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ARTICLE INFO ABSTRACT

The bulk superconducting properties of polycrystalline TaRh,B, under pressure are investigated with transport
resistivity [p(T)], and dc magnetization [M(T) and M(H)] measurements up to ~3 GPa, and 1 GPa respectively.
The application of hydrostatic pressure leads to a decrease in T. for both magnetic [dT./dP is —0.4 K/GPa
(0 = P = 1 GPa)] and transport [(dT./dP) is —0.02 K/GPa (0 < P < 1 GPa) and —0.06 K/GPa
(1 = P < 2.5 GPa)] measurements. At 2.5 GPa the upper critical field, poH.»(0), and the irreversible field, poHj.,
(0), are found to be (11.8 * 0.2) T and (6.5 = 0.1) T respectively. The critical current density, J. (at
HoH = 0T), decreases from 6.5 X 10° A/cm? (0 GPa) to 2.5 x 10° A/cm? (0.9 GPa) at 4.3 K. The flux pinning
and J.(H) in TaRh,B; are significantly affected by the application of external pressure. It is seen that surface and
volume flux pinning coexist both at ambient pressure and at high pressure. We infer that the pinning energy and
superconducting properties are suppressed by external pressure.
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1. Introduction

The family of unconventional superconductors has grown con-
siderably over the last few decades and now includes the cuprates [1,2],
heavy-fermions [3,4], iron pnictides [5-7], topological superconductors
[8,9], and the noncentrosymmetric (NCS) superconductors [10-14].
Although noncentrosymmetric superconductors have been known for
some time [15], the discovery of the heavy fermion superconductivity
in CePt3Si [3] reignited interest in the role that the structure of a ma-
terial plays in determining its superconducting properties. The absence
of a center of inversion symmetry in a NCS superconductor produces an
asymmetric electrical field gradient, which can split the previously two-
fold degenerate spin electronic bands [10]. As a result, in NCS super-
conductors it is possible that a combination of even and odd parity
Cooper pair states replaces the conventional spin-singlet or spin-triplet
pairing [10]. A large number of NCS superconductors have now been
investigated with many showing anomalous superconducting behavior
[16].

Pressure (P) is an effective tool with which to alter both the elec-
tronic and crystal structure of a material. Pressure has been shown to
have a significant impact on unconventional superconducting materials
including in the cuprates [2], pnictides [7], 2D layer superconductors
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[17,18], BiSy-based superconductor [19,20] and topological super-
conductors [9,21]. Studies under pressure have helped to build an
understanding of the nature of the superconducting state in these dif-
ferent groups of materials. Pressure has also played a vital role in the
study of noncentrosymmetric superconductors. Negative pressure
coefficients, dT./dP, have been observed in La;Ir; (—0.15 K/GPa) [13],
BaPtSi; (—0.06 K/GPa) [22], and BiPd (—0.62 K/GPa) [23] suggesting
s-wave singlet superconductivity. Positive pressure coefficients have
been reported in LaNiC, (+0.25 K/GPa) [24] and MosAl,C (+0.28 K/
GPa) [25]. The superconducting gap in LaNiC, has been reported to be
a two gap (s + +s)-wave [26]. The nature of the superconducting gap
in MosAl,C remains unclear. Specific heat measurements indicate the
possibility of an unconventional anisotropic gap, [27] while muon spin
rotation measurements on MosAl,C indicate an isotropic nodeless su-
perconducting gap structure [28]. The positive pressure coefficients in
LaNiC, and Mo3Al,C may be indicative of the exotic superconducting
gap structures in these materials. The superconductivity (T, = 0.75 K)
and antiferromagnetic (AFM) order (Ty = 2.2 K) in CePt3Si are both
suppressed by external pressure [29]. However, while Ty becomes zero
at ~0.6 GPa, the superconducting phase is shown to exist up to 1.5 GPa.
In CeRhSi3, the superconducting state coexists with the AFM state at
pressures of more than 1.2 GPa [4]. A superconducting state is induced
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by external pressure (P > 2.63 GPa) in ferromagnetic Ulr [30]. Pressure
induced superconductivity has also been observed at 1.8 GPa in CelrSis
as the antiferromagnetic order is suppressed [31] and in CeCoGe; at
0.7 K and 5.5 GPa [32] and in CelrGe3 at 1.5 K at 20 GPa [33]. TaRh,B,
is one member of a new family of noncentrosymmetric superconductors
with a chiral structure [11,12,14]. Here we report on the transport and
magnetic properties under hydrostatic pressure of a polycrystalline
sample of TaRh,B,. The pressure dependence of the superconducting
transition temperature, upper and lower critical fields, irreversibility
field, and the critical current density are all analyzed in order to gain a
better understanding of the nature of the superconductivity in this new
material.

