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Abstract

We discovered superconductivity in the ternary antimonide LagZnSb;s, and
its superconducting properties are discussed through measurements of the
resistivity, specific heat and magnetization. The crystal structure of LagZnSbs
is an orthorhombic LagMnSbs-type structure consisting of Sb sheets. Its
electronic structure indicates that the conduction bands mainly originate from
Sb 5p orbitals in these Sb sheets. The electrical resistivity and magnetization
measurements reveal that this compound is a type-II superconductor below
3.7 K. The upper critical field at zero temperature, woH(0), is determined
to be 851(8) mT. In the normal state, the electronic specific heat coefficient,
y, and the Debye temperature, ©p, are found to be 18.8(8) mJ mol~! K2 and
218(1) K, respectively. From the electronic specific heat in the superconducting
state, this compound is a typical weak-coupling BCS superconductor.

1. Introduction

Late main group elements (Si, Ge, Sn, Pb, P, As, Sb, Bi, Se, Te) frequently built diverse and
important intermetallic mosaics. In particular, antimony shows attractive structural and bonding
characteristics, i.e. Sb—Sb bonds form in infinite networks such as one-dimensional chains and
two-dimensional square sheets [1, 2]. Recently, Papoian and Hoffman discussed the infinite
networks consisting of the Sb—Sb bonds for some binary and ternary antimonides by using an
analogy between the Zintl concept and the octet rule [2].

Such infinite networks consisting of Sb—Sb bonds are also found in the LngMSb;s
(Ln = lanthanides, M = Mn, Cu, Zn) compounds which were synthesized by Cordier and
co-workers [3-5]. These compounds crystallize in the LagMnSb;5-type orthorhombic structure
(space group Imm2;a ~ 15 Ab~19A,a~04A;7 = 2). Figure 1 shows the schematic
crystal structure of LngMSb;s. In this structure, antimony atoms make up two-dimensional
sheets and transition metals connect the antimony sheets. Transition metals randomly occupy
~50% of the 4c site. One-dimensional Ln3Sb chains along the ¢ axis are located in this three-
dimensional Sb network. For their magnetic properties, CesMnSbs and GdgZnSb;s show an
antiferromagnetic transition [5]. For LagMnSb;s, the bonds were investigated in detail through
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Figure 1. Schematic crystal structure of LagZnSb;s.

(This figure is in colour only in the electronic
version)

a molecular orbital analysis by Papoian and Hoffman [6]. They pointed out that significant La—
Sb network interactions exist. These LngMSb;s compounds are expected to show interesting
physical properties due to the Sb network and the one-dimensional Ln3Sb chains.

Thus, we have investigated the transport and magnetic properties of the LngZnSbys
compounds. In this paper, the superconductivity of LacZnSb;s is reported through studies
of the electrical resistivity, magnetic susceptibility, magnetization and specific heat.

2. Experimental details

Samples were prepared from stoichiometric mixtures of the elements: La powder (99.9%), Zn
powder (99.99%) and Sb powder (99.99%). The mixture was pressed into a pellet and then
sealed in an evacuated quartz tube. The sample was preheated at 600 °C for 3 h. The reaction
was carried out at 600-900 °C for ~100 h, with regrinding at several intervals.

Powder x-ray diffraction measurement was carried out in the region of 10° < 26 < 120°
at intervals of 0.02° using Cu Kea radiation on a Rigaku MultiFlex diffractometer equipped
with a curved graphite monochromator. The crystal structure was determined by the Rietveld
technique, using the program RIETAN 2000 [7].

The calculation of the electronic structure and the density of states (DOS) were made with
the WIEN2k program [8] using the full potential linearized augmented plane wave + local
orbitals (FP-LAPW + lo) method based on the density functional theory (DFT) with the
generalized gradient approximation (GGA).

The temperature dependence of the magnetic susceptibilities was measured under both
zero-field-cooled condition (ZFC) and field-cooled condition (FC) in the temperature range
between 1.8 and 300 K by using a SQUID magnetometer (Quantum Design, MPMS-5S). The
magnetic field dependence of the magnetization was measured at 1.8 K by changing the applied
magnetic field between —500 and 500 mT. The volume fraction of the superconducting phase
was estimated from the FC magnetization in a field of 1 mT.

