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Antiferromagnetic spin fluctuations and superconductivity in NbRh,B, and TaRh;B,
with a chiral crystal structure
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We report the !'B nuclear magnetic resonance measurements on noncentrosymmetric superconductors
NbRh;,B,; (superconducting transition temperature 7. = 7.8 K) and TaRh,B, (7. = 5.9 K) with a chiral crystal
structure. The nuclear spin-lattice relaxation rate 1/7; shows no coherence peak below T, which suggests the
unconventional nature of the superconductivity. In the normal state, 1/7;T increases with decreasing temperature
T atlow temperatures below T = 200 K for TaRh,B, and T = 15 K for NbRh,B,, while the Knight shift remains
constant. These results suggest the presence of antiferromagnetic spin fluctuations in both compounds. The
stronger spin fluctuations in TaRh,B, compared to NbRh,B, is discussed in the context of spin-orbit coupling.

DOLI: 10.1103/PhysRevB.104.224508

I. INTRODUCTION

For a long time, the relationship between strong electronic
correlations and unconventional superconductivity has been
a major theme in condensed matter physics [1-3]. Antiferro-
magnetic spin fluctuations due to 3d electrons are essential for
high-temperature superconductivity in copper oxides [3,4],
and the same is true in iron pnictides [5—8] and cobalt-based
superconductors [9]. In contrast, 4d and 5d electrons are
usually not as strongly correlated as 3d electrons because of
the considerably larger spatial extension of the wave function,
while spin-orbit coupling (SOC) is stronger.

Superconductivity in compounds containing 4d or 5d
elements has also attracted attention in recent years, as
spin-triplet and spin-singlet mixed superconductivity has
been discovered in some noncentrosymmetric superconduc-
tors (NCSs) containing 5d elements [10—12]. Such a mixed
state is explained by the antisymmetric spin-orbit coupling
(ASOC) interaction [13—15], and can show topological prop-
erties [16,17]. Broken inversion symmetry and strong SOC
also lead to the realization of Weyl semimetals [18,19],
where a huge orbital diamagnetic response has been found
[20] and an unconventional superconducting state has been
suggested [21-23].

Among NCSs, only Li;Pt;B [10] and CePt3Si [24] show
pronounced signatures of spin-triplet properties. Li,Pt3B is
a weakly correlated metal, but CePt3Si is a heavy fermion
superconductor and electron correlation is strong. After
Li,Pt;B was reported, a number of NCSs with weak elec-
tron correlations were found [25-29], but no spin-triplet
superconductivity was reported [30-35]. The reason why
spin-triplet superconductivity was not observed in those com-
pounds was probably because the ASOC was not large enough
[12]. The question then, is how to enhance the ASOC.
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It has been found that the enhancement of the ASOC in
Lip(Pd;_Pt,)3B is caused by the decrease in the angle be-
tween B(Pd, Pt)g octahedra, which enhances the breaking of
the spatial inversion symmetry [12]. Inspection of the evolu-
tion of Li, (Pd;_,Pt,)3B with x reveals that the local distortion
in the crystal structure is another important factor in addi-
tion to the presence of the heavier element Pt [12]. Note
that Li,(Pd, Pt);B has a chiral crystal structure, which is an
advantage for achieving a large extent of symmetry breaking.

NbRh;B, and TaRh;B, are recently discovered supercon-
ductors (T, = 7.8 K for NbRh,B,, 5.8 K for TaRh,B,) with
a chiral crystal structure [36]. They have a structure with
space group P3; and a large upper critical field (H., = 18.0 T
for NbRh;B,, 11.7 T for TaRh;B,) exceeding the Pauli limit
[36,37]. It is interesting to note the similarity of the relation-
ship between NbRh;,B; and TaRh;B, to that between Li,Pd;B
and Li,Pt;B. Like Pd and Pt, Nb and Ta are located in the
same group in the periodic table. Therefore, they provide a
good platform to study the interplay between ASOC, electron
correlations, and superconductivity.