2. Experimental details

Polycrystalline samples of TaRh,B, were synthesized using the
solid-state reaction method as described elsewhere [11,12]. These
polycrystalline samples have previously been characterized by ac sus-
ceptibility, dc magnetization and resistivity and heat capacity mea-
surements at various magnetic fields and temperatures at ambient
pressure [12]. In this study the temperature dependent dc resistivity
[p(T)], and magnetization, [M(T) and M(H)], were measured at various
pressures using a Quantum Design Physical Property Measurement
System (PPMS). The electrical resistivity measurements were carried
out using a piston type pressure cell at pressures of up to ~3 GPa with
the pressure transmitting medium Daphne #7474. The pressure cali-
bration was performed using the fixed pressure points of Bi. The dc
magnetization measurements up to ~1 GPa were made using a hybrid
clamp-type miniature pressure cell with the pressure transmitting
medium mixture of fluorinert FC#70 and FC#77(1:1). Here the applied
pressure in the cell was determined from the change of T. in pure Sn.
Several studies have shown that the pressure transmitting medium used
produces a hydrostatic pressure up to about 3 GPa [17,19,34].

3. Results and discussions

Fig. 1(a) presents the temperature dependent electrical resistivity,
p(T), in the temperature range 5.5-6.5 K under various hydrostatic
pressures, P, from 0 to 2.5 GPa. The observation of a sharp super-
conducting transition temperature, T., and zero resistivity at every
pressure is indicative of the hydrostatic nature of pressure in this se-
quence of measurements. The T, ~ 6 K along with very low residual
resistivity ratio (RRR) p>°° ¥/p'® ¥ ~ 1 at ambient pressure are in good
agreement with previous measurements [11,12]. The normal state re-
sistivity at room temperature, p®", and the temperature of the onset of
the superconducting transition, pT*°™Y, are both sensitive to the ap-
plication of external pressure. pR* and pT*°™*Y decrease at rates of
0.097 mQ-cm/GPa and 0.007 mQ-cm/GPa, respectively, up to 2.5 GPa.
The superconducting transition temperature also decreases with pres-
sure. The superconducting onset transition temperature, T.°™, is
found from the intersection of two straight lines, one drawn on the
resistivity curve above the transition, and the other at the steepest
section of the transition to the superconducting state. The super-
conducting midpoint transition temperature, T.™, is found from the
peak positions of the dp(T)/dT versus T curves and T,*™ is determined
from the zero resistivity. The results show that T. decreases mono-
tonically with the application of pressure as shown in Fig. 1(c). The
almost parallel shift in the resistivity curves in the vicinity of super-
conducting transition mean T.°™, T.™4 and T,*™ all decrease mono-
tonically with the application of external pressure. The pressure de-
pendence of T.™d js dT./dP = —0.02 K/GPa for 0 < P < 1 GPa and
—0.06 K/GPafor 1 < P < 2.5 GPa. The negative pressure coefficient of
T. indicates that there is a phonon-mediated BCS-like pairing me-
chanism for TaRh,B,. Similar rates of change in T, have been observed
in other noncentrosymmetric superconductors such as BaPtSis
(—0.06 K/GPa) [22], while slightly higher values are found in other
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NCS materials, for example, La,Ir; (—0.15 K/GPa) [13] and BiPd
(—0.62 K/GPa) [23].