Electrical resistivity measurements were carried out in the temperature range 0.4—400 K
and in magnetic fields up to 800 mT by the standard four-probe method in a Quantum Design
Physical Property Measurement System (PPMS) equipped with a *He refrigerator. The applied
current was 500 pA. The sintered sample was cut into a piece having sizes of approximately
2.5 x 0.3 x 5 mm?>. Four Au wires were painted onto the samples using silver paste.
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Figure 2. X-ray diffraction profile for LagZnSbis. The calculated and observed diffraction profiles
are shown on the top solid line and cross markers, respectively. The vertical marks in the middle
show positions calculated for Bragg reflections. The bottom trace is a plot of the difference between
calculated and observed intensities.

Specific heat measurements were performed by thermal relaxation in the temperature range
between 0.4 and 300 K with the PPMS. The sintered sample (~15 mg) was mounted on a thin
alumina plate with Apiezon N grease for better thermal contact.

3. Results and discussion

3.1. Crystal and electronic structures

The LagZnSb;s phase was identified from the x-ray diffraction (XRD) profile. The profile
is indexed with an orthorhombic LagMnSb,s-type cell with space group Imm?2. From the
Rietveld refinement, the calculated diffraction profile agrees well with the observed one as
shown in figure 2, and the reliability factors are found to be 12.2% for Ry, and 6.5% for R;. The
atomic displacement parameters were fixed to be the reported value [5]. The lattice parameters
a, b and ¢ were obtained to be 15.370(3) A, 19.420(4) A and 4.361(1) A, respectively, and
these values and the positional parameters are in good agreement with the reported ones [5].

Figure 3 shows the total DOS and individual DOS of Zn for LagZn,Sbs (x = 0, 2). These
features of the band structures are similar to that of LagMnSb;s [6]. In the present compound,
zinc atoms randomly occupy 50% of the 4c site. The DOS calculations have been performed on
the assumption that zinc atoms occupy the 4c site without deficiency, i.e. ‘LagZn,Sb;s’ is used
for the band structure calculation as a ‘formal’ chemical formula. The calculation reveals that
the energy level (~7.8 eV) of the band (band width ~1 eV) consisting of Zn d orbitals is much
lower than the Fermi level and that the hybridization of Zn orbitals with valence band states is
almost negligible near the Fermi level. The total DOS at the Fermi level, N(E¥F), is obtained to
be 7.37 states/eV f.u. (f.u. is the formula unit). In order to check the effect of Zn deficiencies
on the band structure, we have also computed the band structure of ‘LagZnySb;s’ (without Zn).
The Fermi level shifts toward lower energy (~0.5 eV). The total N(EF) is determined to be
6.53 states/eV f.u. and this value is 10% lower than that for ‘LagZn,Sbs’. We assume that the
value of N(EF) for ‘LagZnSb;s’ is ~7 states/eV f.u. The calculations for both ‘LagZn,Sb;s’
and ‘LagZnSb;s’ also reveal that the conduction bands around the Fermi level mainly consist
of the Sb1, Sb2, and Sb5 atoms in two-dimensional Sb sheets and secondarily consist of Lal
and La2 atoms in one-dimensional LasSb chains.
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Figure 3. Total and individual density of states

5 (DOS) of LagZn,Sbys (x = 0, 2). The grey area
shows the DOS of Zn.