Here we report ''B nuclear magnetic resonance (NMR)
measurements of polycrystalline samples of NbRh,B, and
TaRh;B,. We find an increase of 1/7;T with decreasing
temperature at low temperatures for both compounds. The
Knight shift is constant in the temperature range where 1 /77T
is increased. These results suggest the existence of anti-
ferromagnetic spin correlations. However, the magnitude of
spin correlations is different, and it is more significant for
TaRh;B, where the SOC is larger. In the superconducting
state, the spin-lattice relaxation rate 1/7 dropped below T
without a coherence peak, which suggests unconventional
superconductivity.

II. EXPERIMENTAL AND THEORETICAL

A. Sample preparation and characterization

Polycrystalline samples of NbRh;B, and TaRh;B, were
synthesized by heating a mixture of Nb(Ta), Rh, and B in a
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vacuum. Elemental Nb (99.99%), Ta (99.9%), Rh (99.9%),
and B (99%) were used. Powders of the starting materials
Ta/Nb, Rh, and B were weighed in a ratio of 1:1.9:2.1,
crushed using a mortar and pestle, and pressed into a pellet.
The pellets were wrapped in Ta foil and heated at 1200 °C
for 6 h while vacuuming in a quartz tube with pressure on
the order of 10~! Pa. The pellets were crushed into powder
for x-ray and NMR measurements. The 7. was determined
by measuring the ac susceptibility using the in siftu NMR
coil. dc susceptibility measurements were performed using a
superconducting quantum interference device with a vibrating
sample magnetometer.

B. NMR measurements

A standard phase-coherent pulsed NMR spectrometer was
used to collect data. The NMR measurements were performed
at an applied magnetic field Hy = 3.0378 T. The nuclear
gyromagnetic ratio y=13.66 MHz/T was used for calcula-
tion of the Knight shift. The nuclear spin-lattice relaxation
rate 1/T;T was measured by using a single saturation pulse.
The spin-lattice relaxation time 7; was measured by using a
single saturating pulse. The recovery curves of the nuclear
magnetization in all temperature ranges were fitted by a single
stretched exponential function

My — M)

My
to extract 1/Ty, where M) is the nuclear magnetization in the
thermal equilibrium, M(¢) is the nuclear magnetization at a

time ¢ after the saturating pulse, and B < 1. In this paper, B is
within the range of 0.6 to 0.8.
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C. Band calculations

We used density functional theory (DFT) calculations
within the full potential local orbital basis [38]. We use the
generalized gradient approximation (GGA) to the exchange
correlation functional [39], and we perform fully relativistic
calculations to include the effects of SOC. For TaRh,B,, we
use the crystal structure given in Ref. [36]. For NbRh,B,,
which is isostructural to TaRh; B, only lattice parameters are
given in Ref. [36]. We use GGA calculations to optimize the
internal coordinates of NbRh,B,. We are confident that the
DFT structure prediction works very well in these materials
because application of the same relaxation to TaRh,B; leads
only to a 60 meV lower energy per formula unit and nearly
unchanged atomic positions. We use 24 x24 x 24 k meshes to
calculate the band structures and densities of states.

III. RESULTS AND DISCUSSION

A. Spin correlations in the normal state

Figure 1 shows the powder x-ray diffraction (XRD) pat-
terns for NbRh,B, and TaRh,;B,. The results are generally
in agreement with the simulations using the Rietveld method
but impurity peaks, which have also been observed in previ-
ous studies [36], were observed in both samples. Figure 2
shows the ac susceptibility measured using the in siftu NMR
coil. The 7; was determined as the onset temperature of the
appearance of diamagnetism. The T; for zero magnetic field
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FIG. 1. XRD patterns for NbRh,B, and TaRh,B,. The theoreti-
cal curves (simulations) are obtained by the Rietveld method. Arrows
indicate unidentified peaks.

