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Superconductivity in TIBi, with a large Kadowaki-Woods ratio
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In this paper, the superconducting and normal state properties of TIBi, with the AIB,-type structure were
studied by resistivity, magnetization, and specific heat measurements. It was found that bulk superconductivity
with 7, = 6.2 K emerges in TIBi,, which is a phonon-mediated s-wave superconductor with a strong electron-
phonon coupling (A., = 1.38) and a large superconducting gap (Ao/ksT. = 2.25). We found that the po(T)
exhibits an unusual 7-linear dependence above 50 K, and can be well described by the Fermi-liquid theory
below 20 K. Interestingly, its Kadowaki-Woods ratio A/y? [9.2 x 10~ u2 cm(mol K2/mJ)?] is unexpectedly
one order of magnitude larger than that obtained in many heavy fermion compounds, although the electronic

correlation is not so strong.
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I. INTRODUCTION

MgB,, as a simple binary compound, has a rather high
superconducting transition temperature (7, = 39 K) com-
pared with other conventional superconductors [1,2]. The
first-principles calculations and the inelastic neutron scat-
tering measurements revealed that the E;, in-plane boron
phonons near the Brillouin zone center strongly coupled to
the planar boron o bands [3,4], which leads to the high 7, in
MgB,. Moreover, MgB, has the multiple bands with a weak
electronic correlation [5-7], and the distinct multiple super-
conducting energy gaps [8,9], resulting in markedly novel
behaviors in its superconducting and normal-state properties
[2]. Although MgB, has been extensively studied, new phys-
ical phenomena are constantly discovered [10,11], so those
superconductors with the same structure are worth revisiting.

The binary bismuthide TIBi, [12] crystallizes in a hexag-
onal AlB;-type structure, the same as MgB,, consisting of
honeycombed bismuth layers and thallium layers located
in between them, as shown in the inset of Fig. 1. Com-
pared with MgB,, TIBi, contains the heavier elements,
suppressing the high frequency lattice vibration, and being
unfavorable to the high 7. superconductivity in the con-
ventional electron-phonon coupling mechanism. Although
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TIBi, was classified as a strong coupling superconductor
with 7. = 6.4 K by Dynes in 1972 [13], its detailed physi-
cal properties are rarely investigated as compared with that
of MgB,.

In this paper, we synthesized successfully the single
phase polycrystalline TIBi, sample. The superconducting
and normal-state properties were systematically studied by
resistivity, magnetization, Hall resistivity, and specific heat
measurements. We reconfirmed that type-II superconductivity
with 7. = 6.2 K, the upper critical field uoH., = 1.4 T, and
the lower critical fielduoH,; = 1.08 x 1072 T emerge in the
TIBi, compound. It was found that the electronic specific heat
in the superconducting state can be well described using a sin-
gle gap model within the Bardeen-Cooper-Schrieffer (BCS)
framework. The strong electron-phonon coupling occurs in
this compound, confirmed by both the large A., (= 1.38) and
the large Ag/kgT, (= 2.25) values, indicating that TIBi, is
a conventional superconductor. It was found that the tem-
perature dependence of resistivity in the normal state, p(7),
exhibits an unusual linear behavior above 50 K, which is
ascribed to the low-energy phonon scattering, while p(T)
below 20 K is well described by the Fermi liquid theory, i.e.,
o(T) = py + AT?. Combining the specific heat data at nor-
mal state, we found that its Kadowaki-Woods ratio (KWR),
A/y? 9.2 x 1075 uQ cm(mol K?/mJ)?], is unexpectedly one
order of magnitude larger than that obtained in many heavy
fermion compounds, although the electronic correlation is not
SO strong.

©2022 American Physical Society
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FIG. 1. Rietveld refinement profile of the polycrystalline XRD of
TIBi, using the software RIETAN-2000 [15]. The resultant weighted
reliable factor R, is 8.95%. Inset: The crystal structure of TIBi,.
Thallium and bismuth atoms are drawn as dark-blue and yellow
spheres, respectively.

