Absence of strong magnetic fluctuations or interactions in the normal state of LaNiGa,
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We present nuclear magnetic (NMR) and quadrupole (NQR) resonance and magnetization data
in the normal state of the topological crystalline superconductor LaNiGaz. We find no evidence
of significant magnetic fluctuations or enhanced paramagnetism. These results suggest that the
time-reversal symmetry breaking previously reported in the superconducting state of this material

is not driven by strong electron correlations.

I. INTRODUCTION

The emergence of unconventional superconductivity
is generally accepted to be a consequence of electron-
electron interactions in materials that usually exhibit
strong magnetic correlations in the normal state [1].
These correlations can also play an important role in the
behavior of the class of unconventional superconductors
that break time-reversal symmetry (TRS) in the super-
conducting state. This property reveals important in-
formation about the nature of the superconducting con-
densate, such as triplet pairing, or if there are multiple
components of the superconducting order parameter [2—
5]. The vast majority of superconductors do not exhibit
TRS breaking, however those that do may have non-
trivial topological properties that could support Majo-
rana zero modes, which potentially could be exploited as
dissipationless qubits for quantum computing [6, 7]. De-
termining the presence and origin of TRS breaking in the
superconducting state is challenging, because the associ-
ated magnetic field is typically very small and is usually
detected only via muon spin relaxation (uSR) [8, 9] or
polar Kerr effects [10].

The intermetallic superconductor LaNiGas has re-
cently attracted attention because puSR experiments in
this material uncovered TRS breaking in the supercon-
ducting state below T, = 2.1 K [11]. This material has a
similar stoichiometry as LaNiCsy [12], which also exhibits
TRS breaking due to a combination of spin-orbit cou-
pling and a non-centrosymmetric structure [13]. How-
ever, LaNiGay is centrosymmetric and recent penetra-
tion depth, specific heat, and SR measurements have
revealed multiple, nodeless gaps [14-16]. A recent single
crystal study revealed that LaNiGasy actually has a non-
symmorphic crystal structure that gives rise to a non-
trivial band topology [17] with band-degeneracies at the
Fermi level. This electronic structure can support in-
terband pairing and a superconducting order parameter
that can be antisymmetric in the band channel, allowing
for fully-gapped equal-spin pairs.

An important open question is what drives the im-
balance between two equal-spin gaps resulting in the
time-reversal symmetry breaking that was observed be-
low T, [11]. Non-unitary multiorbital superconductiv-
ity may arise from competing interactions [18], and spin
fluctuations are generally present in the normal state of
unconventional superconductors [1, 19]. It is therefore
important to investigate the strength of electron correla-
tions that may be present in the normal state of LaNiGas.
Here we report nuclear magnetic resonance (NMR), nu-
clear quadrupole resonance (NQR), bulk magnetization,
and X-ray photoelectron spectroscopy (XPS) measure-
ments, as well as density-functional theory (DFT) cal-
culations, that reveal the absence of any significant spin
fluctuations or Stoner enhancement, suggesting that elec-
tron correlation effects in this material are weak and
therefore unlikely to play a role in the unusual super-
conducting pairing.

II. METHODS

Single crystals of LaNiGay were grown via flux meth-
ods as described in [17]. This material has one La site and
two crystallographically distinct Ga sites [dubbed Ga(1)
and Ga(2) hereafter], as illustrated in Fig. 1(a). Magne-
tization measurements were performed with a Magnetic
Property Measurement System (MPMS, Quantum De-
sign) in the temperature range of 2K to 300 K. Because
the magnetic susceptibility is relatively small, we pre-
pared a mosaic of co-aligned single crystals, allowing for
a larger signal.

XPS measurements were performed using a lab-based
XPS setup (Kratos Axis Supra). The Ga 2pg/, core levels
were obtained using an Al K-« source and Ag L-« on the
single crystals at room temperature.