is 7.6 K for NbRh;B; and 5.8 K for TaRh,B,, respectively.
When a magnetic field of 3 T was applied, T; is reduced
to 6.5 K for NbRh;B, and 5.0 K for TaRh,B,, respectively.
The obtained T; is consistent with the previous report [36].
Figure 3 shows the '"B(/ = 3/2)-NMR spectra for NbRh,B,
and TaRh;B,. A typical powder pattern is observed for both
samples. The full width at half maximum (FWHM) of the
central peak is 10.2 kHz for NbRh,;B, and 7.4 kHz for
TaRh,B,. Figure 4 shows the Knight shift, K, as a function of
temperature. In both samples, K decreases gradually toward
lower temperatures and becomes constant at 60 K. Then, with
the superconducting transition, K decreased sharply with the
onset of superconductivity. Figure 5 shows the temperature
dependence of 1/T7T for NbRh;B, and TaRh;B,. Above
200 K, 1/TT is constant for both compounds. However, at
low temperatures, 1/T;T behaves differently. In TaRh;B,,
1/ T is greatly enhanced below 200 K, while the enhance-
ment is weak in NbRh,B,.
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FIG. 2. ac susceptibility measured using the in situ NMR coil at
zero and finite magnetic field (3 T). The arrows indicate 7. for each
sample at different fields.
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FIG. 3. (a) "B-NMR spectra at 3.0 T and 6 K for NbRh,B;.
(b) "B-NMR spectra at 3.0 T and 10 K for TaRh,B,. The dotted
line shows the position of K=0.

In a general form, 1/T|T is expressed as

L _ 7TkBVn2 A2 Xi(q’ w) )
LT (e 7Y o

where x/ (g, w) is the imaginary part of the dynamical suscep-
tibility perpendicular to the applied field, and  is the NMR
frequency. If one assumes that there is a peak around a finite
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FIG. 4. Temperature dependence of the Knight shift for
Nth2B2 and TahaBz.
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FIG. 5. Temperature dependence of 1/77T measured at center
peak for NbRh,B, and TaRh,B,.

wave vector Q (due to spin fluctuation), then one may have
the following approximation:

7= (77),* (77)
nT  \nT), \TT),
1 nkpy? , X1 (g, w)
T )y e &M @
Q gm0

where (1/T;T )¢ is the contribution from wave vectors around
0, while (1/T;T ) denotes the contribution from g ~ 0, which
is proportional to the magnetic susceptibility x,. That is,
(1/ThT), is proportional to the density of states (DOS) at
the Fermi level and does not change with temperature. The
enhancement of 1/7;T at low temperatures is not caused
by impurities, since NbRh,;B, contains more impurities but
the enhancement of 1/77T is weaker. Therefore, the increase
of 1/TiT at low temperatures is ascribed to (1/T1T )y, i.e.,
spin correlations develop at low temperatures. On the other
hand, since the temperature dependence of the Knight shift
is constant above T; in both samples, we conclude that the
correlation is of antiferromagnetic nature. The difference in
the strength of the antiferromagnetic fluctuations between
NbRh,B, and TaRh,B, will be discussed in Sec. IIIC in
connection with the calculated band structure.

B. Properties of the superconducting state

Figure 6 shows the temperature dependence of 1/7; mea-
sured at the central peak of the NMR spectrum at Hy=3.0 T.
Below Tg, 1/T; decreases due to the superconducting tran-
sition, but no clear coherence peak was observed for either
compound. In BCS superconductors, a large coherence peak is
usually observed. A large applied magnetic field could reduce
the height of the coherence peak, but the applied magnetic
field (3 T) we used is only 1/6 of the upper critical field
(18 T) for NbRh,;B;, and 1/4 for TaRh,;B, (11.7 T), which
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FIG. 6. Temperature dependence of the spin-lattice relaxation
rate 1/7) measured at the central peak.

