PRL 118, 236403 (2017)

PHYSICAL REVIEW LETTERS

week ending
9 JUNE 2017

Emergent Weyl Fermion Excitations in TaP Explored by '3 Ta Quadrupole Resonance
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The '8'Ta quadrupole resonance [nuclear quadrupole resonance (NQR)] technique is utilized to
investigate the microscopic magnetic properties of the Weyl semimetal TaP. We find three zero-field NQR
signals associated with the transition between the quadrupole split levels for Ta with I = 7/2 nuclear spin.
A quadrupole coupling constant, vy = 19.250 MHz, and an asymmetric parameter of the electric field
gradient, n = 0.423, are extracted, in good agreement with band structure calculations. In order to examine
the magnetic excitations, the temperature dependence of the spin-lattice relaxation rate (1/7,T) is
measured for the f, line (+5/2 <> +3/2 transition). We find that there exist two regimes with quite
different relaxation processes. Above T* = 30 K, a pronounced (1/7,T) « T? behavior is found, which is
attributed to the magnetic excitations at the Weyl nodes with temperature-dependent orbital hyperfine
coupling. Below T%, the relaxation is mainly governed by a Korringa process with 1/7,T = const,
accompanied by an additional 7~'/2-type dependence to fit our experimental data. We show that Ta NQR is
a novel probe for the bulk Weyl fermions and their excitations.
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The past decade has seen an explosion of interest in the
role of topology in condensed matter physics. Major
discoveries have included two-dimensional graphene [1]
and the topological insulators (e.g., HgTe or Bi,Se;) [2—4],
whose topological properties require the existence of
gapless surface states. Many of the new materials host
exotic excitations whose observation can be regarded as
direct experimental evidence for the existence of quasi-
particles. Arguably, the most topical of the new classes of
materials are Dirac and Weyl semimetals, which are
predicted to host topologically protected states in the bulk
[5]. In Dirac semimetals [5-7] (e.g., Cd,As; or NazBi),
each node contains fermions of two opposite chiralities,
whereas in the Weyl semimetals (WSM) [8—12], an even
more interesting situation arises. A combination of non-
centrosymmetric crystal structure and sizable spin-orbit
coupling (SOC) causes the nodes to split into pairs of
opposite chirality (Weyl points). In the ideal case, there
would be exactly half filling of the relevant bands, such that
the Weyl points would sit at the Fermi level (Ey) and the
Weyl fermions would be massless. In actuality, in Weyl
semimetals such as the d-electron monophosphides NbP
and TaP, £ does not exactly coincide with the Weyl nodes
[9,10,12]. However, if the nodes sit close enough to E, in a
region of linear dispersion (E « k), the Weyl physics can
still be observed in the excitations in the energy window
kgT. A key issue in the study of the monophosphides is
therefore to establish how close to the Fermi level the Weyl
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points sit and to estimate the range of energy over which the
linear dispersion exists. This presents a considerable
experimental challenge. The nodes appear in the electronic
structure of the bulk, and the materials are fully three-
dimensional, so the surface-sensitive techniques that have
yielded immense insight into other topological physics are
not ideally suited to studying the Weyl points. Primarily,
one would like to identify a bulk probe that can excite the
Weyl fermions and probe the linear dispersion E « k
indirectly via its energy dependence of the density of
states around the Fermi level, which is N(E) « E? for a
Weyl node [5]. The magnetic resonance method, in general,
has the ability to probe N (E) and was applied successfully
to systems like unconventional superconductors (e.g.,
UPt3) [13-16] or correlated magnetic semimetals [17]
(e.g., SmBg [18] or CeRuySng [19]). In particular, for
unconventional superconductors, the nuclear quadrupole
resonance (NQR) spin-lattice relaxation provides informa-
tion about N(E) around the E and allows us to distinguish
between point nodes [N(E) «x E?] and line nodes
[N(E) « E] [16]. Therefore, NQR should be a good tool
to study the low-energy spin excitations in a Weyl semi-
metal and is the focus of our presented work (for NMR on
topological systems, in general, and for Ta NQR, in
particular, see Supplemental Material [20], which includes
Refs. [21-26]). Assuming that some of the Weyl points are
energetically not too far from Ep, NQR can probe the
magnetic excitations of emergent Weyl fermions via the
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temperature dependence of the spin-lattice relaxation rate
(1/T,T). Furthermore, a characteristic temperature depend-
ence of the hyperfine coupling between the nuclear spin
and electric orbitals near the Weyl nodes has theoretically
been predicted which modifies the temperature dependence
of (1/T,T) in a special manner [27]. In fact, TaP has been
known to have two sets of Weyl nodes, one located 41 meV
(476 K) below Ef and the other is located 13 meV (151 K)
above Ep [12]. Accordingly, for temperatures coinciding
with the Weyl nodes, excitations associated with the Weyl
fermions are expected. Here, we present such characteristic
excitations via Ta NQR experiments and explore the
emergent Weyl fermion excitations in TaP.