3.2. Electrical resistivity

Figure 4(a) shows the temperature dependence of the electrical resistivity for LagZnSb;s.
Above 4 K, this compound exhibits a typical metallic behaviour up to 400 K, but with some
negative curvature for p(7) with increasing temperature. Based on Matthiensen’s rule, the
resistivity for nonmagnetic metallic compounds is represented by the Bloch—Griineisen (BG)
model for Debye phonons [9]:

5 »0Op/T 5 dx
T) = e = 4NkgOp | — e, (1
P(T) = po + Pph + Pe—e = po +4Nkg D<®D>/o & 1) TP (D

where kg and ®p, are the Boltzmann constant and the Debye temperature, respectively. Third
term expresses the resistivity due to electron—electron interaction. The Debye temperature is
about 200 K, as will be described later, but the model with ®p = 200 K fails to fit to the
observed p data at low temperatures, i.e. a rapid rise of p with increasing temperature below
30 K could not be explained from a change in the resistivity by phonon scatterings. The p—T2
curve is plotted in the inset of figure 4(a). p is proportional to T2 below 30 K, which indicates
that the effect of electron—electron interaction (p.—_.) predominates for a change in the resistivity
at low temperatures [10].

Figure 4(b) shows the temperature dependence of the electrical resistivity below 5 K in
various magnetic fields for LagZnSb;s. Below 3.85 K, the zero-field resistivity drops sharply,
indicating a phase transition to a superconducting state. The onset temperature is 3.85 K and
zero resistivity is attained below 3.65 K. The critical temperature 7 is defined as the midpoint
of the transition; Tcmid*R = 3.74 K. The electronic structure calculation suggests that the two-
dimensional Sb sheets and the one-dimensional Las;Sb chains raise this superconducting state.

With increasing magnetic field, 7. decreases monotonically. Assuming that this compound
is a type-II superconductor, as will be justified below, the upper critical fields, pnoH(T),
were estimated from the critical temperature 7, which is determined as an intersection of
the extrapolated normal-state resistivity and the steep part of p(H, T) at several applied fields.
Figure 5 shows poH(T) as a function of critical temperature. The Werthamer—Helfand—
Hohenberg (WHH) theory for a type-II superconductor predicts that woH(7T') is proportional
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Figure 4. (a) Temperature dependence of
the electrical resistivity (p) below 400 K for
LagZnSb;s. The inset shows the prz plot.
(b) Temperature dependence of p below 5 K
under various magnetic fields.

to 1 — T/T; near Tg, in either the ‘clean’ or the ‘dirty’ limit [11]. However, the poHe(T)-T
curve reveals that o H(7T) does not intersect the T axis linearly but bends towards the higher
T side giving d>ugHe (T)/dT? > 0. For a large number of superconductors, a similar positive
curvature in o He(T)|7— 7, has been observed [12-16].

The positive curvature in poHe(T)|7— 7, makes it difficult to apply the WHH theory.
Thus, in order to obtain [duoHce/dT Ir=7,, the poH, data in the temperature range of 0.7
T. < T < 0.9 T, is fitted to a straight line (a solid line in figure 5). The goodness of the fit is
measured by the square of the correlation coefficient (> > 0.9995). According to the WHH
theory in the dirty limit, the upper critical field at zero temperature can be estimated by using
the following relation [11]:

duoH,
HoHo(0) = 0.693 T (—=£22) )
dr I

From the estimated [ditoHco/dT |7=7, in the liner region, the value of 1o H(0) is derived
to be 756(4) mT. However, the value of puoH (~800 mT) near 0.5 K already exceeds this
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0.0 from the electrical resistivity data. The dotted line
0 4 represents the extrapolation to zero temperature by

T/K the polynomial function.

oH(0) value. Therefore, in order to estimate the actual value of o H,, at zero temperature,
we fitted the polynomial function to the observed poH(T)-T data below 2 K and the
extrapolation to zero temperature leads to oHc2(0) being 810(6) mT (see figure 5). Hereafter,
we will adopt this value (=810 mT) as poH»(0). The value of the Ginzburg-Landau (GL)
coherence length at zero temperature &g (0) can be estimated to be 201 A by the following
equation:
0%

27éGL(0)?
where @ is the magnetic flux quantum.

