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27A1 NMR study of the magnetic Weyl semimetal CeAlGe
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Motivated by the recent observations of electronic correlation effect M. Corasaniti et al. [Phys. Rev. B 104,
L121112 (2021).] and topology-stabilized magnetic fluctuations N. C. drucker et al. [Nat. Commun. 14, 5182
(2023).] in the noncentrosymmetric magnetic Weyl semimetal candidate CeAlGe, we performed systematic
studies on the local static and dynamic spin susceptibilities by >’ Al nuclear magnetic resonance. Due to the
large spin susceptibility from Ce-4f electrons, the theoretically predicted responses from Weyl fermions are
overwhelmed. A Knight-shift anomaly is observed below 7* ~ 50 K, a signature of the onset of coherent Kondo
coupling. In addition, an anomalous peak is found in 1/77T near 15 K, well above the magnetic ordering
temperature Ty =~ 5 K, which is probably a consequence of topology-stabilized magnetic fluctuations. These
results highlight the interplay among electronic correlation, magnetism, and band topology in this family of

Kondo Weyl semimetals.

DOLI: 10.1103/PhysRevB.109.245106

Recently, band-topology-mediated magnetism in Weyl
semimetals has inspired fast-growing interest for both fun-
damental research and potential applications [1-3]. Weyl
semimetals are a class of topological quantum material whose
properties are mainly determined by Weyl fermions, a kind of
massless chiral quasiparticle that can be viewed as a “half”
of a Dirac fermion [4,5]. Principally, a Weyl semimetal can
be realized in materials where either spatial-inversion (SI) or
time-reversal (TR) symmetry is broken [6-9]. Unique elec-
tronic states and novel physical properties such as Fermi arcs
[7,10-12], large magnetoresistance and high carrier mobility
[13,14], nontrivial Berry phase [15,16], chiral anomaly [8],
and anomalous Hall effect [17,18] have been ubiquitously
seen in Weyl semimetals, endowing them with immense po-
tential applicability in electronic and spintronic devices.

RAIX (R = Rare earth, X = Si, Ge) represents a family
of special Weyl semimetals in that both SI and TR sym-
metries are broken simultaneously [19]. Type-1I Weyl points
emerge in the nonmagnetic LaAlX that crystallize in the
noncentrosymmetric /4;md (No. 109) structure, and they
are further stabilized by the magnetic R ions. Of prime in-
terest are the members R = Ce, where the 4f 1 electronic
structure sets a versatile platform to explore the interplay
among topology, magnetism, and electronic correlation. Our
previous resistivity and AC calorimetry measurements re-
vealed pressure-enhanced antiferromagnetic (AFM) transition
in CeAlGe [20]; a similar trend was also found in CeAlSi
[21]. This places CeAlX at a regime with relatively weak
¢ — f hybridization on Doniach’s phase diagram [22]. Opti-
cal conductivity experiments, however, manifested a notable
electronic correlation effect in CeAlGe below ~100 K [23].
A natural question concerns how such an electronic correla-
tion effect is facilitated in this low-carrier-density semimetal
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(~0.063 hole/f.u. [20], cf Nozieres exhaustion problem
[24,25]). On the other hand, a recent work by Drucker et al.
[1] reported the presence of locally correlated magnetism well
above the thermodynamic magnetic transition temperature.
More interestingly, the wave vector of this short-range or-
der is consistent with the nesting condition of topological
Weyl nodes [1], suggesting coupling between Weyl fermion
and magnetism. Microscopic local experiments are needed to
confirm these intriguing features and to unveil more details
as well.

Herein, we employed 2’Al nuclear magnetic resonance
(NMR) measurements on CeAlGe, and both static and dy-
namic spin susceptibilities were investigated. We find both
NMR shift and spin-lattice relaxation rate (1/77) in this
compound are dominated by the Ce-4f electrons, while the
intrinsic responses from Weyl fermions are buried. A coher-
ent Kondo scale 7* ~ 50 K is suggested by the Knight-shift
anomaly, reaffirming a moderate electronic correlation. An
anomalous peak is present in 1/7,T near 15 K, lending further
support for topology-stabilized magnetic fluctuations prior
to magnetic ordering. Our work corroborates CeAlGe as a
rare example of Kondo Weyl semimetal whose properties are
determined by a combination of topology, magnetism, and
electronic correlation.