II. EXPERIMENTAL METHODS

TIBi, polycrystalline samples were synthesized using the
method as described before [14]. First, Tl and Bi lumps were
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mixed and sealed in a vacuum quartz tube. Then, the mixture
was melted over a flame and mixed carefully by shaking vig-
orously for 10 min. After that, TIBi, samples were annealed
at 210°C for 2 wk. Last, the quartz tube was quenched into
cold water to prevent the formation of impurity phases during
the cooling process. In order to compensate for the loss of Tl
due to the presence of T1,O3 in the raw material, an additional
10% TI was added. The obtained sample was easy to press
into a flake and then cut into rectangular bars for later study.
Polycrystalline x-ray diffraction (XRD) was performed on a
Rigaku x-ray diffractometer with Cu K« radiation. The resis-
tivity and Hall coefficient were measured using the standard
four-probe technique. The heat capacity was measured using
the relaxation method. All the transport properties were mea-
sured in a Quantum Design physical properties measurement
system, PPMS-9. The dc magnetization was obtained using
a magnetic property measurement system (Quantum Design,
MPMS-VSM).

III. RESULTS AND DISCUSSIONS

Figure 1 shows the XRD pattern of the T1Bi, sample. Two
small peaks marked with asterisks designate the unknown
impurity phase, which may come from the oxides. As shown
in the figure, most of the peaks can be well indexed with an
AlB,-type structure (space group P6/mmm, No. 191), and
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FIG. 2. (a) Temperature dependence of resistivity of TIBi, between 2 and 300 K measured at zero field. Inset: enlarged view near T..
(b) Temperature dependence of resistivity under several selected magnetic fields below 8 K. Inset: upper critical field H,, as a function of
temperature for T1Bi,. (c) Temperature dependence of magnetic susceptibility below 8 K, measured at 5 Oe with both ZFC and FC processes.
Inset: Field-dependent magnetization M measured between —1 and 1 T at 2 K. (d) Field-dependent magnetization M measured at various
temperatures below 150 Oe. The dashed line indicates the initial linear magnetization curve. Inset: The lower critical field H,; as a function of

temperature for T1Bi,.

224501-2



SUPERCONDUCTIVITY IN TIBi, WITH A LARGE ...

PHYSICAL REVIEW B 106, 224501 (2022)

4

¢
©
E
33
3
k| &
\32_
O
1 =
0 1
0.0

FIG. 3. The electronic specific heat divided by the product of
Sommerfeld coefficient y and temperature as a function of the re-
duced temperature 7' /7, in the superconducting state at zero field.
Inset: Temperature square dependence of C/T, measured at 0 and
2 T magnetic fields. The green line is the fit to the data as described
in the text.

the lattice parameters a = 5.6828(2) A, and ¢ = 3.3731(1) A,
were obtained, which is consistent with the results reported
previously [12]. The cell parameter a of TIBi, is much larger
than that of MgB, and c is smaller, which originates from
the nearly same Bi-Bi bond length along the a and ¢ axes,
implying its three-dimensional feature.

Figure 2(a) displays the temperature dependence of the
resistivity, p(T), between 2 and 300 K of the TIBi, sample.
The room temperature resistivity p(300 K) is about 103.7
u €2 cm, close to that of TISb [16]. It is clear that T1Bi, exhibits
a metallic behavior in the whole measuring temperature range,
i.e., the resistivity decreases with decreasing temperature. At
T.°™¢ = 6.25 K, the resistivity drops abruptly to zero, sug-
gesting that a bulk superconducting transition occurs with a
transition width AT, = 0.05 K, which is also confirmed by a
large diamagnetic signal and a significant specific heat jump
at T, as shown in Figs. 2(c) and Fig. 3, respectively. The
superconducting transition temperature here is similar to that
reported previously (7. = 6.4 K) [13].

It is obvious that the o(T) in the normal state exhibits
a linear temperature dependence in a large region (50 K <
T < 300 K), which can be ascribed to the low-energy phonon
scattering here [17], although the similar behavior in the
cuprate high temperature superconductors was explained as
the strong electronic correlation effect. As shown by a blue
line in Fig. 2(a), we fitted the p(T") data above 50 K using the
standard Bloch-Griuneisen formula,

T \5 T/® e
— po+4C(— . 1
p=mtic(g,) /0 @—na—en™ W

then we obtained the residual resistivity pp = 41 u€2 cm, the
fitting parameter C = 17.5 u2 cm/K, and the Debye temper-
ature ®p = 83 K. We also found that the p(7") below 50 K
deviates from the T'-linear dependence and turns to 7-square

dependence below 20 K, indicating the Fermi-liquid ground
state, discussed in detail as follows.