is not strong enough to completely suppress the coherence
peak [36,40]. A large nuclear electric quadrupole moment
[41] or phonon damping in the strong coupling regime [35,42]
could result in an absence of the coherence peak. However,
the former does not apply to ''B nuclei, and there is no in-
dication of strong-coupling superconductivity as the decrease
of 1/T; below T is not steep. Another candidate to suppress
the coherence peak is nonmagnetic impurities. However, to
completely suppress the coherence peak, one would need 0.7
ner of impurity, where n, is the critical impurity concentration
to kill superconductivity [43]. Therefore, the absence of the
coherence peak may indicate the possibility of unconventional
superconductivity. In the case of Li,Pd;B and Li,Pt3B, a
well-defined coherence peak was found in the former [44] but
no coherence peak in the latter, which was explained by the
different strengths of SOC. However, in the present case, no
coherence peak is seen in either compound although the SOC
is quite different (see Sec. III C), which should probably be
ascribed to electron correlations. The decrease of 1/7; below
T. is not as fast as 7> as seen in, for example, cuprates, which
is probably due to impurity scattering [45]. In unconventional
superconductors with line nodes in the gap function, impurity
scattering can bring about a finite density of states. In fact,
when the residual density of states is quite large, a temperature
dependence of 1/T; similar to our result was observed [46].
The temperature dependence of the Knight shift around 7;
is shown in Fig. 7. Generally, the Knight shift in the supercon-
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FIG. 7. Temperature dependence of the Knight shift around 7.

for NbRh,B, and TaRh,B,. The horizontal arrow indicates the posi-
tion of Ky, (see text).

ducting state is expressed as

K = Ko + Ks + Kiia, 4
Koro = Aorb Xorb = 2Xorb<r—13>, 5
K5 = Ane xs, (©6)
Xs = —4ug / Ns(E)%dE, ™

where K, is the contribution due to orbital susceptibility
which is T independent, A, and Ay is the hyperfine coupling
constant, X and xs are the orbital and spin susceptibility,
and Ky, is the contribution from diamagnetism in the vortex
state. The Kg;, is calculated using the following equation for
the diamagnetic field Hy;, [47]:
In (£L
(Jfg) | )

§

Here, B is 0.38 for the triangular lattice of the vortex, £ is
the coherence length, X is the London penetration depth. § is
obtained from the measurement of H.,, and A is taken from
Ref. [36]. As a result, Ky;, was calculated to be —0.025% for
NbRh;B; and —0.015% for TaRh;,B,, which are larger than
the observed reduction of the Knight shift below T¢.

Next, we estimate Ay and K., using the K-x plot. We
have performed dc susceptibility measurements on NbRh;B,
and TaRh;,B,. However, we could not obtain the K-y plot for
NbRh;B; due to a dominant Curie-Weiss behavior. In Fig. 8,
the Knight shift for TaRh,B; is plotted as a function of dc
susceptibility. The diamagnetic susceptibility due to closed
shells of Ta, Rh, and B was estimated to be xcore = —1.6 X
107¢ emu /mol [48], from which the slope of Ko, = Aorb Xorb
was drawn. Here, (1/r3):O.62 a.u. is adopted, which is 80%
of the theoretical value for B metals [49]. The orbital part of
the shift and susceptibility are K, = 0.01%, o = —9.26 x
107% emu/mol-B. The Knight shift for NbRh,B, is reduced
below K, thus most of the decrease can be attributed to the

Hgi, = H
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FIG. 8. K-x plot for TaRh,B,. The inset shows the results of
the dc magnetic susceptibility measurement. The Curie-Weiss-like
increase in the dc susceptibility at low temperatures is probably due
to paramagnetic impurities.

contribution of Kg,. Therefore, we cannot discuss K below
T. at the moment. The Ay is calculated from the slope of K
versus y emu/mol to be A,y =28.7 kOe/up.

C. Band structure and other observed properties

To understand our results, we performed -electronic-
structure calculations for NbRh,B, and TaRh;B,. Figure 9
shows fully relativistic GGA bands, labeled as GGA+-SO.
There is a significant splitting of bands due to SOC; this
effect is more pronounced in TaRh,B,, containing heavier Ta
compared to NbRh,B;.

We first discuss the differences in 7; between NbRh,B,
(7.8 K) and TaRh;B; (5.9 K). We evaluated the density
of states at the Fermi level N(Er). We found N(Er) =
3.04564 states/eV /f.u. (f.u. = formula unit) for NbRh,;B, and
N(Er) = 2.77660 states/eV/f.u. for TaRh,;B,. Such differ-
ences in DOS may be caused by differences in the magnitude
of the spin-orbit interaction, namely, the magnitude of the
band splitting. The N(Ef) is about 9% smaller in TaRh,B,,
explaining at least partly why the experimentally observed
superconducting 7. is also smaller.

