electrical resistivity, and specific-heat data showed that
YSn; is a superconductor with a superconducting transition temperature (7,,) of 7 K. The magnetization versus
magnetic field (M-H) curve shows the typical type-II superconducting behavior. The estimated lower critical
field H.,(0) and the upper critical field H.,(0) are about 90 Oe and 3000 Oe, respectively. The penetration
depth \(0) and coherence length £(0) are calculated to be approximately 270 nm and 66 nm, respectively, using
the Ginzburg-Landau equations. The estimated Sommerfeld coefficient yy is 7.57 mJ/mol K2, The normalized
specific heat jump AC/ y\T, is estimated to be about 2.19, which is higher than the value predicted by the BCS
theory in the weak-coupling limit, i.e., AC/yNT,=1.43. This fact indicates that superconductivity in YSnj
exists in the strong-coupling regime. The difference between 7, of LnX; (X=family of 13 or 14 elements)
compounds is discussed to compare their physical properties.

DOI: 10.1103/PhysRevB.82.094517

I. INTRODUCTION

High-pressure synthesis techniques have been success-
fully employed in the search for new materials including
superconductor in imtermetallic compounds and oxides'~
and enhanced T, value for superconductor.* The difference in
the size of the atoms in a unit cell may be the primary cause
of instability of the crystal structure of some intermetallic
compounds. The application of a high pressure can change
the relative atomic size. Using closed system for high-
pressure synthesis is effective not only for stabilizing a com-
position but also for expanding a solid-solution range.

LnSn; (Ln=Y and rare-earth elements) compounds are
crystallized in a cubic AuCus-type structure (space group:

Pm3m). There are some reports on LnSn; (Ln=light rare-
earth element series=La-Gd).”” For example, LaSn; has
been reported to exhibit superconductivity at around 6.25 K.
PrSn; and NdSn; have been found to order antiferromagneti-
cally at Ty=8.6 K and 4.5 K, respectively.” Moreover, PrSn;,
has been reported to be a heavy-Fermion compound.'® CeSn;
is categorized as a dense Kondo compound with valence
fluctuation.!' In contrast, there are very few reports on the
heavy rare earth series (Ln=Tb-Lu) and Y. An experiment
has been conducted by Miller and Hall'? to synthesize heavy
rare-earth element tristannide compounds using a high-
pressure technique, where in LnSn; (Ln=Tb, Dy, Ho, Er, and
Y) compounds were successfully obtained. YbSn; single
crystals have been synthesized by the Bridgman technique.'?
YbSn; shows a superconducting transition at around 3.6 K.'4
TbSn; and YSn; have been synthesized at P=1-7 GPa and
T=400 °C-1300 °C. These two compounds also have a cu-
bic AuCus-type structure with a lattice constant a
=0.466 nm and 0.467 nm, and a density of 8.45 g/cm?’ and
7.27 g/cm?, respectively."

We focused on Ln=nonmagnetic atoms compound YSns.
To the best of our knowledge, the physical properties of
YSn; have not been elucidated thus far. We synthesized a
polycrystalline samples of YSns using a high-pressure tech-
nique and discovered that YSnj is a superconductor with 7,
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of 7 K. We performed electrical resistivity, magnetic suscep-
tibility, and specific-heat measurements to determine the su-
perconducting parameters of YSnj

In this paper, we report the superconducting properties
and superconducting parameters of yttrium tristannide Y Snj
prepared under a high pressure. Further, we discuss the dif-
ference between T, of LnX; (X=family of 13 or 14 elements)
compounds.