For the NMR measurements, three single crystals were
aligned to make a mosaic with dimensions 1.3 x 0.5 x 0.5
mm?, secured in an coil, and placed in an external field
in a cryostat. The resonance frequencies are determined



by the Hamiltonian:
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where v is the gyromagnetic ratio, h (%) is the Planck (re-
duced Planck) constant, 1 is the nuclear spin angular mo-
mentum operator, Hy is the external magnetic field vec-
tor, K is the NMR shift tensor, 7 = (Vg —vyy)/V22 is the
asymmetry parameter, and Voo = 3eQV,a/21(2 — 1)h
are the principal values of the electric field gradient
(EFG) tensor, V3, (where o and § stand for one of the
three directions of the principal axes of the EFG ten-
sor), I is the nuclear spin quantum number, and @ is
the nuclear quadrupolar moment. The NMR parameters
for each isotope is given in Table I. NMR spectra were
measured by integrating the echo intensity as a function
of frequency in either a field of pugHy = 11.7286 T or 7.0
T at 5 K for fields both parallel and perpendicular to the
b-axis. The Knight shift and EFG components, K, and
Vaa, Were determined by fitting the full spectra to exact
diagonalization results for Eq. 1 for various orientations
of Hy. NQR spectra were acquired at zero applied field
at 4 K by integrating the Fourier transform of the echo
intensity as a function of frequency.

The spin-lattice relaxation rate, T ! was measured
by NMR using the inversion recovery method at the
central transition (I, = +1/2 «+ —1/2) of 3%La and
9Ga(1) sites as a function of temperature in a mag-
netic field of 7 T. The recovery of nuclear magnetiza-
tion after inversion for the 3%La site was fitted to the
standard expression for a nuclear spin I = 7/2 sys-
tem: M(t) =My (1—2f, Aye=nt/T1) where M, is
the equilibrium nuclear magnetization, f is the inversion
fraction, 41 = 1225/1716, Ay = 75/364, A3 = 3/44,
Ay =1/84, ay =28, ag = 15, ag = 6, and gy = 1. For
the 59Ga(1) site with a nuclear spin I = 3/2, the recov-
ery was fitted using A; = 9/10, A2 = 1/10, a; = 6, and
Qo = 1.

We performed density-functional theory (DFT)-based
calculations for LaNiGay using the all-electron full-
potential code, Wien2k [20]. The exchange-correlation
functional used was the Perdew-Burke-Erznerhof ver-
sion of the generalized gradient approximation (PBE-
GGA) [21]. The number of plane waves was limited by a
cut-off set by Ryt Kmar = 7 and the muffin-tin radii used
were 2.5 a.u. for La, 2.32 a.u. for Ni, and 2.20 a.u. for
Ga the atoms. In order to obtain the EFG tensors, we
used a very fine k-mesh of 34 x 34 x 33 in the irreducible

TABLE I. NMR parameters for the three isotopes measured
in LaNiGas.

isotope 13978 59Ga Ga
abundance 99.1% 60% 40%

I 7/2 3/2 3/2
~v/2r (MHz/T) 6.0146 10.219 12.985
Q (barn) 0.21 0.178 0.112
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FIG. 1. (a) Unit cell of LaNiGaz. (b) NQR spectrum mea-
sured at 4 K of a powdered sample. The "*Ga(1) resonance
near 2.5 MHz is not shown.
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FIG. 2. (a) Susceptibility as a function of temperature of an
aligned mosaic of single crystals of LaNiGas with the mag-
netic field along the a, b and ¢ axes. (b) The Knight shift K
and (c) the spin-lattice relaxation rate divided by tempera-
ture (T1T) ! plotted against temperature for both the 39La
and %°Ga(1) sites for the field along the b axis.

Brillouin zone.



III. RESULTS
A. Stoner enhancement factor

Figure 2(a) shows the DC magnetic susceptibility of a
mosaic of LaNiGay single crystals with an applied mag-
netic field of 7T along the a, b and ¢ axes. The suscep-
tibility appears to be almost temperature-independent,
suggesting Pauli paramagnetic behavior. By averag-
ing the susceptibility values across the entire temper-
ature range, we obtain susceptibilities of 2.17 x 1074,
2.26 x 10~ and 2.05 x 10~* e.m.u./mol along the a, b
and c axes, respectively.

In general, the measured temperature-independent
susceptibility Xmeqs consists of two components: the
paramagnetic contribution from conduction electrons,
xp, and the diamagnetic contribution, yp, from the
atomic cores. According to DFT calculations, the Ni
3d band is filled [29]. We therefore can estimate the
Langevin diamagnetic susceptibility of Ni3d" by ex-
trapolating from that of other ions with the same 3d
electron configuration, such as Cu™t, Zn?*, Ga®*, and
Ge'™ [30]. This gives a value of xp, a0 = —19 x

107%e.m.u./mol.  For the La site we use xp .+ =
—20 x 1075 e.m.u./mol [31].

