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An ideal Weyl semimetal is characterized by a dispersion in which only Weyl cones intersect the Fermi
level, with low-energy behavior being governed by Weyl fermions. Although ideal Weyl semimetals have long
been anticipated, only a few are realized in nonmagnetic materials. In this study, we confirm the presence
of Weyl-fermion excitations in the ideal Weyl semimetal CuTISe, via a combination of magnetoresistance,
Hall-effect, magnetic-susceptibility, nuclear magnetic resonance (NMR), and muon-spin relaxation (uSR) ex-
periments. Magnetoresistance measurements reveal a negative longitudinal magnetoresistance (LMR), which
scales as B2, while Hall-effect results indicate a predominant contribution from Weyl fermions with a hole-type
charge. Magnetic susceptibility and uSR measurements indicate the lack of any intrinsic spontaneous magnetic
moments down to base temperature. Finally, the NMR results can be modeled by a two-component effective
Hamiltonian, which reproduces well the temperature-dependent **Cu NMR (77T )" factor, shown to scale as
T? below 100 K and as T above 100 K. Overall, we find that the extremely low concentration (10! cm™3) of
carriers in CuTlSe, originates from an ideal nonmagnetic Weyl semimetallic state, persisting up to a thermal
excitation energy of 9 meV (100 K), above which trivial electronic bands close to Er take over. Our findings

highlight CuTlSe, as a new member of the intriguing class of Weyl semimetals.

DOI: 10.1103/PhysRevResearch.6.033229

I. INTRODUCTION

Weyl semimetals continue to attract research interest both
theoretically and experimentally [1]. These materials host
massless Weyl fermions, which are defined by pairs of linearly
dispersing, nondegenerate spin-polarized conduction and va-
lence bands intersecting at isolated locations (Weyl points) in
momentum space [2]. The corresponding quasiparticles, con-
stituting the state’s low-energy excitations, have the properties
of Weyl fermions, as described by the Weyl equation [3,4].
Their transport properties reflect these low-energy excitations.
For instance, as a result of the chiral anomaly, negative longi-
tudinal magnetoresistance (LMR) is a means of identifying a
Weyl semimetal [5].

Materials breaking the time-reversal symmetry (TRS) are
favorable to hosting Weyl fermions [6]. In this case, mag-
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netism plays a key role in determining the topological
behavior of electronic states, either by protecting them or
by stabilizing the topological bands. It is not uncommon for
magnetism to be one of the characteristic emergent properties
that distinguish between different topological materials, as
recently predicted for a large number of compounds [7]. The
presence of a spontaneous magnetic field can be confirmed
through the use of local magnetic probes, such as nuclear
magnetic resonance (NMR) and muon-spin relaxation (uSR).
Lately, NMR has demonstrated a growing potential as a sen-
sitive probe for studying the Weyl-fermion excitations [8—12].
This is due to its energy resolution of the order of microelec-
tronvolts (ueV) which, not only matches well that of electronic
excitations, but is also three orders of magnitude better than
that typically encountered in other electronic probes.
Theoretical investigations indicate that numerous com-
pounds have the potential for hosting Weyl nodes [13].
However, these compounds are frequently accompanied by
trivial electronic bands that also intersect the Fermi level. A
subset of Weyl materials, ideal Weyl semimetals, are specific
types of semimetals where the trivial electronic bands are
away from the Fermi level, thus resulting uniquely in a Weyl
semimetal phase. Compounds that exhibit characteristics of
ideal Weyl semimetals are still quite scarce, with only a hand-
ful having been confirmed so far, as, e.g., MnBi,Tes [14],
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FIG. 1. Magnetoresistance and magnetic susceptibility of CuTlSe,. (a) Temperature-dependent magnetoresistance curves of CuTlSe,
measured at an angle of zero degrees. The negative-curvature low-7 data are typical of Weyl fermion systems. (b) Fit parameters of
magnetoresistance vs temperature illustrate clearly two different regimes across 100 K, here shown in different colors. (c¢) Field- and
temperature-dependent magnetic susceptibility. (main): M vs H curve at 4 K and 250 K, showing diamagnetic behavior and a slight magnetic
impurity. (Inset) Temperature dependence of magnetic susceptibility at B = 5 T. (d) Temperature-dependent Hall coefficient. Similar to panel
(b), close to 100 K there is a change in the character of carriers: from electronlike above 100 K, to holelike below it.

which shows time-reversal symmetry breaking (TRSB) [2].
In this study, we present CuTISe,, an ideal Weyl semimetal
candidate, which preserves TRS [15]. CuTlSe; belongs to the
chalcopyrite family, crystallizing in a body-centered tetrag-
onal structure with space group I142d (No. 122). Density
functional theory (DFT) calculations predict that only a sin-
gle linearly dispersed band crosses Er [15]. Our systematic
investigation of the magnetic properties of CuTISe,, utilizing
both bulk-probe techniques (magnetometry and Hall-effect
measurements), as well as local-probe methods (NMR and
uSR), provide a comprehensive understanding of the magnetic
properties of CuTlSe,, along with the confirmation of the
existence of Weyl-fermion excitations in this compound.