Samples used in the present NQR study were prepared
by the chemical transport method. In a first step, TaP was
synthesized by direct reaction of the elements tantalum
(Alfa Aesar 99.98%) and red phosphorus (Alfa Aesar
99.999%) at 500°C and 600°C in an evacuated fused
silica tube for 72 h. Starting from this microcrystalline
powder, TaP was crystallized by a chemical transport
reaction (CTR) in a temperature gradient from 900 °C
(source) to 1000°C (sink) and a transport agent concen-
tration of 13 mg/cm’® iodine (Alfa Aesar 99.998%).
Crystals obtained by the CTR method were characterized
by electron-probe microanalysis and powder x-ray diffrac-
tion (for more details, see Supplemental Material [20]).

The NQR experiments were carried out with either a
high-quality single crystal or powder prepared from single
crystals. The NQR spectra and 1/7TT were measured using
a standard pulsed NMR (nuclear magnetic resonance)
apparatus. The spectra were taken using the frequency
sweep method under zero applied magnetic field. In order
to avoid any artificial broadening, fast Fourier transformed
(FFT) signals were summed across the spectrum (FFT
summation) or the real part was integrated after a proper
phase adjustment. Since 7’| is extremely long in TaP
(typically several hundred seconds at low temperatures),
we employed the progressive saturation method to measure
the temperature dependence of 1/7T,T [28]. The recovery
of nuclear magnetization was fitted to the theoretical
function [29] for the magnetic relaxation in NQR lines:

M, (1) = My[l — (Qle(—Kll/Tl) + Qyel=Kat/T1)
+ Q3e(—K3’/T|))]’ (1)

where Q, and K, are constants depending on which NQR
transition is excited and the asymmetry parameter of the
electric field gradient (EFG). Using a set of principal axes,
the quadrupole Hamiltonian can be written as [30]

e’qQ

1
= P=II+1)+=n(%-1I? 2

where eq is the largest component of the EFG tensor
V.. and eQ is the nuclear quadrupole moment. The EFG
tensor is generally defined as [V_|2>[V,[> [V,

with the asymmetry parameter 5 = (V,, —V,,)/V_..
The quadrupole-split nuclear energy levels E,, and the
resultant transition frequencies can be readily calculated
numerically by diagonalizing Eq. (2). For 5 = 0, the energy
levels can simply be expressed as

1 3¢’qQ
E, = —-hvo[3m*> —I(I + 1 = 3
m 6 Z/Q[ m ( + )}’ Z/Q hzl(l_l)’ ( )

where v, is the quadrupole coupling constant. The NQR
occurs for the transition between two levels m and
m+ 1, and the resonance condition can be written as
fo =vo(2|m| + 1)/2. Therefore, for n =0, three NQR
lines for I = 7/2 are expected at vy, 2vy, and 3v,y with
equal spacing.