This calculation at first seems to contradict the results of
the Knight shift. The Knight shift of TaRh,B, is larger than
that of NbRh;B,. According to Eqs. (4)—(7), assuming that
K.v and Ay are the same for NbRh,B, and TaRh,B,, the
Knight shift is proportional to the density of states. The dif-
ference of the Knight shift indicates that the DOS in TaRh,B,
is larger than in NbRh;B,. However, what we observe in
I'B-NMR is the contribution of the s electrons. If we take into
account only the s electrons, N(Ep) is 0.070 states/eV /f.u.
for NbRh,B, and 0.076 states/eV /f.u. for TaRh,;B, and the
contradiction is resolved.
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FIG. 9. Band structures and density of states of (a) NbRh,B, and
(b) TahaBz.

Next, we will discuss effects of the ASOC. For
Liy (Pt, Pd);B, the effect of the ASOC is discussed in terms
of band splitting near the Fermi level. Average splitting of the
two bands closest to the Fermi level due to SOC is 30 meV
in NbRh,B; and 50 meV in TaRh;B,. Spin-orbit interactions
and electron correlations are usually in a reciprocal relation-
ship, namely, in systems with strong electron correlations,
SOC is weak and in systems with large SOC, electron corre-
lations are weak. However, there are some exceptions to this
principle. Contrary to the usual case, the compound Sr,IrO4
containing a heavy element is a Mott insulator, while Sr,CoQOy4
and Sr,RhO, are metals [50-53]. Spin-orbit interactions can
explain this difference. Sr,IrO4 contains a slightly tilted IrOg
octahedron [53]. The stronger ionic nature of the oxide leads
to an approximately 5/6-filled f;, shell of Ir. As a result, a
Mott insulator is realized. The Mott insulator is realized when
spin-orbit interactions and Coulomb interaction further split
the orbitals that were initially split by the crystal field in
SI‘QII‘O4 [52]

Similar SOC-assisted electron correlations may be realized
in (Nb, Ta)Rh;B,, although NbRh,B, and TaRh;,B, are inter-
metallic compounds. Boron tends to form covalent bonds, and
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FIG. 10. GGA+SO Fermi surface cuts of (a) NbRh,B, and (b) TaRh,B,. The Brillouin zone and high-symmetry points at k, = O are

shown.

since the electronegativities of B, Rh, and Ta/Nb are similar,
no substantial transfer of charge is expected. Our calculations
of integrated DOS (not shown) support this. Another possi-
bility is the nesting of the Fermi surface. It can be seen that
several bands are crossing the Fermi level. The spin-orbit
interaction may have caused a different Fermi level nesting
between the two materials. As mentioned above, the SOC is
larger in TaRh;B,. We calculated the electronic structure of
NbRh;B; and TaRh,;B; using 200x200 k meshes and the
GGA+SO0 functional to extract the Fermi surfaces at three
different k, values. The result is shown in Fig. 10. The splitting
of bands due to SOC is clearly stronger in TaRh,;B,, and
the Fermi surface nesting is quite different for the two com-
pounds. For example, the sixfold symmetric Fermi surface for
TaRh;B, appears to have a better nesting condition compared
to NbRh,B,.

IV. SUMMARY

In summary, we have performed !'B-NMR measurements
on the non-centrosymmetric superconductors NbRh,B, and

TaRh, B, with chiral structures. In both compounds, we found
that 1/71T increases with decreasing 7 at low temperatures.
On the other hand, the Knight shift was constant at low
temperatures for both compounds. These results point to the
existence of antiferromagnetic spin correlations. Furthermore,
the magnitude of the spin correlation is much more significant
for TaRh;B, than NbRh;B,. It is not usual for compounds
containing heavy elements to have stronger spin correlations.
It is necessary to consider the possibility that spin-orbit in-
teractions enhance spin correlations in this system. We hope
that our results will stimulate more works in this direction. In
the superconducting state, no coherence peak was observed in
1/T; just below T, suggesting unconventional superconduc-
tivity.
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