II. NEGATIVE MAGNETORESISTANCE IN CuTISe,

A common signature of Weyl fermions is the Adler-Bell-
Jackiw chiral anomaly [5,16]. This occurs when a single
Weyl fermion couples to an electromagnetic field with B || E
and results in the nonconservation of electric charge [17].
The chiral anomaly can be measured via nonlocal transport
measurements [18] or via classical magnetoresistance mea-
surements, for which theory predicts a negative longitudinal
magnetoresistance (LMR) that scales as B2 [19].

Experimentally, a negative LMR has been reported in many
Weyl semimetals, such as TaAs [20,21], TaP [22], and NbP

[23]. However, the magnitude of the observed negative mag-
netoresistance varies widely: from ~2% in TaP, to ~10% in
NbP, to ~30% in TaAs. Furthermore, in all these systems,
the negative LMR for B || E is accompanied by a large posi-
tive magnetoresistance at other angles. The latter reflects the
electron-hole resonance, which occurs in semimetals whose
conduction is due to both electrons and holes [24]. LMR data
for CuTISe; and their fits at selected temperatures are shown
in Fig. 1(a). Our observations differ from those of the above
systems in several respects.

First, the negative magnetoresistance observed in CuTISe;
is of rather modest magnitude. To model the negative mag-
netoresistance, we fit the curves of MR versus B using the
theoretical formulation of Zhang et al. [21]. Details of this
model can be found in the Appendix. In this case, the mag-
netoresistance is given as the sum of a chiral anomaly term
proportional to Cw, which reflects the Weyl physics, and
a weak Anderson localization (WAL) term proportional to
CwaL, which arises from the disorder-induced scattering. The
temperature evolution of the fit parameters Cyw, Cwar, and
the coherence length I, is reported in Fig. 1(b). At room
temperature, the Cywar term dominates, a feature which can be
explained by the short coherence length /4, here found to be of
the order of 10 nm. However, as the temperature is lowered,
Iy increases and the coherence term Cway, decreases, while
the chiral transport term Cy starts to increase. Below 10 K
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and above the crossover field (B. =~ 3T), the magnetoresis-
tance turns negative (note the downward arms in Fig. 1(a) for
|B] > 3T), indicating that the chiral transport term dominates.

Second, unlike in TaAs, TaP, or NbP, we do not observe
any electron-hole resonance below 100 K. To understand the
lack of such a feature, we calculate the charge-carrier density
in CuTlISe,, as obtained from the Hall-effect measurements.
The results of this calculation are shown in Fig. 1(d), where
the electron densities are of the order of 10" cm™3, i.e., 100
times lower than in TaP [22]. Hence, the weak negative LMR
of CuTISe; can be ascribed to its low carrier density. We end
this section by noting that systems unrelated to Weyl fermions
can also possess negative LMR (see, e.g., Ref. [25]), so other
measurements including NMR and uSR are needed to confirm
the Weyl fermion excitations in CuTISe;.

III. MACROSCOPIC MAGNETIC RESPONSE OF CuTlISe,

The temperature dependence of magnetic susceptibility for
single crystals of CuTlSe; in an external magnetic field of
5 T with H || ¢ is given in the inset of Fig. 1(c). The total
susceptibility can be fitted with

x(T) = xo+ x1/(T — Ow). ey

Here, xo describes a temperature-independent term, while
the x;/(T — ®Ow) term describes the magnetic component.
Equation (1) provides two key insights. First, we note that
the temperature term o in CuTlSe, is negative, indicating
a diamagnetic response, in accordance with the theoretical
prediction for Weyl semimetals [26,27]. Second, we note that
the temperature-dependent susceptibility does not follow the
log(T') dependence predicted for Weyl semimetals [26,27],
but instead it follows a Curie-Weiss law with 6 = 0.25 K.
This indicates an unexpected magnetic behavior (albeit with a
tiny 6y ) of either intrinsic or extrinsic origin.

First, we discuss the possibility of intrinsic magnetism.
According to theory, in CuTISe,, the spatial-inversion sym-
metry is broken on account of its tetragonal distortion and
the ensuing atom displacements [15]. Indeed, x-ray diffrac-
tion measurements conducted at 100 and 295 K (details
in Appendix) confirm that the compound possesses a non-
centrosymmetric structure with point group I42d. Hence,
time-reversal symmetry breaking is not strictly required to re-
alize the Weyl points. Nonetheless, since Cu has two oxidation
states [Cu(I) and Cu(II)], with either O or 1 unpaired electrons,
it is possible that the presence of Cu impurities may modify
the magnetic properties of the majority phase, leading to TRS
breaking and/or other intrinsic magnetic effects in the bulk.