High-quality CeAlGe single crystals were grown by the Al-
flux method as described elsewhere [20]. The sample quality
was verified by single-crystalline x-ray diffraction and energy-
dispersive x-ray spectroscopy. 2’Al (gyromagnetic ratio
27y, = 11.0943 MHz/T) NMR spectra were recorded in a
stepped frequency sweep spin-echo method in the presence
of a fixed external field uoH ~7 T, H | ¢. A small piece
of aluminum foil was placed inside the sample coil, serving
as a reference to the >’Al signal in CeAlGe. The value of
H was verified by the Cu shift in the sample coil. Spin-
lattice relaxation rate was measured in a standard inversion
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FIG. 1. (a) Crystal structure of CeAlGe and local environment of
Al The red arrows denote Ce moments. The cyan arrows indicate the
dipolar field at Al sites calculated for the magnetic structure proposed
in [27]. (b) Temperature dependence of magnetic susceptibility mea-
sured at uoH = 0.1 T (violet) and 7.0 T (red). The inset shows the
magnetization isotherm M (H) at 2 K.

recovery method on the central (% <~ —%) transition, and T;
was extracted by fitting the recovery curve to
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where M(oo), f, and T are fitting parameters. The fitting
results at selected temperatures are provided in Supplemen-
tal Material, SM [26]. Magnetic susceptibility was measured
in a magnetic property measurement system (MPMS, Quan-
tum Design) equipped with a vibrating sample magnetometer
(VSM).

Figure 1(b) shows the temperature dependence of magnetic
susceptibility (x) measured with H || ¢. At high tempera-
ture, x.(7T) conforms to a Curie-Weiss behavior with Oy ~
37.5 K. An AFM-like peak is observed near 5 K under an
external field of 0.1 T (violet). The peak is gone as the field
is increased to 7 T, and x.(7T) tends to level off at low tem-
perature. This suggests that a field of 7 T polarizes the Ce
moments, which is confirmed by the isothermal magnetization
M(H) as shown in the inset. Previous anisotropic magnetic
susceptibility [28] and neutron-scattering [27] experiments on
CeAlGe have revealed an easy-plane Fd’d2’ configuration in
the ordered state, with the order parameters my = (my, m,,
0) for sublattice A and mg = (—m,, —m,, 0) for sublattice
B; my and mp are noncollinear. A schematic magnetic struc-
ture is provided in Fig. 1(a). By adopting this configuration,
we calculate the dipolar field on the Al sites exerted by the
Ce moments, as depicted by the cyan arrows. The obtained
dipolar fields for the two sublattices are ,bLoHle = (—0.0129,
—0.0389, 0) T and ,uOHZ’p = (0.0389, 0.0129, 0) T.

The >’ Al NMR spectra of CeAlGe under poH ~ 7 T are
shown in Fig. 2. Representative spectra at selected temper-
atures, 2, 3, 6, 15, 50, 100, and 150 K are provided in
Fig. 2(a). Three peaks can be recognized in the frequency
window interested, assigned to 2TA1 % PES —% in foil, 2’Al
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FIG. 2. YAl frequency-sweep NMR spectra of CeAlGe mea-
sured under uoH ~ 7 T, H || c. (a) Normalized spectra at represen-
tative temperatures. The curves are vertically offset for clarity. The
peaks for 2’ Al in CeAlGe are filled with colors. (b) Contour plot of
NMR spectra for all the measured temperatures, 2-300 K.

% <~ —% in CeAlGe, and ®*Cu % <~ —% in coil, respectively.
Both 2’ Al-foil and %*Cu-coil peaks are essentially temperature
independent, as expected. The 2’Al in sample overlaps with
that in aluminum foil at 300 K, and upon cooling, the peak
gradually moves to the right, and meanwhile the linewidth
broadens substantially, implying an enhanced magnetic corre-
lation. The evolution of the resonance peaks can be well seen
in a false-color contour plot shown in Fig. 2(b).