The temperature dependence of the dc magnetization, M(T), was
measured in an applied field of 1 mT in zero-field cooled (ZFC) and
field-cooled cooling (FCC) modes at various hydrostatic pressures up to
~1 GPa (see Fig. 1(b)). With decreasing temperature, both the FCC and
ZFC magnetization curves deviate from the normal-state behavior due
to the onset of diamagnetism, signaling the occurrence of super-
conductivity. Below T, the magnetization drops sharply. The splitting of
the ZFC and FCC data is typical for a type-II superconductor. Bulk su-
perconductivity is observed at 6.02 and 5.62 K at ambient pressure and
0.9 GPa respectively and the T.(P) values listed in Table 2, giving a rate
of change of T, with P of —0.44 K/GPa (0 < P < 0.9 GPa). The p(T)
curves for TaRh,B, in different magnetic fields, H, under various fixed
pressures are shown in Figs. 1(c—e). T, in each p(T) curve is found from
the peak in the dp/dT. With increasing H, the transition width,
AT, = T.°™°" — T, in the resistivity data becomes broader and the
onset of superconductivity progressively shifts to low temperatures. M
(T) measurements for TaRh,B, made in different magnetic fields at 0,
0.6 and 0.9 GPa are shown in Fig. 2(a—c). Figs. 2(d—f) present the field
dependent isothermal magnetization versus field curves at 0, 0.6, and
0.9 GPa. The signal (Meissner fraction) decreases with increasing
magnetic field and external pressure. The superconducting transition
under pressure is sharper than that observed for some other super-
conducting materials [17,18,35,36]. The width of the superconducting
hysteresis loop at each temperature decreases with the application of
pressure and there is a diamagnetic background that increases with
pressure. These data indicate that the pinning strength in this poly-
crystalline sample of TaRh,B, decreases as the pressure is increased.

The data presented above can be combined to produce the H-T and
H-P phase diagrams for the superconducting state of TaRh,B, shown in
Figs. 3(a—d). The temperature dependence of the upper critical field,
H,(T), at several pressures is shown in Fig. 3(a), where the T, at each
field is calculated from the peak position in the dp(T)/dT curves. The
orbital upper critical field, Hfzrh (0), can be determined from the Wer-
thamer-Helfand-Hohenberg (WHH) model [371, Hf{b
(0) = —0.693T. [dH,/dT]r = 1, for the dirty limit. The H;’zrb (0) decreases
from 12.9 T at 0 GPa to 9.2 T under a pressure of 2.5 GPa (see Table 1).
In the conventional Ginzburg-Landau theory, the upper critical field,
H¢»(0), can be estimated usingH,, (0) = He, (0)((1 — ¢2)/(1 + t2)), where
t = T/T.. Fits using this expression are shown in Fig. 3(a). The poH.2(0)
values range from 15.2 T at ambient pressure to 11.8 T at 2.5 GPa. The
Pauli-Clogston limiting field, H,(0) = 1.84T. [38]. As T, decreases with
pressure, the value of H(0) also decreases, as shown in Table 1. We can
use the Maki parameter, a = ﬁHg’{b(O)/HP(O) [39], the ratio of the
orbital and Pauli limiting fields, as a gauge of the relative importance of
Pauli spin paramagnetic and orbital pair breaking effects. In a con-
ventional superconductor, a value of o > 1 may be taken to indicate
that Pauli paramagnetic pair breaking effects are considerable. In
TaRh,B, however, while o > 1 for all pressures, we find that
Hy(0) < HZ%(0) < H,,(0) and similar effects observed CelrSi; super-
conductor under P [31]. Therefore, we must also consider the effects of
strong spin-orbit scattering. For a fixed value of a, any increase in the
spin-orbit scattering parameter, Aso, increases H.(0). Furthermore,
TaRh,B, is suggested to be a multi band superconductor [12]. In this
scenario, inter and intra band scattering effects also need to be con-
sidered. A complete explanation of the temperature dependence of H.,
will require studies on single crystal samples. H;,(T) curves under
pressure for TaRh,B, were determined from resistivity data. The H,, — T
data points were taken to be the fields and temperatures at which the
sample first exhibited zero resistivity. H;.(T) is well fit using the em-
pirical relationship Hy(T) = Hin(0)(1 — t)'®, where t = T/T,, as
shown in Fig. 3(b). The estimated value for poH;.(0) decreases from
7.84 T to 6.5 T at 2.5 GPa. This is an indication that H;(0) is pre-
dominantly determined by the strength of the flux pinning that also
appears to decrease with pressure. In order to determine the lower
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Fig. 1. (a) Temperature dependence of the electrical resistivity for TaRh,B, under various hydrostatic pressures up to 2.5 GPa. (b) Temperature dependence of the
zero-field cooled (ZFC) and field-cooled cooling (FCC) magnetization in an applied field of 1 mT for TaRh,B, under hydrostatic pressures of up to ~ 1 GPa. (c)