Next, we consider the alternative hypothesis, namely
that the observed susceptibility behavior is due to extrinsic
contaminants in our sample. Note that, since the intrinsic
diamagnetism of CuTlSe, is relatively small, even tiny traces
of paramagnetic contaminants can have disproportionate ef-
fects on the magnetic susceptibility. Conversely, as we show
below, in all the other local-probe measurements, the effect of
impurities, if any, is negligible. We note that, in CuTISe;, Cu
has an oxidation state of +1 (with zero unpaired electrons).
Considering that Cu(I) is diamagnetic, whereas Cu(Il) is
paramagnetic, it is very likely that possible magnetic contam-
inants consist of some compound of Cu(Il).

To confirm whether the x;/(T — Ow) term is due to Cu
(I) contaminants or is intrinsic to CuTISe,, we investigated
the magnetic properties of CuTISe, by utilizing local-probe
techniques, such as NMR and uSR. As we show in the next
section, the combination of both techniques allows us to con-
clude that the upturn in Fig. 1(c) arises from a minority of
extrinsic magnetic contaminants and not from the majority
intrinsic phase.

IV. LACK OF INTRINSIC MAGNETIC MOMENTS
OF ELECTRONIC ORIGIN

Although macroscopic measurements suggest traces of
paramagnetism at low temperatures, we demonstrate that this
is not an intrinsic property of CuTISe,, but rather arises from
a minority phase or impurities.

To investigate the magnetic properties of CuTISe,, we em-
ployed the uSR technique, well known for its high sensitivity
to local magnetic fields [28]. As shown in Fig. 2(a), upon
zero-field (ZF) cooling, the muon-spin depolarization does
not change significantly between 1.5 and 100 K, while larger
changes are clearly seen above 180 K. The ZF-uSR spectra
can be phenomenologically described with a two-component
muon-depolarization function, as detailed in the Appendix.
The majority of muon spins depolarize following a Gaussian
decay with a depolarization rate o = 0.15(1) MHz. At short
times (earlier than 0.01 us), we observe also a rapid decay
of the muon depolarization. On the time scale of Fig. 2(a),
this appears as a reduction of the initial muon asymmetry
(compared to its typical value of ca. 0.25). A rapid decay
of muon depolarization is normally attributed to the presence
of strong and broadly distributed local magnetic fields at the
muon site, here, most likely associated to paramagnetic im-
purities. Measurements in a weak transverse magnetic field,
shown in Fig. 2(b), allow us to evaluate the corresponding
volume fraction of this minority phase as 6(1)%. This value
provides an upper boundary for the magnetic impurity vol-
ume, since other factors (such as the formation of muonium)
may contribute to the missing initial asymmetry.

At the same time, the depolarization rate at the base
temperature of the majority phase is quite small, o =
0.15(1) MHz. Nevertheless, this may still be ascribed to the
contribution of electronic magnetic moments [29]. To check
this assumption, we estimated the dipolar field strength at
the muon site by taking into account the contributions from
the surrounding nuclear moments. As illustrated in Figs. 2(c)
and 2(d), our calculations suggest that there are two classes
of muon sites: low-energy sites, where the muon sits on the
edge of the cell, 1.5 A from a Se atom, and secondary sites,
where the muon sits between a Cu and a Se atom, 1.5 A
apart from the latter. These two classes are close in energy,
with the second one lying ~0.15eV higher. In both cases,
the proximity of muon to Se is reminiscent of the affinity
of muons for oxygen (similar in electronegativity to Se and
belonging to group 16). To reconcile the muon-stopping sites
with the measured spectra, we computed the expected muon-
relaxation rate by using the van Vleck second moment [28].
We obtain a relaxation rate 0 = 0.13(4) MHz (under the same
convention used in the fitting function) for the first class of
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FIG. 2. (a) Zero-field uSR data recorded at 1.5 and 180 K. Time spectra were analyzed with a Gaussian depolarization function, as
described in the text. The instrumental asymmetry was determined to be 0.245. (b) Transverse-field uSR data measured at 180 K in an applied
magnetic field of 3 mT. (c), (d) Schematic illustration of the two types of muon-stopping sites in CuTISe,. (e) Gaussian depolarization rates vs
temperature, measured at different magnetic fields: zero-field and 0.75 T transverse field.

sites and 0.24(4) MHz for the second. Based on this result,
we conclude that the observed muon-spin depolarization is
primarily due to the nuclear dipolar fields. Even by assuming
that a part of the observed muon-spin depolarization is associ-
ated with electronic magnetic moments, its magnitude would
be significantly less than 0.15(1) MHz. Overall, our uSR
results indicate the absence of dynamic- or static magnetic
moments of electronic origin. Further, at base temperature,
muons are located predominantly at the second site, where the
surrounding nuclei contribute to the muon-spin depolarization
via dipolar interactions.