II. EXPERIMENTAL DETAILS

A mixture of yttrium (99.9%) and tin (99.999%) powders
was encapsulated in a hexagonal boron nitride crucible
(3.8 mm X8 mm). The amount of tin powder was slightly
larger than that of the stoichiometric ratio of Y:Sn=1:3.
Next, the encapsulated sample was subjected to high-
temperature/pressure conditions using the cubic-anvil-type
high-pressure equipment. In a previous study, YSns has been
synthesized by a melt-process method at around the peritec-
tic temperature between Y and Sn (~500 °C).! The sample
synthesis was performed under varying conditions of pres-
sure (up to 5.5 GPa, the maximum pressure of the experi-
mental apparatus) and temperature (up to 1200 °C) in order
to determine the optimum condition for the sample synthesis
of YSn;. The optimum condition for the sample synthesis of
YSn; was 700 °C-2-10 min—470 °C-10-30 min at P
=5.5 GPa. After subjecting the sample to these conditions, it
was quenched to room temperature before releasing the ap-
plied pressure.

The synthesized sample was analyzed by powder x-ray
diffraction using a conventional x-ray spectrometer with a
graphite monochromator (RINT-1000, RIGAKU). The color
of the powdered sample was dark gray. Intensity data were
collected with Cu K« radiation over a 26 range of 10°—-80°
with a step width of 0.02°. Electrical resistivity measure-
ments were performed using the conventional dc four probe
method (physical property measurement system (PPMS),
Quantum Design) at temperature from 2 to 300 K in an ap-
plied magnetic field of up to 10 kOe. The sample dimensions
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FIG. 1. (Color online) Powder x-ray diffraction pattern of syn-
thesized YSn; sample. The inset shows the crystal structure of
YSn;. The solid line in the inset shows the unit cell of YSn;. [The
program VESTA was used to draw crystal structure (Ref. 18)]

for resistivity measurements were 2 mmX1.9 mm
X 1.6 mm. Electrical leads were fabricated by spot welding
gold wires (425 um) onto a polished surface of the sample.
Magnetic measurements were performed by using a super-
conducting quantum interference device magnetometer
(magnetic property measurement system (MPMS)-R2, Quan-
tum Design) at temperatures between 2 and 15 K in an ap-
plied magnetic field of up to 3 kOe. The measurements were
carried out upon warming after zero-field cooling (ZFC pro-
cess) and cooling in the field (FC process). Specific-heat
measurement was performed using the PPMS system (Quan-
tum Design) in a temperature range between 0.4 and 15 K.
The sample dimensions for specific-heat measurement were
about 1.5 mmX 1.5 mmX2 mm.

YSn; decomposes into metallic tin within 2 weeks.!? The
synthesized sample also decomposed in air. After synthesis,
the sample was placed in Ar atmosphere to prevent its de-
composition. The sample quality was checked one week after
the synthesis. The results of powder x-ray diffraction showed
that the bulk sample did not decompose and this sample
exhibited a sharp superconducting transition. Consequently,
the physical properties of the sample were measured within 5
days of the sample synthesis.

III. RESULTS AND DISCUSSION

Figure 1 shows the powder x-ray diffraction (PXRD) pat-
tern of synthesized YSn; obtained at room temperature. The
main phase is indexed as a cubic unit cell with the space

group of Pm3m. There are extra reflections, which belong to
the impurity phase, identified as Sn. This result is consistent
with that obtained in previous works.!>!” From the intensity
data from the PXRD measurement, refinement is performing
to account for an admixture of Sn phase, whose weight frac-
tion was refined to be =39%. The crystal structure of YSn;
is shown in the inset of Fig. 1. The lattice parameter, a,
calculated from indexes is 0.4667(4) nm. It is consistent with
the data presented in a previous report. '3
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FIG. 2. (Color online) Temperature dependence of magnetic
susceptibility of synthesized YSn; in magnetic field of 10 Oe. ZFC
and FC data are measured upon warming in a field after cooling in
a zero field and by cooling in a field, respectively.