Pressure dependence of the superconducting critical temperature, T.. (d)-(f) Temperature dependence of electrical resistivity for TaRh,B, in different magnetic fields
and hydrostatic pressures.
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Fig. 2. (a)-(c) Temperature dependence of the dc magnetization of TaRh,B, measured in various magnetic fields at 0, 0.6, and 0.9 GPa (d)-(e) Field dependent M(H)
loops for TaRh,B, measured at different temperatures under pressures of 0, 0.6, and 0.9 GPa.

critical field, H.;, from M(H) measurements, the applied fields need to Brandt's formulation, H.,(T) = HJ}; (T)/tanhVv(0.36b/1) for a slab geo-

be corrected for demagnetization effects. H.; can then be deduced from metry, where b and [ are the width and length of the samples respec-
the first penetration field H}, assuming that the magnetization tively [40]. Using this criterion, a set of H.;(T) values was estimated
M = —H. when the first vortex enters the sample. According to and fit with a parabolic GL temperature dependence, H.1(T) = H.1(0)
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Fig. 3. (a) Temperature dependence of the
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Fig. 3(a).
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[1 — 3] as shown in the Fig. 3(c). The estimated lower critical field
decreases from a value 4 mT at 0 GPa (in good agreement with the
H_1(0) reported in [12]), to 1.87 mT at 0.9 GPa and the H ;(P) values
are tabulated in Table 2.

The Ginzburg-Landau coherence length, £51(0), can be estimated
from the H,(0) using the relation, &5 (0) = \/®@o/27H,(0), where
@, = 2.07 x 10~ '® Wb. The calculated values of £5;(0) at various
pressures are given in Table 1. The value in zero field agrees with that
reported in Ref. [12]. The coherence length of TaRh,B, at 2.5 GPa is
comparable with the NCS superconductor CelrSiz (5.4 nm at 2.5 GPa)
[31], where the application of pressure first suppresses AFM order,
before eventually leading to superconductivity with a similar H.(0),
albeit with a much lower T.. The magnetic field dependence of the
critical current density, J., for TaRh,B, at 4.3 K under different pres-
sures is shown in the Fig. 4(a). The J. values are extracted from the
magnetic hysteresis loops using the Bean model [41,42] with
J.(H) = 20AM/{L(1 — (I/3b))} where AM is the width of the super-
conducting hysteresis loop. J. decreases under pressure and the value of
J.(0) at ambient pressure is reduced by a factor of ~3 at 0.9 GPa and
the J.(P) shows in Table 2. J. drops quickly at higher magnetic fields at
ambient and high pressure. Fig. 4(b) shows the pressure dependence of
J. at 4.3 K in various magnetic fields. The solid lines are linear fits to the
experimental data, which give negative slopes with |d(In J.)/dP| of 1,
1.5, 2.12 and 3.33 GPa ! at magnetic fields of 0, 0.05, 0.1, and 0.2 T
respectively, indicating that the effects of pressure in decreasing J, are
more substantial at higher magnetic fields. Fig. 4(c) shows J; as a
function of magnetic field at 4.3 K under hydrostatic pressures from 0 to
0.9 GPa on a log-log scale. J. decreases exponentially as a function of
magnetic field and the expression, J.(H) = J.(H = 0)exp(—H/Hy)*/?

Table 1

2.5

P (GPa)

Table 2
Lower critical field and the critical current density in zero field obtained from
width of the hysteresis loops at 4.3 K as a function of pressure for TaRh,B,.