In the considered temperature range below room tem-
perature, the nuclear magnetic moments exhibit quasistatic
behavior and maintain constant amplitude. Since the muon de-
polarization rate is almost exclusively due to them, we expect
an essentially temperature-independent muon-spin depolar-
ization. In Fig. 2(e), instead, o exhibits a strong temperature
dependence common to both the zero-field (ZF) and the 0.75 T
transverse-field (TF) cases. This outcome reveals a consis-
tent field-independent behavior. Below Tgpser of about 150 K,
o remains constant [at circa 0.15(1) MHz], while, above
Tonset> the depolarization rate decreases monotonically to less
than 0.01 MHz at 300 K. Since the rate of depolarization
is independent of the strength and direction of the applied
magnetic field (the independence of the direction is deduced
from measurements on single crystals), this implies that the
depolarization is dominated by the isotropic contribution
of the hyperfine coupling of nuclei with muons. The gen-
eral temperature-dependent trend of ¢ is phenomenologically
described by a sigmoid function, typical of a temperature-
activated crossover behavior:

Ai — Ay

AT = T ea—ar

+Af, 2)

where T, is the midvalue between the initial- and final states,
A; and Af, while AT is the slope factor. As mentioned
above, muon-site calculations set a lower boundary of about
0.13(4) MHz for the nuclear depolarization rate in CuTISe;.
Consequently, the observed overall decrease of o cannot be
simply assigned to a static muon redistribution among mag-
netically inequivalent sites at elevated temperatures, but it may
also be accompanied by motional narrowing effects (due to
repeated muon release- and trapping processes [30]), so that
muons become sensitive to the reconstruction of the electronic
cloud around them via a diffusive mechanism [31]. Notably, it
has also been reported that quasiparticle scattering can mod-
ulate the muon hyperfine coupling, thus allowing muons to
become sensitive to the electronic state and provide insight,
albeit indirectly, into the electronic transitions [32]. Note that,
we still cannot exclude other mechanisms of a continuous
transition of the electronic states close to the Fermi energy
(with a broad onset around 150 K), whose details depend on
the subtleties of the free-energy profile.

V. ANOMALOUS HYPERFINE COUPLING IN CuTISe,

It has been demonstrated that Weyl fermions can give rise
to an anomalous hyperfine coupling with the nuclear magnetic
moments [33]. Such coupling can be detected by NMR, via
two distinct signatures, namely in the temperature dependence
of NMR shifts and of relaxation rates.

NMR shifts are expected to follow a log(7T') dependence
with temperature [27]. The experimentally determined NMR
lineshape for the %%Cu nuclei are plotted in Fig. 3(a). As
can be seen, the lineshapes exhibit a Gaussian profile, typ-
ical of powdered samples which average out most of the
angle-dependent anisotropies. Further, we note that neither the
lineshapes, nor the relaxation rates show a field dependence.
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FIG. 3. NMR shifts and relaxations evidence a Weyl-semimetal behavior in CuTISe,. (a) Temperature dependence of the **%Cu NMR
shifts. Dashed lines are fits to the logarithmic function K = a + blog(T) (in the Weyl regime), while solid lines are fits to the power law
K = a — bJ/T. Inset: ®>%Cu NMR line shapes are independent of the magnetic field and probe nucleus. (b) Temperature dependence of the
63.65Cy spin-lattice relaxation rates. Three regions with different scaling behaviors are highlighted. (c) Temperature dependence of the Korringa
product of ®*$Cu. Isotope-dependent differences in K and T} cancel out, making the Korringa product almost the same.

Hence, in our analysis, the 5 and 7 T datasets were combined
together. Upon inspecting the experimental results shown in
Fig. 3(a), we observe that the NMR shifts versus temperature
indeed follow a logarithmic law up to about 50 K, smeared out
by a Fermi-liquid regime at higher 7.

Theory also predicts that the NMR relaxation rates should
follow a power-law dependence with temperature [27]. In-
deed, in Fig. 3(b), we observe that, up to 100 K, CuTIlSe,
follows a (T;T)~" o T? dependence, as proposed for an ideal
Weyl semimetal.

In addition, at temperatures below 20 K, (73 T)~! decreases
with temperature as ~T~%°. A —0.5 exponent is also ob-
served in the '8!Ta NQR relaxation of TaP and TaAs single
crystals [8,9]. These results suggest that a power-law depen-
dence with a negative coefficient may be a common feature of
Weyl semimetals at low temperatures.