In order to determine the diamagnetic contribu-
tion from the Ga, we first performed XPS to deter-
mine the Ga electronic configuration. Figure Al in
the appendix shows sub-peaks corresponding to neu-
tral Ga(0) (BE=1116.4eV) [32, 33] and Ga(IIl) (BE=
1117.8€V) [32, 33]. The Ga(III) peak shows significant
attenuation between freshly cleaved (Fig. A1(b)) and air-
exposed samples (Fig. Al(a)) with the binding energy
matching well with literature values for GasO3 [32, 33].
This observation agrees with the species being a surface
oxide as seen by changing to a Ag L-« source (Fig. Al(c))
wherein the relative ratio of the peaks changes to be
more bulk dominated [34]. We conclude that the bulk
oxidation state of Ga is neutral, therefore xp g.0 =
—32 x 107%e.m.u./mol [30]. This yields a total diamag-
netic susceptibility xp = —10.3 x 107° e.m.u./mol for
LaNiGas.

The Pauli susceptibility of a free electron gas is given
by xp = (3u0u23106/4ﬂ3k;]23) vs, where g is the Som-
merfeld coefficient. Using vg = 14.1mJ-mol~1-K=2 [17],
we obtain xyp = 1.93 x 10~* e.m.u./mol. Using the values
for xp and xp, we can now extract the Stoner enhance-
ment factor, Z, from the measured susceptibility via the
relation:

1 meas
_ X XD. 2)

1-Z Xp

We find Z = 0.40, 0.41, and 0.37 along the a, b, and c axes
respectively. These Z values are smaller than the Stoner
limit (Z = 1) and comparable with the estimated value
of copper, Z = 0.26 (using 75=0.505 mJ-mol~!-K~2 [35]
and xo = —14.85 x 107 %e.m.u./mol [30]). These results

thus indicate that there is no significant enhancement
of the paramagnetic susceptibility due to ferromagnetic
interactions.

B. Magnetic Resonance
1. Electric Field Gradient

Fig. 1(b) shows the NQR spectrum measured at 4 K.
There are several peaks, and it is not obvious a priori
which transitions correspond to which site. In an ap-
plied field the '3°La NMR spectrum (Fig. Bl in the
appendix) reveals seven transitions at frequencies split
by Vaa. These splittings enable us to identify the EFG
at the La site and hence the three peaks in blue shown
in the NQR spectrum. The fitted values of the ten-
sor elements are given in Table. II. The EFG vector
(the direction corresponding to the largest eigenvalue
of the EFG tensor) lies along the b-direction. How-
ever, the EFG asymmetry paramter is remarkably small:
1n = 0.04 £ 0.01. This indicates that the three La peaks
in Fig. 1(b) approximately correspond to the three tran-
sitions of I, = +£1/2 + +3/2, I, = £3/2 < +£5/2,
and I, = £5/2 < £7/2 from low to high frequency
peaks. The NQR frequency of the La is similar to that
observed in LaNiCs, which has a similar structure but is
non-centrosymmetric [36].

The remaining resonances in the NQR spectrum are
due to the transition of I, = £1/2 +» +3/2 at the two
Ga sites in the unit cell [Ga(1) and Ga(2) in Fig.1(a)],
which each have two spin 3/2 isotopes (*Ga and "'Ga),
giving us in total four transition peaks. To identify the
EFG at these sites, we performed NMR in an applied field
as a function of angle, as discussed in the appendix. The
fitted values of the EFG are given in Table II. There is a
large asymmetry parameter 7 for both sites, reflecting the
orthorhombic nature of the local electronic environment.
The EFG vector for one of the two Ga sites lies along the
b-axis, similar to the La site, however for the other site
the EFG vector lies along the c-axis.

In order to discern the transitions for the two different
sites and two isotopes, we turn to the DFT calculations,
whose values are given in Table II. For both the La and
Ga(1) sites, the EFG vector lies along the b-axis, but
for the Ga(2) site it lies along the c-axis, enabling us
to assign the two Ga resonances. We find that the lower
frequency peak with Gqu = 3.94+0.01 MHz corresponds
to the Ga(l) site, and the higher frequency peak with
9o = 9.70 & 0.01 MHz corresponds to the Ga(2) site.
The observed and theoretical values are within 20% of
each other.