NMR shift (K) can be extracted from the 2’ Al spectra in a
second-order quadrupolar effect approximation [29], and the
results are shown in Fig. 3(a) as a function of temperature.
Multimodal Gaussian fitting was processed for temperatures
above 150 K, seeing SM [26]. For comparison, the results
of LaAlGe (data from Ref. [30]) are also shown. For Weyl
semimetals, earlier theoretical works predicted that NMR shift

[30,31]:
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where u is chemical potential, vy is Fermi velocity, W is a
sharp high-energy cutoff regularizing the theory, while 7, kg,
s, o, and e are physical constants of conventional mean-
ings. This formula was found to fit the nonmagnetic LaAlGe
rather satisfactorily, seeing the dashed line in Fig. 3(a) [30].
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FIG. 3. (a) Temperature dependence of ’Al NMR shift in
CeAlGe. The data of LaAlGe are reproduced from Ref. [30]. The
dashed lines denote the fittings to Eq. (2) for LaAlGe and Curie-
Weiss formula for CeAlGe, respectively. (b) The Clogston-Jaccarino
plot K vs x with T as an implicit parameter. The Knight-shift
anomaly near 50 K is ascribed to Kondo coherence.

Unlike LaAlGe, whose NMR shift is both negative and
small, 2K, of CeAlGe is positive all through the temperature
range 2-300 K, and the magnitude is also much larger. At
300 K, ?’K. ~ 0.17%. As temperature decreases, >’K, in-
creases monotonically, roughly following the Curie-Weiss
formula. The Korringa region, where K is independent of T
at low temperature [32,33], is not clear in CeAlGe. All these
imply that the NMR shift in CeAlGe is dominated by the spin
susceptibility from Ce-4f electrons, whereas Weyl fermion
contributes only a little, if any.

In metals the NMR shift usually decomposes into several
components,

K(T)=K’+K*(T), 3)

where K is an orbital shift that is nearly temperature inde-
pendent, and K*(T') is a spin (Knight) shift and is related to
the spin susceptibility by K*(T) = Aurx(T). The ratio Apr
is the hyperfine coupling constant. This linear relationship is
better expressed by the so-called Clogston-Jaccarino plot K
vs x with T as an implicit parameter, as shown in Fig. 3(b).
We find the Clogston-Jaccarino relation is well obeyed for
T > 50 K, with the slope Ay = 0.79(2) T/ g, but becomes
gradually deviated below 50 K. In other words, A;; becomes
temperature dependent for 7 < 50 K. In Kondo lattices, such
a violation is usually named as Knight-shift anomaly [34,35].

We note that the Knight-shift anomaly observed in CeAlGe
cannot be attributed to CEF splitting of Ce** j = 5/2 sextet
[36], because a previous inelastic neutron-scattering experi-
ment revealed that the energy gap between the ground and
first excited doublets is about 100 meV [1], orders of mag-
nitude higher than 50 K. An alternative explanation to the
Knight-shift anomaly is due to the onset of Kondo coherence.
A phenomenological understanding can be provided by a two-
fluid model which states that two different fluids, an itinerant
heavy-electron fluid and a Kondo impurity fluid, coexist be-
low the Kondo coherence temperature 7* [37—41]. These two
fluids are of different hyperfine coupling constants, and upon
cooling from 7*, the weight of heavy-electron fluid (that is
a consequence of ¢ — f hybridization) gradually increases at
the expense of Kondo impurity fluid, and therefore the K vs x
plot loses linearity. For above T*, only the Kondo impurity
fluid survives, and the Clogston-Jaccarino relation restores.
In this sense our >’Al NMR experiment probably gives an
estimate of the coherent Kondo scale, T* ~ 50 K, in this
Kondo Weyl semimetal. It should be pointed out that a recent
optical conductivity measurement on CeAlGe also manifested
a reduction of Fermi velocity and hence an enhancement of
quasiparticle effective mass for temperatures below ~100 K
[23], qualitatively in agreement with our 7*. Combining with
NMR and optical conductivity works, it is rather likely that
electronic correlation arising from ¢ — f renormalization ap-
pears at low temperature in this semimetallic Kondo lattice
[25,42].