There are two competing theories regarding the low-
temperature behavior of Weyl semimetals. The original paper
by Yasuoka et al. [8] uses a phenomenological two-channel re-
laxation, where one of the channels, independent of the Weyl
point, is responsible for the initial decrease of 1/(T;T) with
temperature, whereas the other channel follows an activated
Weyl-type behavior, ~T?2 exp(—A /kgT), responsible for the
expected T2 scaling. In a subsequent model by Okvitovity
et al. [27], described in more detail in the next section, the
crossover in 1/(T1T) is explained without the need for a
new relaxation channel, simply by invoking a temperature-
dependent chemical potential (7).

In this picture, the chemical potential p exhibits an initial
decrease identical to that of the normal Fermi gas, with a typ-
ical energy scale of 10* K. However, in Weyl semimetals, this
energy scale drops to the 10-100 K region [27], which even-
tually allows us to observe the crossover in 1 /(71T behavior:
from Weyl-like below 100 K, to normal above it [regions E ~
w(T) and E o k versus E o k? in Fig. 3(b)]. To distinguish
between the two models, we compare the isotope-dependent
NMR parameters. In the case of the **Cu and ®Cu isotopes,
the chemical potential theory [see Eq. (7) below] predicts that
the NMR relaxation rates should scale as the square of the
gyromagnetic ratios, but the shape of the (7;T)~! versus T
curve should remain the same. Indeed, in Fig. 3, we observe

that %Cu and ®Cu nuclei show a very similar (7;7)~" versus
T behavior, except at low-T (below 20 K).

Since **Cu and ®Cu are both quadrupolar nuclei, yet with
different quadrupole- Q and gyromagnetic y values, it is pos-
sible that this difference is due to the interplay between the
quadrupolar and magnetic relaxation. To check this hypoth-
esis, in Fig. 4, we plot the ratio of the Cu and %*Cu NMR
relaxation rates, which turns out to be weakly temperature
dependent. However, below 20 K, the ratio of the NMR relax-
ation rates is lower than the ratio of either the y or Q factors.
This puzzling result suggest that at low 7" other mechanisms,
common to Weyl semimetals but yet to be clarified, are at play.

Finally, we note that, above 100 K, the NMR shift scales
as /T, while (I;T)~" scales as T [see Figs. 3(a) and 3(b)].
In this regime, the Korringa product 7;TK? approaches a
constant value, not far from that of metallic Cu [see Fig. 3(c)].
Such transition to a typical Fermi-liquid behavior is confirmed
also by the Hall coefficient [see Fig. 1(a)] which, above 100 K,

1.2 " " " . .
(PHP%P =115
1 b !
o leePooms o %ﬁ% _____

£ o8} % % % 1

mO

-

3 08t ]
0.4} 1
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FIG. 4. Dipolar vs quadrupole relaxation rates. Ratio of dipolar
and quadrupole relaxation rates for *Cu and ®*Cu NMR. The hori-
zontal dashed lines refer to the theoretical values.
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FIG. 5. Theory model accounting for Weyl physics. The dispersion relation of a typical Weyl system is linear in momentum, i.e., £ & k
leading to a density of states p(E) o< E2. With the addition of a quadratic term to the Hamiltonian, the dispersion relation obtains an E o< k?
contribution with a corresponding DOS p(E) o +/E. The transition from the Weyl regime to the normal metallic regime, where the quadratic

term of the Hamiltonian is dominant induces a transition in the DOS from o E? to o

follows a Ry o exp(—Ey/2kgT) dependence, indicative of
thermally activated charge carriers.

VI. TWO-COMPONENT EFFECTIVE HAMILTONIAN

To explain qualitatively the behavior of CuTISe; across the
entire temperature range, we introduce a low-energy effective
Hamiltonian by adding a quadratic term to the original Weyl
Hamiltonian [27]:

21,2
H = S0y + vnlksos + oy + ko). (3)

Here, oy, 0y, 0, are the Pauli matrices, og is the identity
matrix, vg is the Fermi velocity, and m* is the effective
mass. Equation (3) is based on the effective Hamiltonian
obtained from first-principles calculations for CuTlSe; in
Ref. [15]. Further simplifications were applied, by neglecting
the anisotropic features of the original Hamiltonian, since our
sample is in powder form and its anisotropic features would be
averaged out. The additional quadratic term alters the energy-
momentum dispersion relation and also the density of states
(DOS) p(E). In the Weyl regime, where the energy scales
linearly with k, we expect p(E) to scale as ~E>. However,
at high temperatures, the k* term in Eq. (3) overwhelms the
linear term, leading to a normal metallic regime, where p(E)
scales as E'/2.