In order to obtain the upper critical field H.,(T'), we mea-
sured the resistivity at various magnetic fields between 2 and
8 K, as shown in Fig. 2(b). With increasing magnetic field,
the superconducting transition shifts to lower temperature. At
2.0 T, the superconducting transition is not observed above
2 K. The H,, is determined by the temperature when the resis-
tivity drops to 50% of the normal-state value and is plotted as
a function of temperature in the inset of Fig. 2(b). According
to the Ginzburg-Landau (GL) theory, the uoH,, value at zero
temperature was estimated to be 1.4 T using the formula

Ho(T) = Hoa(0)(1 —12)/(1 +12), )

where ¢ is the reduced temperature 7'/7,. Then the coherence
length &g, of TIBi, was estimated to be 15.3 nm from the rela-
tion, ééL = ®/2nrH.»(0), where &y = h/2e is the magnetic
flux quantum (~2.07 x 10~ Wb).

Figure 2(c) shows the temperature dependence of the mag-
netic susceptibility, x (T'), measured at an applied field of 5 Oe
both in the zero-field-cooling (ZFC) and field-cooling (FC)
processes. A sharp superconducting transition and a quite flat
feature below T, are clearly observed in x (T'), suggesting su-
perconductivity emerges in the sample. At T = 2 K, the 47
value exceeds —100% emu/cm? due to the demagnetization
effect. The M (H) curve measured at T = 2 K, as shown in the
inset of Fig. 2(c), exhibits a typical type-II superconducting
behavior.

To obtain the lower critical field H.;(T), we measured the
M (H) curves at different temperatures, as shown in Fig. 2(d).
The H.,(T) determined by the field where M starts to deviate
from the initial linear curve, is plotted as a function of tem-
perature in the inset of Fig. 2(d). It is clear that the H,; can be
well described using the GL theory as

T 2
Ho (T) = Hd(m[l -(%) } 3)
The lower critical field at zero temperature, H.;(0), was
estimated to be 108 Oe. The penetration depth Ag;, was esti-
mated to be 198 nm using the relation H,;(0) = q ln(gﬂ)

47{}%L GL
and the &g, value obtained above. Then, the GL parameter,

kL = MgL/&gL, was calculated to be 12.9, much larger than
1/+/2, confirming that TIBi, is a type-II superconductor. The
thermodynamic critical field H.(0) was also estimated to be
770 Oe from the relation H1(0)H(0) = H?(0)lnkgy,, which
is almost an order of magnitude smaller than that of MgB, [2].

To get the information of superconducting transition, we
also carried out the specific heat, C(T'), measurements at
both 0 and 2 T. The inset of Fig. 3 shows the temperature
square dependence of C/T with a small difference between
the two curves below T.. The low temperature C(T) mea-
sured at 2 T, where bulk superconductivity is completely
suppressed, can be well fitted using the Debye model, C/T =
y + BT? +8T*, where y is the Sommerfeld coefficient, 8
the Debye constant, and § the fitting parameter. The first and
last two terms are ascribed to the electronic and phonon con-
tribution, respectively. We obtained y = 8.63 mJ/(mol K?),
B = 4.87mJ/(mol K*),and § = 0.35 mJ/(mol K% by the best
fit to the data below 4 K (the solid green line). Then, the Debye

224501-3



ZHIHUA YANG et al.

PHYSICAL REVIEW B 106, 224501 (2022)

temperature, ®p, was evaluated to be 104 K, which is close to
that (83 K) obtained from the p(7") data mentioned above,
from the relation ®p = (127*RN/58)'/3, where R = 8.31
J/(mol K) is the molar gas constant, and N is the number
of atoms per unit cell. The electronic specific heat, C.4(T),
in the superconducting state was obtained by subtracting the
phonon contribution from the total C(T'). Figure 3 presents the
Ces/yT vs T/T,, a sharp jump of 2.32 emerging at 7., which
is significantly larger than that of the well-known BCS theory
(1.43), suggesting that the strong electron-phonon coupling
occurs in TIBi,. The electron-phonon coupling constant, A,
can be derived from the modified McMillan formula [18-20]
1.04 + p*In(-%

1.2T. (4)

(1= 0.62u%)In(;%-) — 1.04°

Aep =

where p* is the Coulomb pseudopotential, which has been
reported to be 0.121 [13], and wy, is the logarithmic averaged
phonon frequency, which can be estimated from the specific
heat jump at T, using the formula [18-20]

AC [ T.\* (@
=143 x 1+53(—) ln( )] (5)
J/Tc Win 3Tc

Taking AC/yT. =2.32 and T, =6.2 K, we obtained
w;, = 63.3 K and A, = 1.38, which is smaller than A,, =
1.63 reported previously [13]. However, it is still large
compared with those for typical strong-coupling supercon-
ductors such as MogSes (A., = 1.27), and Pb-T1 alloy (A., =
1.15-1.53) [18], indicating the strong-coupling nature of su-
perconducting pairing.