moH2(0) = 3

3.3. Magnetic susceptibility and magnetization

Figure 6(a) shows the temperature dependence of the ZFC and FC magnetic susceptibility x.
The magnetic susceptibility abruptly drops below 3.8 K, indicating a superconducting phase
transition. The Meissner volume fraction is estimated to be 19.2% from the FC susceptibility
at 1.8 K. Figure 6(b) and the inset of figure 6(c) represent the magnetization versus magnetic
field (M—H) curve at 1.8 K in the magnetic field ranges of —500 mT < H < 500 mT and
0mT < H < 5mT, respectively. These M—H curves indicate a typical type-II superconductor.
As shown in the inset of figure 6(c), the M—H curve indicates a linear dependence of the
magnetization on field caused by the Meissner effect at low fields. The difference (AM)
between this linear ‘Meissner’ line and the observed data is plotted in figure 6(c) and the lower
critical field poH.; at 1.8 K is found to be ~1 mT. The lower critical field poH.;(0) at zero
temperature will be discussed later.

3.4. Specific heat

The temperature dependence of the specific heat (C) divided by temperature for LagZnSbys is
shown in figure 7(a). A jump in the specific heat is observed starting at 3.85 K indicative of
the bulk superconducting transition. The critical temperature from specific heat data is defined
as the midpoint of the transition, T™¢C = 3.61 K. We assume that the total specific heat
comprises the electron and phonon contributions, C(T) = Ce(T) + Cpn(T). In the normal
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Figure 6. (a) Temperature dependence of the magnetic susceptibility (x) for LagZnSbis.
(b) Magnetization (M) as a function of the magnetic field at 1.8 K. (c) Magnetic field dependence
of difference (AM) between the linear ‘Meissner’ line and the observed data. The inset shows the
M-H plot (open circle) at low fields and the ‘Meissner’ line (solid line).

state, the phonon contribution is expressed by the ST term at a temperature much below the
Debye temperature ®p, and the electronic specific heat Ce, is proportional to the temperature:

12n7*R
C(D)/T =BT 4y = ——==
502

From the C(T)/T versus T2 plot, ®p and the electronic specific heat coefficient y values
were obtained to be 214.5(8) K and 18.8(7) mJ mol~' K2, respectively. The electron—-phonon
coupling constant A._pp appears in the McMillan equation for the superconducting transition
temperature 7. The value of A is estimated from the McMillan equation [17]:

o B 1.04 (1 4 Ae—ph) 5)

exp
1.2 heph — (1 + 0.62%_pn)

T2 +y. 4)
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Figure 7. (a) Temperature dependence of specific heat (Cp,/T) divided by the temperature of
LagZnSbys. (b) Temperature dependence of the difference (§Ces/T = (Ces — Cen)/T) in the
specific heat divided by temperature between the superconducting state and the normal state. In the
inset, the difference in the entropy change between the superconducting and normal states is plotted,
indicating entropy conservation around the transition temperature. (c) Logarithmic Ces versus T,/ T
in the superconducting state. The solid line is the linear fit to the data for 7./ T between 2 and
5. (d) Temperature dependence of the thermodynamic critical fields (oH.) determined from the
specific heat data.

where wy, is taken to be 0.7 wyn. wpp is regarded to be the same as the Debye frequency

wp = kg®p/h and p* is Coulomb pseudopotential and is usually taken between 0.1 and 0.15.

The value of A._py, is determined to be 0.61 for u* = 0.1 and 0.72 for ©* = 0.15. This small

Ae—ph value suggests that LagZnSbs can be classified as a weak-coupling superconductor.
The electron—phonon coupling parameter can also be obtained from the ratio of

Nobs(EF) _ Yobs

Noana (EF) Vband
where A, is the electron—phonon mass enhancement parameter, which should be similar to
Ae—ph [17]. The calculated value of Ypand (=%2NAk123N(EF)) is 16.5 mJ mol~! K=% with
N(Eg) = ~7 states/eV f.u. and the value of A, is derived to be 0.1 from yps and Ypang-
This small A, is also indicative of weak electron—phonon coupling. The discrepancy between
Ae—ph and A, is attributable to a rough estimation of DOS of LagZnSbs at the Fermi level.