The transition between these regimes is illustrated in
Fig. 5. We can explain the transition as follows. The NMR
spin-relaxation rate is sensitive to the density of states,
but, in accordance with the temperature-dependent chemical-
potential theory introduced above, its temperature dependence
is ultimately determined by a combination of the temperature
ksT and chemical potential (T ), the latter decreasing with
increasing temperature. Hence, there are two regimes: a low-
temperature kg7 < p regime and a high-temperature kg7 >
@ regime. At low temperatures, where kg7 < u [Fig. 5(a)],
the dominant energy scale is the chemical potential, leading
to a constant relaxation rate. As the temperature increases,
the chemical potential starts to decrease, but it is still the
dominant energy scale, so 1/7} also tracks p and decreases
[Fig. 5(b)]. When thermal energy overwhelms the chemical
potential, the relaxation rate reaches its minimum and then

E, which is observable in the relaxation rate.

it starts to grow with temperature [Fig. 5(c)]. Upon further
increasing the temperature, we reach a point where the normal
metallic states overwhelm the Weyl states and the dispersion
changes from linear to quadratic in k. This transition also
occurs in the NMR relaxation rate where, at ca. 100 K, the
T? temperature dependence becomes linear in T [Fig. 5(d)].

Although the above theory explains the different regimes,
to understand the observed temperature dependence in detail,
we must consider the orbital component of the hyperfine
interaction. Such contribution influences primarily the NMR
relaxation rate [27,33]. This takes the form

SO = S + A, where )
in Mo .
Aty = glev}:m(q X ), (5)
ua Mo . *
jflfmd = ?lgﬂB(kl x ky)oyp. (6)

Here, po denotes the vacuum permeability, vr denotes the
Fermi velocity, m = /iy, I is the magnetic moment of the
nucleus with nuclear gyromagnetic ratio y, and spin I, ug =
he/(2m*) is the effective Bohr magneton, g = 2, k; and k;
are the incoming and outgoing wave vectors, respectively, and
q = k; — k;. It is worth noting that the expression for the
hyperfine interaction in Eq. (4) is already obtained for free
electrons in Ref. [34].

For temperatures below Tj,pse¢ (here, 100 K), Eq. (5) is dom-
inant. In this case, the relaxation rate takes the form reported
in Refs. [27,33], namely,

h _ 52.7m pdyle?
kT~ (2m)0v2
ksT \*72  [4ksT
— ) —In . m <L kT,
X h 3 Fla)() (7)

1% > kBT9

() ()

where kg denotes the Boltzmann constant, wy denotes the nu-
clear Larmor frequency, and u denotes the chemical potential.
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Likewise, NMR shifts take the form

K(u,T)

oe |:8MB evg

a2h| T 3

(et
max [|ul, kgT1) |’
(®)
where W denotes a constant regularization cutoff. According
to Eq. (7), for T < 30 K, the relaxation rate is expected to
be constant for a fixed w. However, if w(7T') is assumed to be
temperature dependent, then, as demonstrated in the case of
TaP, «(T) can be chosen phenomenologically to reproduce
the desired 70 scaling behavior [27].

In the intermediate temperature region, the temperature
starts to increase, with the expected 1/T,T ~ T2 behavior for
Weyl semimetals [27,33,35,36] arising from the orbital part of
the hyperfine interaction defined in Eq. (5).

In the high-temperature region, we need to consider the
quadratic term in Eq. (3). In this case, the Korringa relation
connects the relaxation rate and the DOS and is defined as
[37]

1 k
77 = T Awe ), ©)
where Ay is the hyperfine coupling. In this regime, p(E) ~
E'/?, yields the observed linear temperature dependence for
the relaxation rate.

When the quadratic term is the dominant one, we can keep
only the % term in Eq. (4). Following the same steps
as in Ref. [27], we end up with (I1T)~! ~ |E|In[E /(hw)],
where E = max[u, kgT'], an expression which agrees with the
results for ordinary metals [34].

A similar model, with three distinct temperature regimes
with different 7;7T scalings, was also proposed in a recent
theoretical study [38], where the temperature dependence of a
disordered Weyl fermion system was postulated to arise from
a disorder-induced critical transition (CT). In this case, three
regimes were identified: regime I (medium disorder), where
the energy dependence of the density of states is dominated
by the CT, regime II (low disorder), which corresponds to
weakly disordered systems at low energy, and regime III (high
disorder), where the density of states becomes nonzero at the
Weyl point. Furthermore, the same theoretical study predicts
that (7;7)~" should scale as 7! in the CT regime, as T2 in the
low disorder regime, and as T in the high disorder regime.
Since, in CuTlSe,, the Korringa product Ty TK? is constant
above Tonser and close to the Korringa product of the pure Cu
metal, we propose that the origin of the linear temperature
dependence of (T;7)~! is likely due to a simple Fermi-liquid
behavior rather than to the more complicated disorder-induced
CT regime proposed in Ref. [38]. Nevertheless, the behavior
of disordered Weyl-fermion systems remains an interesting
open problem, to be addressed by systematic investigations
of controllably doped systems.