Then, we analyzed the electronic specific heat data C,,(T)
using BCS theory with a single gap. Within the framework of
BCS theory, the thermodynamic properties, entropy (S) and
electronic specific heat (C,), can be written as

6y A o0
Sz__Vz_O/ Finf+1—fin(l—fldy, (6
7w kg Jo
as
Co=T, )

where f = [exp(BE) + 117! and 8 = (kgT)~!, whereas the
integration variable is y = ¢/A. The energy of the quasi-
particles is evaluated from the relation E = [¢? + A38%(1)]%,
where ¢ is electron energy with respect to the Fermi energy
and §(¢) is the normalized BCS gap at the reduced tempera-
ture t = T /T, as tabulated by Miihlschlegel [21]. As shown
in the figure, the single-gap model presents a good fit to
C.s/yT, suggesting that TIBi, is a phonon-mediated s-wave
superconductor. Meanwhile, the Ay /kgT, that was fitted to be
2.25, agrees well with that obtained from the tunneling exper-
iments [22], which is much larger than that as predicted for
a weak-coupling limit (Ag/kgT, = 1.76), further confirming
the strong electron-phonon coupling in TIBi,. The obtained
superconducting parameters are summarized in Table I.
Figure 4 shows the temperature dependence of the Hall
coefficient Ry of TIBi,. The transverse Hall resistivity, oy,
was derived from the antisymmetric part of the transverse
resistivity under the reversal of magnetic field at a given
temperature. As shown in the inset of Fig. 4, the p,, ex-
hibits a linear dependence with the magnetic field below 9 T,
suggesting that Ry is independent of the magnetic field. At

TABLE I. The superconducting parameters for TIBi,
superconductor.
Parameters (unit) Value
T. (K) 6.2
oH.1(0) (T) 1.08 x 1072
HoHe2(0) (T) 14
&G (nm) 153
AL (nm) 198
KGL 12.9
Aep 1.38
y (mJ/mol K?) 8.63
AC,/yT, 2.32
Ao /kpT, 2.25

T =10 K, Ry is about —1.9 x 101° m3/C, indicating that
the dominant carriers are electron type. With increasing tem-
perature, Ry increases monotonically, but remains negative
below 300 K. The significant T-dependent behavior of Ry is
similar to that observed in MgB, [23]. If we assume that the
Drude relation holds for TIBi, even in the case of multiple
bands, the carrier concentration n could be estimated to be
3.3 x 10?>/cm?® at T = 10 K. Assuming a parabolic disper-
sion with spherical Fermi surface, the Fermi wave vector, kg,
could be calculated to be 9.9 x 10° m~! from kr = 3nm?)!/3.
Then the band Sommerfeld coefficient y, was calculated to
be 3.0 mJ/(mol K?) from the relation y, = 72nkam,/ hzk%.
In a strong-coupling compound, the electronic specific heat
coefficient y., is expected to enhance to be (1+A.,)y; due to
electron-phonon coupling [17,24], where 4., is the electron-
phonon coupling constant. Using the value for A., (1.38)
determined from our measurements, the y 4 is calculated to
be 7.14 mJ /(mol K?), which is close to that obtained from the
specific heat measurements, indicating that the Fermi-liquid
theory can well describe the behavior of the TIBi, compound.