The NQR spectrum in Fig. 1(b) also reveals a smaller
third resonance near 11 MHz. The origin of this third
resonance is unknown, although the NQR frequency is
close to that of pure ?Ga metal [37]. It may also arise
from an impurity phase, such as LaNiGa which is close
to the composition of the flux and has been detected in
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FIG. 3. The Korringa ratio, T1TK? /Sy, versus temperature for LaNiGas (for field along the b direction) compared with data
for LiFeAs [22], UTes [23], UNixAls [24], LaCrGes [25], K2CrzAss [26], UPts [27], and SroRuO4 [28].

TABLE II. EFG parameters for the Ga(1), Ga(2) and La sites in LaNiGay determined from NQR and NMR spectra. (a,b,c)

correspond to the unit cell axes shown in Fig. Bl(a). vg is defined as v..\/1 + n?/3, where v.. is the largest eigenvalue.
Computed values are from band structure calculations as described in the text.

site Vaa (MHz) vey (MHz) Vee (MHz) vg (MHz) n

Ga(1l) measured —2.61 £0.01 3.86 £ 0.01 —1.25+£0.01 3.94+£0.01 0.35+£0.01
Ga(1) computed —1.091 4.332 —3.241 4.506 0.496
Ga(2) measured —0.78 £ 0.01 —7.99 +£0.01 8.77+£0.01 9.70 £ 0.01 0.82 +£0.01
Ga(2) computed —0.060 —7.011 7.072 8.131 0.983

La measured —0.86 £ 0.01 1.65 £0.01 —0.80 £ 0.01 1.71 £0.01 0.04 +£0.01
La computed —0.948 1.907 —0.959 1.907 0.005

powder x-ray diffraction [17]. The lower "*Ga resonance
near 2.5 MHz was not obtained due to the limitations of
the tuning range of the resonance tank circuit.

2. Knight Shift and Spin-Lattice Relaxation Rate

The temperature dependence of the magnetic Knight
shift along the b direction, Ky, is shown in Fig. 2(b)
for both the 13%La and 9Ga(1) sites. The shift is largely
temperature-independent up to 100 K, and exhibits a
small increase (~ 20%) between 100-300 K for both sites.
The shift arises due to hyperfine couplings between the



nuclear spin and both the orbital and the Pauli spin com-
ponents of the susceptibility [38]. In general, the shift can
be written as: K = K, + K, where K, = Bpxp and
K, = Bpyxp are orbital and spin contributions to the
shift, and Bp p are the hyperfine coupling constants to
these degrees of freedom. In materials where K and x
vary with temperature, it is possible to extract Bp by
plotting K versus Yy, but the temperature independence
of these quantities precludes this approach in this case.
It is therefore not straightforward to determine what por-
tion of Ky arises due to orbital versus spin contributions.

Fig. 2(c) displays the temperature dependence of
the spin-lattice relaxation rate divided by temperature,
(T'T)~1, measured with field along the b direction. There
is little to no temperature dependence evident for either
site, however the small increase in (T17)~! with decreas-
ing temperature could herald the presence of some weak
magnetic correlations. There is a small increase in the La
relaxation rate near 5 K. This feature is even weaker in
the Ga relaxation rate. The relaxation curves also have
some evidence for stretched behavior, with stretching ex-
ponent 8 = 0.8 near this temperature. This behavior
suggests that there might be some dilute magnetic impu-
rities present that freeze out, although the bulk suscep-
tibility shows no evidence of a Curie contribution from
such impurities [39].

IV. DISCUSSION

Korringa behavior, or temperature-independence of
(IyT)~Y, is a hallmark of conductors and arises
due to spin-flip scattering between the nuclear spins
and the spins of the electrons at the Fermi surface
[40]. For a single hyperfine coupling channel with an
isotropic Fermi-contact type interaction, TY'TK? = Sy
is a temperature independent constant, where Sy =
(Ye/vn)?h/(47kp), and v, is the gyromagnetic ratio of
the electron/nucleus. Figure 3 displays the Korringa ra-
tio, TA'TKpZ,/So, for both the ¥9La and %°Ga(1) sites
in LaNiGag as a function of temperature, and compares
this quantity with several other materials. In principle
we should use Ky = K, — K, rather than Kj,, however
we are unable to independently measure K,. As a result,
this discrepancy likely gives rise to the fact that the ratio
is different than unity for the ®*Ga(1) and 13°La sites.