VII. CONCLUSION

A comprehensive investigation using electronic and mag-
netic probes confirms that CuTlSe, is an ideal nonmagnetic
Weyl semimetal. Below 100 K, Weyl fermion excitations are
evidenced by chiral transport in the magnetoresistance and
by the temperature dependence of the nuclear spin-lattice

relaxation time 7j. Although macroscopic magnetization
measurements show a paramagnetic behavior below 50 K, this
is related to minor impurity phases. Indeed, local microscopic
probes, such as uSR and NMR, mostly unaffected by tiny
magnetic impurities, confirm the ideal Weyl-semimetal be-
havior to be intrinsic. Further, zero-field uSR results indicate
that time-reversal symmetry is preserved in CuTISe;. Hence,
the unusual electronic properties we observe are solely due to
the breaking of spatial-inversion symmetry.

On increasing the temperature above 100 K, CuTISe,
crosses over to a normal-metal regime, reflecting the ther-
mally excited carriers crossing the energy gap of the
topologically trivial electronic bands. Such a crossover is
observed in the temperature-dependent Hall coefficient sug-
gesting that, above 100 K, the dominant carriers behave as
standard electrons. Additionally, above 100 K, a temperature-
dependent crossover appears in the muon-spin depolarization
rate, implying a change in the muon hyperfine coupling in-
duced by the local electronic density, again consistent with
a change in the electronic state. The qualitative description of
the corresponding behavior in the NMR relaxation is achieved
by means of a two-component effective Hamiltonian.

The results presented here could stimulate interest in sim-
ilar chalcopyrites, such as AgT1Te,, AuTITe,, and ZnPbAs,,
which likewise might behave as ideal Weyl semimetals.
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APPENDIX: METHODS AND TECHNIQUES

1. Sample preparation and characterization

Single crystals of CuTISe, were grown from Se flux. Stoi-
chiometric amounts of the starting materials Tl,Se (99.9%),
Cu (99.9%), and Se (99.999%), all from Alfa Aesar, were
mixed homogeneously and sealed in a quartz tube. The mix-
ture was then melted at 250°C for 48 h and the obtained
ingots were crushed into powders. Polycrystalline CuTISe;
was sealed in a quartz tube together with an excess of Se
powder, heated to 275 °C for 48 h, and slowly cooled down
to 225°C at a rate of 0.2°C/h. Thereafter, the quartz tube
was heated again to 260 °C for 2 h, where the Se flux was
separated from the crystals using a centrifuge. The chemical
composition and microstructure analysis were performed on a
Hitachi model S-4800 field emission scanning electron micro-
scope (SEM). Magnetic measurements were performed using
a MPMS-7 T SQUID VSM system.

The obtained single crystals were characterized via x-ray
diffraction (XRD) using Mo Ko radiation (A = 0.71073 A).
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FIG. 6. XRD spectrum of CuTISe, obtained at 293 K using Mo
Ko radiation.

The XRD spectrum is shown in Fig. 6 and the fitted XRD
parameters are provided in Table I. A comparison of the fit
values obtained at 100 K and 293 K indicates that the struc-
tural parameters are largely temperature-independent.

2. Transport experiments

Magnetic-susceptibility measurements were performed on
CuTISe; single crystals using a Quantum Design MPMS su-
perconducting quantum interference device (SQUID) magne-
tometer. Electrical-resistivity measurements were performed
on CuTlISe; single crystals using a Quantum Design physical
property measurement system (PPMS). The magnetoresis-
tance was analyzed using the model described in Ref. [21],
where Cy denotes the chiral anomaly contribution, Cway, de-
notes the weak Anderson localization contribution, op is a

TABLE 1. Crystallographic data and XRD fit parameters for
CuTISe;.

Parameter Value
Wavelength 0.71073 A
F(000) 712
Crystal system Tetragonal

Angles «, B, and y o =90° B =90°y =90°
—T<h<7,-T<k<7,-15<1<15
293(2) K 100(2) K
142d (No. 122) 142d (No. 122)
a=5.82800(100A a=5.8216(6)A
b=5.82800(10)A b =5.8216(6)A
c=11.7766(6)A ¢ =11.7413(13) A

Index ranges
Temperature
Space group

Unit-cell parameters

Volume 400.00(2) A3 397.92(9) A3
Density (calculated) 7.071 g/cm? 7.108 g/cm?
Absorption coefficient 63.500 mm™! 63.831 mm™!
Theta range 3.90 to 28.40° 3.91 to 28.30°
RMS dev. from mean 0.909 eA~3 0.536e A3
Goodness-of-fit on F2 1.216 1.151
Final R indices (all data) R, =0.0339 R, = 0.0208
wR, = 0.0757 wR, = 0.0448

field-independent contribution, and B, is the critical field:

2 VB B’ ), B
w(B) = 8CwB~—C B—— B*—— .
0xx(B) W WAL< B+B§+y B2+B§>+UO

Since the magnetoresistance of CuTlSe; is small, here we ig-
nore the off-diagonal components of the magnetoconductivity
matrix and assume that the change in magnetoresistance is ap-
proximately the opposite of that in magnetoconductivity, i.e.,
MR, (B) — MR,,(0) = 0,,(0) — 0,(B). Hence, the original
equation can be rewritten as
AMR,(B 8CwB*+Cwar [ VB B e
w(B) = —8CwB + WAL< B2+B§+y BZ+B?>.