We searched for the NQR signal in TaP powder in a
frequency range from 20 to 80 MHz at 4.2 K and found
three resonance lines. The observed '8 Ta NQR spectra at
4.2 and 40 K are shown in Figs. 1(a) and 1(b). One can
immediately observe that the three lines are not equally
spaced, meaning that the value of # is sizable. By fitting
each line at 4.2 K to a Lorentzian, we obtained the
peak frequencies f; =28.95 MHz, f, =36.08 MHz,
and f3 = 56.67 MHz. Although the full width at half
maximum (FWHM) of the spectra is about 800 kHz, the
line profiles are Lorentzian with long spectral tails. This
implies that the EFG has a rather broad distribution. Since
the Ta nuclear quadrupole moment is quite large (besides
rare-earth and actinide elements, the '8! Ta nucleus has the
second-largest Q value), the NQR spectrum can be broad-
ened easily by merely a slight local inhomogeneity or
nonstoichiometry in the composition. A least-squares fit of
the observed peak frequency to the theoretical quadrupole
interaction obtained from exact diagonalization gives us

T T T T T T
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Normalized NQR intensity
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FIG. 1. Typical '8'Ta NQR spectra in TaP obtained from the
spin-echo real part integration at 40 (a) and 4.2 K (b). The data
were taken in 0.1 MHz steps across the spectrum. The lines f,
f>, and f5 correspond to +3/2 <> +1/2, +£5/2 <> £3/2, and
+7/2 <> £5/2 transitions, respectively.
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vo = 19.250 MHz and 5 = 0.423. The same results were
also obtained for a small single crystal at 4.2 K. We also
measured the spectra up to 80 K and found that there is no
appreciable temperature dependence of the # value but v,
has a gradual decrease with increasing temperature [31]
(see Supplemental Material [20] for more details).

In order to extract the quadrupole interaction in TaP
theoretically, we performed band structure calculations
using the density functional theory (DFT) code FPLO
[32]. We used the Perdew-Wang parametrization of the
local density approximation for the exchange-correlation
functional [33,34]. The strong SOC in TaP is taken into
account by performing full-relativistic calculations,
wherein the Dirac Hamiltonian with a general potential
is solved. The treatment of a finite nucleus is imple-
mented in the code, necessary for accurate estimation of
NQR parameters [35]. As a basis set, we chose Ta
(4f/555p6s7s8s5d6d7d6pTp5f) and P (252p3s4s5s3
pAp5p3dad4f) semicore or valence states. The higher-
lying states of the basis set are essentially important for the
calculation of the EFG tensor with components V;; =
92V /0x;0x;. The low-lying states were treated fully
relativistically as core states. A well-converged k mesh
in 1210 k points was used in the irreducible part of the
Brillouin zone. Theoretically, the quadrupole coupling v,
can be obtained by calculating the EFG at the Ta nuclear
site which is defined as the second partial derivative of the
electrostatic potential v(r) at the position of the nucleus
Vi; = [0;0,v(0) — Ad;;v(0)/3]. Our calculations result in
Vi =—1186 x 10! V/m?, V,, = -2.354 x 10! V/m?,
and V_, = 3.540 x 10?! V/m?, where the principal axis of
the EFG is [100] for one Ta atom and [010] for the second
Ta atom in the unit cell. Using these values and Eq. (2), we
obtained vy = 20.057 MHz and » = 0.33. These theoreti-
cal values are in good agreement with the experimental
values, assuring that our line assignment to the quadrupole
transitions is correct.

Before discussing the temperature dependence of 1/7, T,
we have to make sure that the relaxation is governed by the
magnetic fluctuations associated with the conduction elec-
trons, although the density is quite small in semimetals. To
answer this, we have made careful measurements of the
time dependence of the recovery of nuclear magnetization
from saturation to thermal equilibrium for all temperatures
and NQR lines. Then, assuming that magnetic fluctuations
are responsible for the nuclear relaxation process, the
relaxation curves were fitted to Eq. (1) using calculated
prefactors and exponents (Table I) for the observed value of
n = 0.423. The experimental results and fitted curves are
shown in Fig. 2. Here, we have a perfect match between the
two for all temperatures and NQR lines, providing very
strong evidence that the relaxation process is totally
governed by magnetic fluctuations and yielding assurance
to the accuracy of the T, values that were extracted. It
should also be noted that there exists no impurity

TABLE I. The calculated prefactors and exponents in Eq. (1)
for n = 0.423, used for the least-squares fit shown in Fig. 2.