=1+2,, (6)
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Figure 7(b) exhibits the difference in the specific heat (§Ces/ T = (Ces — Cen)/ T) between
the superconducting state and the normal state. In the inset, the difference in the entropy change
S = f0T° (6Ces/ T)dT) between the superconducting and normal states is plotted, indicating
entropy conservation, which is essential for a second order superconducting—normal phase
transition around the transition temperature. The specific heat jump AC at 7™%C shows an
evident energy gap under the superconducting state. As shown in figure 7(b), the value fo the
scaled specific heat jump AC/y Tcmid'c is 1.46. This value is in good agreement the theoretical
value of 1.43 for a limit weak-coupling superconductor predicted from the BCS theory.

Figure 7(c) displays an Arrhenius plot of the electronic specific heat. The temperature
dependence of the electronic specific heat after the superconducting transition, Ceg,
clearly reflects an exponential behaviour, indicating a gap character like that shown in
an s-wave superconductor. The solid line represents the best fitting result (Ces =
8.14y T, exp(—1.46T./T) Jmol~' K~!) in the temperature range of 2 < T./T < 5. For a
weak-coupled BCS superconductor, Ces follows the relations Ces = 8.5y T, exp(—1.44T./T)
for 2.5 < T./T < 6, Cos = 26y T.exp(—1.62T,/T) for 7 < T,/T < 12, and Ces =
315y T(T./T)*? exp(—1.76T./T) for T — 0 [18]. Comparing these equations with the
experimental curve suggests that Ces of LagZnSb;s follows reasonably well the prediction of
the BCS model.

The temperature dependence of the thermodynamic critical field poH. is obtained by
integrating the experimental data in the superconducting state using

1 T. T. Ces " — T
AG = = gV HX(T) = / / Co ) =¥ 1" g @
2 T Jr T

where Vy represents the volume per mole. Figure 7(d) shows the temperature dependence of
the thermodynamic critical field poH.. The zero temperature value o H.(0) is obtained to be
16.9 mT. We can substitute this value of o H.(0) into
2 3y 2
noVHI(0) = <2n2k]23> A0)". )]

The superconducting energy gap at zero temperature, A(0), can be estimated to be
0.48 meV. Therefore, its scaled value of 2A(0)/ kg Tcmid’c is found to be 3.09, which is smaller
than the isotropic BCS value of 3.53.

Moreover, the penetration depth Ag (0), the GL parameter « (0) and lower critical field at
0 K 1toH.1(0) are estimated from the following relations:

0
H(0) = , ©)
- 2321 koL (0w (0)
P 0)
0) = , 10
“© &61.(0) (19)
jioHer (0) = 1@y (1)

V2

The values of AgL.(0), x(0) and o H.;(0) are estimated to be 6850 A, 34.1 and 1.23 mT,
respectively. This value of 11y H,1(0) is consistent with the value obtained from the M—H curve
(see figure 6(c)). The value of « (0) suggests that LagZnSb;s is a typical type-II superconductor.
These superconducting parameters are summarized in table 1.

4. Summary

We found that a ternary antimonide LagZnSb;s consisting of two-dimensional Sb sheets and
one-dimensional La chains is a superconductor with a critical temperature 7¢ of about 3.7 K.
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Table 1. Superconducting and normal-state properties for LagZnSbs.

Va (m? mol~") 3.92 x 1074
TMid-R (K) 3.74
Tmid.C (K) 3.61
y mImol~' K=2) 18.8
Op (K) 214
AC/yTMdC 1.46
2A(0)/ kg TMd-C 3.09
#oHc2(0) (mT) 810
o H(0) (mT) 16.9
#oHe1(0) (mT) 1.23
£6L(0) (A) 201
gL (0) (A) 6850
©(0) 34.1

The electronic structure calculation suggests that the Sb sheets raise the superconducting
state. The value of oH(0) is estimated from T7; of electrical resistivity under a magnetic
field to be 810(6) mT. From specific heat measurements, y, Op, AC/yT. and 2A /kgT;
are 18.8(7) mJ mol~' K2, 214.5(8) K, 1.46 and 3.09, respectively. We conclude that this
compound is a typical type-II superconductor with weak coupling in the category of the BCS
theory.
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