In this model, B, is the crossover field, which is known to be
related to the phase-coherence length /; by

3. NMR experiments

The NMR experiments, including lineshape- and spin-
lattice relaxation-time measurements, were performed on
CuTISe; in powder form in an applied magnetic field of 5 and
7 T. The NMR signal was detected by means of a standard
spin-echo sequence, consisting of /2 and 7 pulses of 3 and
6 us, with recycling delays ranging from 1 to 60 s, in the 1.8—
300 K temperature range. Despite an echo delay of 100 us, 2 to
32 scans were sufficient to acquire a good-quality signal. The
lineshapes were obtained via fast Fourier transform (FFT) of
the echo signal. The spin-lattice relaxation times 77 were mea-
sured via the inversion-recovery method, using a w —m /2—7
pulse sequence.

4. Muon-spin rotation and relaxation (uSR)

The uSR experiments were conducted on the GPS spec-
trometers of the Swiss muon source (SuS) at Paul Scherrer
Institut (PSI) in Villigen, Switzerland, and on the EMU
spectrometer at ISIS, Didcot, UK. For the zero-field and
weak transverse field uSR measurements, the muon spin was
aligned antiparallel to the muon-beam direction. An active
stray-field compensation setup was employed to maintain a
magnetic field background below 10 uT at the sample posi-
tion. For the GPS experiments, a polycrystalline sample in
pressed pellet form, 10 mm in diameter and 2 mm thick,
was suspended in the muon beam using Kapton tape, whereas
for the EMU experiments, the same sample was glued on a
standard silver plate. For the transverse field uSR experiments,
the sample was field cooled and the temperature-dependent
data were collected upon warming.

The uSR data were analyzed using the musrfit program
[39]. The depolarization function A(1)/Ag = fame /2" +
(1 — fam)e ™ was used to describe the ZF-uSR data, where
Ap is the initial asymmetry, f,, is the nonmagnetic vol-
ume fraction of the sample, o is the Gaussian relaxation
rate of muon spins, while 1 is the Lorentzian relaxation
rate accounting for the fast initial depolarization. The muon-
spin asymmetry in an applied magnetic field takes the

form: A(t)/Ao = [fame /27" + fioge 27" | cos(ot + ¢) +
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(1 — fam — fbg)e’“ , where fi represents the muon fraction
implanted in the background and @ = y,B. Here, y,, /27 =
135.53 MHz/T is the muon gyromagnetic ratio and B is the
strength of the external magnetic field.

5. Determination of the muon-stopping sites

To understand the origin of the contributions to the uSR
signal, we carried out density functional theory (DFT) cal-
culations to locate the most probable muon stopping sites
[40]. The calculations were carried out using the MuFinder
software [41] and the plane-wave-based code CASTEP [42]
using the local density approximation. We used supercells
consisting of 2 x 2 x 1 unit cells to minimize the effects
of muon self-interaction resulting from the periodic bound-
ary conditions. Muons, modeled by an ultrasoft hydrogen
pseudopotential, were initialized in range of low-symmetry
positions and the structure was allowed to relax (keeping the
unit cell fixed) until the change in energy per ion was less
than 2 x 107 eV. We used a cutoff energy of ~460eV and a
1 x 1 x 1 Monkhorst-Pack grid [43] for sampling the k-space.

At each muon site, we computed the expected relaxation
rate due to the nuclear dipole moments by using the van Vleck
second moment in the limit of strong quadrupolar splitting
[44]. In a zero-field experiment this formalism predicts a
relaxation rate given by

4
ooy = 5 Z&Q(z), (A1)

with

2
B = (ﬂ) I + Dy e

4 (A2)

Here, the nucleus with spin / and gyromagnetic ratio y; is
located at site i, at a distance r; from the muon. The nuclear
gyromagnetic ratio is y; = gun/h, where wy is the nuclear
magneton, while the g factor is related to the nuclear magnetic
moment u via g = u/I. For an integer spin I, the factor Q(1)
is 1, while for half-integer spins it is given by

3 +1/2)

e =1+

(A3)

The linearity of Eq. (Al) allows us to straightforwardly
deal with different isotopes. Consider a nucleus of species i
with multiple isotopes « each having nuclear spin I, magnetic
moment [y, and natural abundance f,. Experimentally, each
muon at a crystallographically distinct site would see one of
the many possible isotope configurations. However, for an
ensemble containing a large number of muons, the linearity
of Eq. (A1) makes the summation over all possible configura-
tions very straightforward, yielding the result

4
ogy = 5 ZfaBi,aQ(m. (A4)
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