K, =3.01028, K, = 8.7084, K5 = 17.42483

filine  Q; =005073  Q,=045677 Qs = 0.49250
faline 0, =007624 0, =002126 Q5 = 0.90250
fyline 0, =019320 Q,=051185 Q5 =0.29495

contribution to the relaxation process at low temperatures
based on the following facts: (i) The recovery curves are
governed by only one single relaxation process even in the
low-temperature regime, (ii) the chemical element analysis
detects no magnetic impurities (Fe, Co, Ni, Mn, Cr) in the
limit of the instrumental resolution (< 10 ppm for each
element), and (iii) the overall small and diamagnetic bulk
susceptibility of the TaP polycrystalline NQR sample
shows a rather small paramagnetic increase below 20 K
which may be due to a 50 ppm level of magnetic impurities,
but the electron spin resonance (ESR) could not confirm
this. Therefore, we could not rule out completely the
existence of a finite impurity concentration, but on that
level it will not effect the NQR results presented (see
Supplemental Material [20]).

The temperature dependence of 1/7,T has been mea-
sured mainly for the f, line, and the obtained result is
shown in Fig. 3(a). One can immediately observe that there

(a) £, line T=100.0K

= (b) f, line E
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- ML s i ha' 'Y | | L | | E

3 E (c) £, line E
S E 3
SE E
S E (d)f, line E
:: L aauanl Ll wil ::
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FIG. 2. Recovery of the nuclear magnetization M,,(t) measured
by the NQR intensity after saturation to the thermal equilibrium
value for the f5 line at 100 (a), 50 (b), and 4.25 K (c), the f line
at 4.25 K (d), and the f5 line at 4.25 K (e). The red curves are the
least-squares fit of the data derived using Eq. (1). The perfect fit
in all cases demonstrates the fact that the relaxation is governed
by magnetic fluctuations.
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FIG. 3. (a) The temperature dependence of 1/7;T of TaP along

with the schematics of the band structure. At 7% ~ 30 K, the
relaxation process crosses over between two different regimes.
(b) Schematic illustration of Eq. (5): Curves (1), (2), and (3) are
expected temperature dependence from the second term (Weyl
nodes) not including the exponent, while curve (4) includes the
exponent. The 7-!/2 dependence associated with the conven-
tional bands is depicted by curve (5). The magenta curve is the
total relaxation behavior expected from Eq. (5) and matches the
experimental results.

exists a characteristic temperature 7* =~ 30 K, where the
relaxation process has a crossover from a high-temperature
T? behavior (which is presumably associated with the
excitations in the nodal structure of Weyl points) to the
low-temperature Korringa excitations [36] for parabolic
bands [E « k> and N(E) « +/E] with a weak temperature
dependence.

Quite generally, 1 /7T can be expressed using the wave-
vector- (¢) and frequency- (w) dependent magnetic sus-
ceptibility y(g, w), characterizing the magnetic excitations
in a system as [37]

_ 2pkg X (g o
— d AL (4)
T 92/‘13 zq:

where | (¢, ®) is the transverse component of the imagi-
nary part of y(q, @), y, is the nuclear gyromagnetic ratio, A,
is the g-dependent hyperfine coupling constant, and w,, is the
resonance frequency. Presently, a proper microscopic theory
to accurately calculate y(g,w) for multiband systems is
lacking (see the discussion in Supplemental Material [20],
which includes Refs. [34,38,39]). Consequently, we have
evaluated a theoretical estimate for 1/7,7 based on a
noninteracting itinerant electron approximation, using the
standard DFT. In the band structure of TaP, besides the
normal bands, two types of Weyl points appear. The first set
of Weyl points, termed W1 and located in the k, = O plane,
lie ~40 meV below Ef. The second set of Weyl points, W2,
which lie nearly in the k, = z/c plane (c is the lattice