The temperature dependence of dc magnetic susceptibility
under a magnetic field of 10 Oe is shown in Fig. 2. Figure 2
shows a large diamagnetic response at around 7 K, suggest-
ing the occurrence of superconductivity, both in ZFC and FC
processes. In the yttrium-tin system, intermetallic com-
pounds having the following formulas have been identified:
YsSn; (hexagonal MnsSis-type structure), YsSn, (ortho-
rhombic  SmsGey-type structure), Y,;Sn;, (tetragonal
Ho,,Ge,(-type structure), YSn, (orthorhombic ZrSi,-type
structure), and YSn; (cubic AuCus-type structure).!®!” The
powder x-ray diffraction pattern of our sample shows that the
sample includes YSn; as the main phase and Sn as the im-
purity phase. There are no additional peaks in the x-ray dif-
fraction data. It is concluded that the large Meissner response
at around 7 K originated from YSn; superconductor. A weak
anomaly is confirmed in the ZFC data of magnetic suscepti-
bility at around 3.8 K. This anomaly is caused by the contri-
bution of the superconductivity of the impurity phase of Sn,
whose T, is 3.7 K.

The temperature dependence of electrical resistivity is
shown in Fig. 3. The electrical resistivity data show a metal-
lic behavior with the residual resistivity ratio
(RRR): p3g0 k/po~ 13 (py is the residual resistivity at 70"°“').
The onset superconducting transition temperature (77"°) is
about 7.3 K and zero resistivity is confirmed at around 7 K.
The superconducting transition point is consistent with the
data of magnetic susceptibility. From the results of magnetic
susceptibility and electrical resistivity measurements, 7, is
determined to be 7 K.

Figure 4 shows the magnetic field dependence of the mag-
netization of YSn; measured at various temperatures. The
data in the inset of Fig. 4(a) shows a hysteresis, indicating
that YSn; is a type-II superconductor. The lower critical field
H(T) was determined from the magnetic field versus mag-
netization (M-H) curve measured at various temperatures. As
shown in Fig. 4(a), H,,(T) was defined as a magnetic field at
which the diamagnetic magnetization deviates from a linear
relation with the magnetic field. Figure 4(b) shows H,(T) as
a function of (7/T,)>. H,,(T) was fitted by the relation
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FIG. 3. (Color online) Temperature dependence of zero-field
electrical resistivity (measuring current /=5 mA) of synthesized
YSn;. The inset shows an enlarged view of the plot in a low-
temperature range (7<= 10 K).

H.(T)=H,(0)[1-(TIT,)*] (1)

using the Ginzburg-Landau (GL) theory, where H,,;(0) is H,,
at 0 K. H,(0) was determined to be about 90 Oe. The pen-
etration depth A(0) was calculated to be approximately 270
nm from the relation, uyH,; ~ ¢/ m\?, where o and ¢, are
the magnetic permeability of the vacuum and quantum flux,
respectively.

Figure 5 shows the temperature dependence of electrical
resistivity under different magnetic fields up to 3000 Oe. T,
and H,(0) values for Sn are 3.7 K and about 300 Oe, respec-
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FIG. 4. (Color online) (a) Magnetic field dependence of magne-
tization (M-H curve) of synthesized YSns at various temperatures.
The inset of Fig. 4(a) shows the M-H curve at a high magnetic field.
(b) Lower critical field H,, as a function of (7/T,)?. The dotted line
shows a linear fit to Eq. (1).
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FIG. 5. (Color online) Temperature dependences of electrical
resistivity (measuring current /=1 mA) of synthesized YSn; at
various magnetic fields.

tively. There is no influence of the impurity phase, Sn, on
these resistivity data. The magnetic fields were applied above
T., and the data were obtained upon cooling. 72" and zero
resistivity temperature (75°°) shift to lower temperatures as
the magnetic field increases. The transition widths remain
almost unchanged up to high magnetic fields. 7, is deter-
mined at a 50% decrease from the normal-state resistivity
value, and transition width is taken as the temperature inter-
val between 10% and 90% of the transition.