In the presence of exchange enhancements of the con-
duction electron spin susceptibility, the Korringa ratio
can deviate strongly from unity [41, 42]. For the sim-
plified case of a single, spherical Fermi surface, the size
of the ratio can be directly related to the Stoner en-
hancement factor. In this case, a ratio greater than
unity heralds ferromagnetic fluctuations, whereas a ratio
less than unity indicates antiferromagnetic fluctuations.
This trend is evident in Fig. 3 for several other mate-
rials known to exhibit either ferromagnetic order or an-
tiferromagnetic fluctuations, including SroRuQOy, which
exhibits TRS breaking in the superconducting state [8],

UPt3, which exhibits non-unitary triplet superconduc-
tivity [2], and KoCrzAss, which exhibits chiral p-wave
superconductivity [26]. Although none of these materi-
als exhibits a single band with a spherical Fermi surface,
it is clear that LaNiGay is qualitatively different, with
a temperature-independent ratio that is fairly close to
unity for both the 39La and %°Ga sites.

Further evidence for a lack of correlations is provided
by the fact that the measured EFG values are relatively
close to those computed by the DFT band structure. In
materials that exhibit strong correlations, the measured
EFGs can differ significantly from those computed via
band structure [43, 44]. The calculations used here for
LaNiGas did not include any Coulomb repulsion terms,
but still are within 20% with the measured values. This
fact suggests that correlations are relatively small in this
material.

In summary, we find that LaNiGas does not exhibit
any significant Stoner enhancement but only weak spin
fluctuations. The unusual superconducting state with an
imbalance between equal-spin pairing gaps most likely
does not arise from large electronic interactions that
are believed to drive unconventional superconductivity
in many strongly correlated systems. The topological
band structure, with degenerate bands at the Fermi
level, can enable equal-spin pairing gaps, as described in
Ref. [14, 17]. The role of topology to induce TRS break-
ing in LaNiGag remains an open theoretical question. An
alternative explanation for the TRS breaking observed
in uSR could be that there is conventional spin-singlet
pairing with another nearly degenerate superconducting
state, resulting in complex combinations of supercon-
ducting states being stabilized near impurities [45], or
local defects such as grain boundaries or vacancies could
affect the phase factors of the multiple gap functions lead-
ing to spontaneous current patterns [46]. Our results mo-
tivate revisiting uSR studies on single crystals to better
understand the TRS breaking. Future NMR experiments
below T, may shed light on the nature of the unusual
pairing gaps in this system.
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Appendix A: XPS

Fig. Al displays a series of Ga 2p3/5 core level spec-
tra under different conditions with different degrees of
surface versus bulk sensitivity. The spectra were then
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FIG. Al. Fig 1: X-ray Photoemission Spectroscopy of Ga-
2ps/2 in LaNiGag. (a) Air-exposed spectrum; (b) Spectrum
of the same sample cleaved ex-situ before measurement; and
(c) Spectrum of the sample as in (b) but with Ag L-a source.

fit with a Shirley background [47] and two Voigt line-
shapes each corresponding to surface and bulk species.
The binding energies across data sets (air-exposed vs
freshly cleaved vs Ag source) were kept consistent. The
binding energies were calibrated to a reference gold 4f
spectrum. The Lorentzian width and Gaussian widths of
the gold reference were found to be 0.385 eV and 0.339
eV, respectively.

Appendix B: NMR

In a magnetic field, the La spectrum is split into seven
resonances as shown in Fig. B1l. The Ga, on the other
hand, is split into three resonances for each site, as shown
for 99Ga for field along the b-axis in Fig. B2(a). This
spectrum shows two sets of quadrupolar satellites, and
narrow overlapping central resonances. To better deter-
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FIG. B1. "La NMR spectra in LaNiGas in an external mag-
netic field of poHo = 11.7286 T at 5 K for fields parallel and
perpendicular to b. The filled regions show a fit to the spectra
to an exact diagonalization of Eq. 1.

mine the EFG tensor elements, we measured the spec-
trum as a function of field orientation in the ac plane, as
shown in Fig. B2(b) for the central transition. There are
three resonances visible, and their angular dependence is
shown in Fig. B3. Two of the peaks have roughly equal
intensity, and there is a third peak at lower frequency
with slightly lower intensity. The origin of this third
peak is unknown, and we do not observe any associated
quadrupolar satellite peaks. The angular dependence of
the central and satellite peaks were globally fit for each
site using perturbation theory to extract the EFG tensor
elements, v,, and v.. in Eq. 1, and the fitted values are
given in Table II.
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