The KWR compares the temperature dependence of a
metal’s resistivity to that of its specific heat [35,37], thereby
probing the relationship between the electron-electron scat-
tering rate and the renormalization of the electron mass,
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FIG. 4. Temperature dependence of the Hall coefficient Ry of
TIBi, between 10 and 280 K. The dashed line is a guide for eyes.
Inset:Isothermal Hall resistivity at 7 = 10, 100, and 280 K.
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FIG. 5. (a) Temperature dependence of resistivity below 20 K.
Inset: temperature square dependence of resistivity below 20 K. The
solid green lines correspond to p = po + AT, just as mentioned in
the main text. (b) The coefficient A vs the Sommerfield coefficient
y for various compounds. The data beyond TIBi, were collected
from previous papers [25], including CDW materials [26,27], ox-
ides [28-33], A-15 superconductors [34], heavy fermions [33,35,36],
transition metals [37], and so on [38,39].

which is considered as a measurement of the electron-
electron correlation strength. In other words, the KWR in
heavy fermion compounds is larger than that in transition
metals due to the stronger correlation [34]. Furthermore,
the KWR value for many heavy-fermion compounds is
close to 1.0 x 107> uf2 cm(mol K?/mJ)? = 1.0ay, while for
a lot of transition metals, the KWR value is close to
0.04 x 1073 u2 cm(mol K2/mJ)2 = 0.04ay [32,35], where
ap =107 uQ cm(@mol K?/mJ)>. To deduce the KWR
value of TIBi,, we fitted the p(7) data between 7 and
20 K using the Fermi-liquid prediction, p = py + AT?, when
electron-electron scattering dominates over electron-phonon
scattering. The residual resistivity po = 40.1 u2 cm and
the coefficient A = 6.84 x 1073 uQ cm/K? were obtained
by the fitting, as shown in Fig. 5(a). Using the Sommer-
feld coefficient y = 8.63 mJ/(mol K?) obtained from C(T)

measurement, we obtained the KWR of TIBi, to be 9.2 x
1073 u2 cm(mol K2/mJ)?. For comparison, we plot the KWR
of various compounds in Fig. 5(b). It is obvious that the KWR
value of TIBi, obtained here is somehow very large.

To explain the unexpectedly large KWR in other com-
pounds, several scenarios have been proposed. For example,
Miyake et al. suggested that the large KWR of UBe ;3 may be
ascribed to its f electrons and large residual resistivity [34]. Li
et al. proposed that a possible mechanism of the large KWR
is in proximity to a quantum critical point in Nag;C0,0;
[29]. Strack et al. also suggested that the electron-phonon
scattering in reduced dimensions may result in a quadratic
temperature-dependent resistivity, which may lead to the large
KWR of k-(BEDT-TTF),Cu[N(CN),]Br [40]. Specifically,
Matsuura et al. [41,42] suggested that the strong dynamical
coupling between conduction electrons and phonons may give
rise to the heavy fermion bands at low temperatures. Thus, the
strong-coupling compounds, such as Nb3Sn and V3Si [34],
may obey the universal KWR of heavy fermion compounds,
ie,A/y? ~ 1075 uQcm(mol K?/mJ)?%. In the TIBi, case,
the electronic correlation seems not so strong as discussed
above. Considering the characteristics of strong coupling, we
suggest that the mechanism of the large KWR in TI1Bi, may
be similar to that in Nb3Sn and V;Si. However, it is worth
noting that our KWR value is almost an order of magnitude
larger than that obtained in V3Si and many heavy fermion
compounds, suggesting that other mechanisms also need to
be considered. From this point of view, TIBi, may provide
a novel material platform for studying large KWR and its
relationship with superconductivity.

IV. CONCLUSION

In summary, we systematically investigated the super-
conducting and normal-state properties of TIBi,. Type-II
superconductivity with 7. = 6.2 K, the upper critical field
woH- = 1.4 T, and the lower critical field uoH.; = 1.08 x
102 T was revealed by the resistivity and magnetization
measurements. It was found that the electronic specific heat
in the superconducting state can be well described using
a single-gap model within the BCS framework. The strong
electron-phonon coupling occurs in this compound, confirmed
by both the large A., (1.38) and the large A¢/kpT,. (2.25) val-
ues, indicating that T1Bi, is a conventional superconductor. In
the normal state, the resistivity exhibits 7'-linear dependence
above 50 K, which is ascribed to the low-energy phonon scat-
tering, and T'-square dependence below 20 K, suggesting the
Fermi-liquid ground state. Combining the specific heat data at
normal state, a large KWR [9.2 x 107> uQ cm(mol K?/mJ)?]
was obtained, which is an order of magnitude larger than that
obtained in many heavy fermion compounds, although the
electronic correlation is not so strong.
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