Figure 6 shows the H-T phase diagram of the supercon-
ducting state of YSns. The electrical resistivities are mea-
sured under various magnetic fields for two different
samples. The data show a linear temperature dependence at
temperatures between 3 K and near 7.. The gradient
dH,/dT at around T is found to be about —600 Oe/K. On
the basis of the relation H,, ~—0.69 X (dH,,/dT) X T, for a
type-II superconductor in the dirty limit,>?! the H,(0) value
is found to be about 3000 Oe. From these data, £0) value is
calculated to be ~66 nm using the relation H,,(0)
=d,/27wE, where Dy, is the flux quantum. The GL parameter
Kgr, 1 estimated to be 4.1 using the relation kg =N\/&.
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FIG. 6. (Color online) H-T phase diagram deduced from elec-
trical resistivity of YSns under various magnetic fields. The dashed
curve shows a fit to the WHH theory.
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FIG. 7. (Color online) Temperature dependence of electronic
specific heat of YSns. The inset shows the normal-state specific heat
under a magnetic field H of 20 kOe as a function of temperature.
The solid line shows a fit to the experimental data using the Debye
formula [Eq. (2)].

Figure 7 shows the temperature dependence of the elec-
tronic specific heat C, of YSn; at H=0 Oe. The inset of Fig.
7 shows the normal-state specific heat obtained by applying a
magnetic field H=20 kOe> H.,. At H=0 Oe, specific-heat
data show the bulk superconducting feature as indicated by
the clear jump of Cp at around T.. T, of 7 K determined from
the midpoint of the specific-heat jump is consistent with the
value obtained from the other measurements. At H
=20 kOe, the specific heat jump is completely suppressed,
resulting in the disappearance of superconductivity in YSns.
A clear deviation from the Debye 7> law is observed in the
normal state Cp, which can be attributed to the contribution
of the low-lying Einstein phonon modes.??

In order to take into account the normal state C,, (lattice
part), we fitted the data obtained at H=20 kOe by a polyno-
mial

Cp/T=(Cy+ Cop)/T=yn+ BT* + T* (2)

with the Sommerfeld coefficient of the normal-state specific
heat yy and the coefficient of the phononic contribution S
and & as adjustable parameters. B is related to the Debye
temperature  6(0) via B=(12/ 5)N774R6]33, where R
=8.314 J/mol K denotes the gas constant and N=4 is the
number of atoms per formula unit for YSn;. We carefully
subtracted the contribution of Sn to the total sample
capacity.?® From this fit, we deduced yy=7.57 mJ/mol K2,
B=0.83 mJ/mol K* and 6=0.01 mJ/mol K®. We calcu-
lated the corresponding Debye temperature 6y, to be approxi-
mately 210 K.

In the superconducting state, the electronic specific heat
C,; of YSny can be obtained after subtracting the phononic
contribution from the total specific heat: Cel=CgS"3—Cph. Con
data are obtained from the fitting result of Eq. (2). The nor-
malized specific-heat jump AC/yT. is calculated to be
about 2.19 using yy=7.57 mJ/mol K? and T,=7 K. For the
weak-coupling limit of the BCS theory, AC/ y\T. is 1.43.24
The calculated AC/yNT, value is higher than that predicted
by the BCS theory in the weak-coupling limit, clearly indi-
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FIG. 8. (Color online) T, of LnX3 compounds with X=family of
14 elements of Sn** and Pb** as a function of lattice constant, a.

cating enhanced electron-phonon coupling strength.

Here, we compare YSn; superconductor with other LnX;
(Ln=La, Yb, and Y, X=family of 13 elements of In®* and
TI** or family of 14 elements of Sn** and Pb**) supercon-
ductors with a AuCus-type structure to elucidate the super-
conducting state of LnXj.