parameter along z) are ~13 meV above E [12]. This feature
is shown schematically in the inset in Fig. 3(a) (see details in
Supplemental Material [20]). Based on this band structure,
one can easily imagine that the conventional Korringa
process is valid for very low temperatures, with the upper
bound limited by the energy of W2. Upon further increasing
the temperature, excitations at the Weyl node W2 should
become progressively dominant. Then, 1/7,7 may be
phenomenologically expressed in a two-channel relaxation
model by

1 ﬂkB
AhfZ
= SR (AN, (£

valty [ (M2 ey - renae
e (-20). 5)

where the first term corresponds to excitations associated
with parabolic bands (E « k?) via the conventional Korringa
process [36] with the hyperfine coupling constant A};,f. The
second term is characteristic to the excitations of the Weyl
nodes and linear bands (E « k) with A%, Herein, we have
ignored the g dependence. a is the scaling factor. The term
Nw(E) = NoE/[E? — A(0,¢)]'/? depends on the nodal
structure, and f(E) is the Fermi distribution function.
Because of the gap (AE) between W2 and Ef, we include
an activation term exp(—AE/kgT) in the second process.
In general, for the point nodal case, we know A(6, ¢) =
Ay sin@, and N(E) « E?; accordingly, 1/T,T « T*, which
was observed experimentally for a point node supercon-
ductor [37]. Recently, anomalous hyperfine coupling due to
orbital magnetism in the Weyl node has been predicted
theoretically [27], where the orbital contribution to A}‘}[g hasa
1/T dependence. Then, the second term of Eq. (5) becomes
T? exp(—AE/kgT). For the first term (T < 30 K), exper-
imental data show a 7~!/2 temperature dependence, despite
the temperature independence of the Korringa process. The
origin of this is not clear, but we may speculate that
correlation among excited quasiparticles may affect it.
Setting AE/kpg~T* (30 K), the expected temperature
dependence is obtained by summing up the above contri-
butions. As schematically shown in Fig. 3(b), choosing
a=1073, Eq. (5) is in fairly good agreement with the
experiment. In particular, we clearly see a 72 dependence for
T > T* which we believe to be the manifestation of Weyl
fermion excitations near the Weyl points in TaP.

In conclusion, we have reported the observation of a
complete set of '¥'Ta NQR lines in the Weyl semimetal
TaP. All observed NQR lines are consistently assigned to
the transitions between m and (m + 1) states (m = +5/2,
+3/2, and +1/2). From our measurements, we obtain an
asymmetry parameter 7 = 0.423 and a quadrupole cou-
pling constant of vy, = 19.250 MHz. These findings are in
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good agreement with DFT calculations, which provide n =
0.33 and vy = 20.057 MHz. The low-energy excitations as
a function of the temperature were probed through the Ta
spin-lattice relaxation rate (1/7,7T), which shows a pro-
nounced T2 behavior above T* =30K and a T-'/?
behavior below 7*. The relaxation process below T* is
mostly related to the conventional density of states

[N(E) « VE], which yields an almost constant density
of states at Er (Korringa process). However, we have to
postulate correlation effects as an origin for the 7-!/2
behavior below 7% For T > T*, by taking into account
temperature-dependent orbital hyperfine coupling and acti-
vation-type relaxation processes to the W2 points, we were
able to explain the 72 behavior in a convincing way. For the
unique case of the Ta-based WSM, we have shown that the
NQR method is a direct local probe for low-energy Weyl
fermion excitations in the bulk. This is rather important,
because such excitations are one of the main ingredients for
the unconventional electron transport found in these new
materials. It would be interesting to take a deeper look into
other conventional bulk probes such as thermopower to
explore signatures of Weyl fermions and to extend the NQR
study to other Ta-based Weyl and Dirac semimetals.
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