Pressure [GPa] T [K] loHe1(0) [mT] J(0) at 4.3 K 10° A/cm?
0 6.02 4.0 + 0.05 6.5
0.16 5.90 3.17 + 0.03 5.3
0.3 5.82 2.84 * 0.02 4.3
0.6 5.73 2.34 + 0.03 3.3
0.9 5.62 1.87 + 0.01 2.5

produces excellent fits to the data, as shown in Fig. 4(c). As can be seen
from the plateau region at lower magnetic field, initially J. shows a
weak dependence with applied field. As the field is increased beyond a
crossover field, J. decreases more quickly. J. drops even more rapidly in
the field regime close to the irreversibility field. The crossover field
decreases with increasing temperature as seen from the isothermal
magnetic hysteresis loops. The magnetic field dependence of the pin-
ning force (F;,) assessed using the relation F,(H) = J.(H) X H at 4.3 K
and the normalized pinning force (f, = F/F,"™) as a function of re-
duced magnetic field (h = H/HX) under various hydrostatic pressures
are shown in Fig. 4(d) [43]. The results suggest that an external pres-
sure decreases the number of point pinning centres, and diminishes the
total pinning force. Fitting the data using the Dew-Hughes model [43],
fp « (1 — h)", where m and n are fitting parameters, provides an
indication of the nature of flux pinning mechanism. From this model,
n = 0.5 and m = 2 indicates surface pinning whilen = 0.5andm = 1
describes volume pinning, as predicted by Kramer [44]. The irreversi-
bility fields, HX, were determined from linear interpolations of

Superconducting parameters for TaRh,B, obtained from the resistivity and magnetization measurements made under pressure.

Pressure [GPa] T*° [K] HY(0) [T] HoHc2(0) [T] HoH,,(0) [T] a HoHr(0) [T] §1(0) [nm]
0 6.02 12.9 15.2 = 0.1 13 1.65 - 4.67
1 5.98 10.5 135 = 0.1 12.3 1.56 7.84 * 0.2 4.9
1.5 5.95 9.8 126 = 0.1 11.9 1.49 7 £ 0.1 5.1
2.5 5.5 9.2 11.8 = 0.2 11.4 1.46 6.5 = 0.1 5.3
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J.O5H%?® versus H curves (Kramer plots). We found this theoretical
formalism is in good agreement with the experimental data at 4.3 K and
that surface and volume pinning coexist at ambient and high pressures.
The best fits are obtained with normalized f,(h) given by, AR®7*(1 -
h)*1+Bh%5(1 - h)°®7 at ambient pressure and Ah%%°(1 - h)** + Bh%“(1 -
h)°7 at a pressure of 0.9 GPa. Fitting parameters that lie in the range
0.69 = m < 0.74, 3.3 < n < 4.1 indicate surface pinning while for
volume pinning 0.4 < m < 0.6 and 0.7 < n < 0.87. When the applied
field is perpendicular to the surface, these grain boundaries are the
main pinning centers and provide surface pinning. Both the surface and
volume pinning decrease as a result of the application of external
pressure.

4. Summary

In summary, we have systematically examined the effects of ex-
ternal hydrostatic pressure on the transport and magnetic properties of
polycrystalline samples of the noncentrosymmetric superconductor
TaRh,B,. We find that the superconducting parameters T, H.s, Hi.,
He, J. and F, all decrease with the application of pressure. The su-
perconducting transition temperature determined from the p(T) mea-
surements decreases with a pressure coefficient, dT./dP, of —0.02 K/
GPa (0 = P <1 GPa) and —0.06 K/GPa (1 < P < 2.5 GPa). The flux
pinning force shows that surface and volume pinning coexist under
ambient and high pressure. Both types of pinning decrease due to the
reduction in the pinning centers by external pressure in TaRh,B,. These
results indicate that TaRh,B, is a phonon-mediated BCS-like super-
conductor. Examining the data presented here and in Refs. [11,12]
there is no clear evidence for mixed-parity superconductivity in
TaRh,B,. The superconducting gap appears to be dominated by an s-
wave component making it difficult to identify any parity mixing. High
quality single crystals of TaRh,B, are required to look for stronger
evidence of anisotropies in the superconducting gap.
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