The compounds YIn;, YTI;, and YPb; have been found to
exhibit superconductivity with 7, of 0.78 K, 1.5 K, and 4.72
K, respectively. T, of LnX; compounds with X=family of 14
elements of Sn** and Pb*" is higher than that of LnX; com-
pounds with X=family of 13 elements of In** and TI3*.>>2¢
YSnj has the highest 7, in the YX;5 system, similar to other
LnX5; compounds. A previous study showed that T, depends
on the concentration of valence electrons, n.2” T. becomes
relatively high near n=3.75, e.g., in YPbs, LaSns, and LaPb,
(T.=4.1 K), and decreases rapidly with increasing concen-
tration of X=family of 13 element of In** or TI** in the
Ln(In,_,Sn,);, Ln(Tl,_/Pb,);, and Ln(In,_,Pb,); systems.
However, compounds with 0.5=x (3.5=n) in the
Y (In,_,Sn,); system could not be synthesized because high-
pressure synthesis was not used. T, of Y(In;_,Sn,); increases
slowly from 0.78 K ~1.9 K with increasing Sn** concentra-
tion. The n vs T, diagram for the Y(In,_,Sn,); system is
obtained in the present study.

The difference between T, of the compounds of LnX; for
X=family of 13 elements of In** and TI** and for X
=family of 14 elements of Sn** and Pb** is clearly related to
the density of state from the X site ion. Although the Som-
merfeld constant yy of LnPb; compounds is larger than that
of LnSn;, T, of LnPb; compounds is lower than that of
LnSn; compounds in LnX; (X=family of 14 elements) com-
pounds with n=3.75. Consequently, phononic contribution
such as the Debye frequency and electron-phonon coupling
strength to the superconducting state are mainly responsible
for the difference in T, of LnX3; compounds for X=family of
14 elements. Figure 8 shows T, of LnX; for X=family of 14
elements of Sn** and Pb** compounds as a function of each
lattice constant a. The lattice constant a of the compounds of
LnX; for X=family of 14 elements with n=3.75, YSnjs,
YPb;, LaSns, and LaPbs (7,=4.1 K) is 0.467 nm, 0.481
nm, 0.477 nm, and 0.491 nm, respectively. YSn; has the
highest 7. among the compounds of LnX; for X=family of
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14 elements. T, increases with the decreasing lattice con-
stant. The phononic contribution to the superconducting state
is enhanced with the decreasing lattice constant and atomic
distance for Ln-Ln, Ln-X, and X-X.

IV. CONCLUSIONS

In this paper, the superconducting properties of YSn; with
a AuCus-type structure are reported. The data for the super-
conducting state are obtained from electrical resistivity, dc
magnetic susceptibility, and specific-heat measurements. A
superconducting transition is confirmed at around 7 K and a
specific-heat anomaly is clearly observed at T, indicating the
bulk nature of superconductivity. The M-H curve at 4 K for
YSn; shows the typical type-II superconducting behavior.
The estimated H;(0) value is about 90 Oe. The penetration
depth \ is calculated to be approximately 270 nm. The H-T
phase diagram is also obtained. The upper critical field
H,(0) is estimated to be ~3000 Oe using the Werthamer-
Helfand-Hohenberg (WHH) prediction. The coherence
length is calculated to be about £&=66 nm. The normalized
specific-heat jump AC/yT, is estimated to be about 2.19,
which is higher than 1.43, the value predicted by the BCS
theory. The determined superconducting parameters are
listed in Table I. The electron-phonon coupling strength for
superconductivity in YSnj is in the strong-coupling regime.
T. systematically changes with the decreasing lattice con-
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TABLE I. Normal and superconducting parameters of YSns.

T, 7K
H,(0) 90 Oe
H,(0) 3000 Oe

N 270 nm

¢ 66 nm

KgL, 41

AC/ WT, 2.19

™ 7.57 mJ/mol K?
B 0.83 mJ/mol K*
0 210 K

stant of the superconductor of LnX; with X=family of 14
elements. It is concluded that the difference between 7, of
LnX; compounds can be attributed to the difference in the
phononic contribution to the superconducting state.
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