We should mention that at low temperature below Ty,
Y’K.(T) tends to saturate at 2%, following the similar ten-
dency of x.(T) under the same magnetic field, Fig. 1(b). This
indicates that the out-of-plane component of the internal field
at the Al site is ~0.14 T, about 3.5 times larger than the
dipolar field we calculated. That is to say, the internal field
is more dominated by a transferred hyperfine field arising
from orbital hybridization, as is the case in other cerium-based
heavy-fermion compounds (see CeNiAsO, for instance [43]).
It is also interesting to note that ?’K,. of CeAlGe, although
orders of magnitude larger than in LaAlGe, is much smaller
than that of PrAlGe (~20% at 6 K [30]), probably because
the hyperfine coupling is way stronger in the latter.

Spin dynamics of CeAlGe is investigated by spin-lattice
relaxation rate measurements (Fig. 4). For weakly interacted
metals like Cu, 1/77T probes N?(Erp), where N(Ep) is the
density of states at the Fermi level [44,45]. For Weyl semimet-
als, earlier works predicted that 1/7;7 remains constant at
low temperatures (kzT < w) and changes into a 72InT
dependence at high temperature (kg7 > ) [31,46], as
expressed by
1 52.7nu%yn262k3

T (27 )ovih
ﬂ2’2i 2 B
B in (L), kT > p, @
(£Pn(Z). kT <

where wg is the nuclear Larmor frequency. Experimentally,
a T? law was found to fit both Ta(P, As) [32,47] and WTe,
[33] well. For CeAlGe, however, due to the local moments of
Ce 4 f electrons, a dominant Curie-Weiss term is expected, as
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FIG. 4. Spin-lattice relaxation rate of CeAlGe. (a) T dependence
of 1/T1T. The solid line is a Curie-Weiss fitting. Inset, a zoom-in
view to show the features around 7y and Tj. (b) 1/7; as a function of
T. The high-T part of 1/T; can be fitted to a C + BT + AT? law.

is shown in Fig. 4(a). We note that 1/7; for above 150 K is
hard to obtain in our experiment, because the sample signal
well overlaps with that from the aluminum foil. In order to
dig out more information, we plot 1/7; as a function of T
in Fig. 4(b). 1/T; seems essentially constant between 20 and
50 K, as expected for a Curie-Weiss behavior [43,48,49]. To
our surprise, 1/7; turns up obviously above 50 K. We argue
that the increase of 1/7; at high temperature may have two
origins: (i) the Fermi-liquid term with 1/7; o« T, and (ii) the
Weyl-fermion term with 1/7; oc T3. Indeed, a superlinear
C + BT + AT? formula can fit the 1/T; data nicely, seeing the
red line in Fig. 4(b). This suggests that scatterings with Weyl
fermion do contribute a channel to spin-lattice relaxation,
albeit to a small extent.

At low temperature, a pronounced peak is observed in
1/TiT near Ty. Since 1/T\T probes the transverse fluctu-
ation field, although the application of a longitudinal field
has nearly polarized the Ce moments, it is conceivable that
transverse magnetic fluctuations can survive, and they are
suppressed when the Ce moments are AFM ordered. To our
interest, another hump centering around 7y ~ 15 K is visible
in 1/T)T [inset to Fig. 4(a)]. This suggests the prolifera-
tion of magnetic fluctuations prior to the thermodynamic
transition and is reminiscent of the recent work lead by
Drucker et al. [1]; there electrical transport, thermal transport,
resonant elastic x-ray scattering, and dilatometry measure-
ments consistently indicated the presence of a short-range
magnetic order with an incommensurate wave vector qm, =
(0.384, 0.416, 0) at around 13 K. Note that g, coincides
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FIG. 5. Distribution of hyperfine form factor FH¢(q) in momen-
tum space. The results are presented after being normalized by the
value atq = 0.

with that of possible nesting between the type-I W3 Weyl
nodes located at (+0.2, £0.2, 0).

To further discuss the possibility of Weyl-fermion-
mediated magnetism, we calculated the hyperfine form factor
[Fop(q); a, B = a, b, c] at the Al site in CeAlGe. According
to Moriya’s spin fluctuations theorem, 1/7]T is connected to
the dynamic spin susceptibility [x (q, @)] by [50,51]

(77 )=
LT Jyupe @~

i.e., Foup(q) serves as a weight when summing the q-dependent
x" into the q-averaged 1/T;T. Note that in Eq. (5) we have
already adopted the tetragonal symmetry of CeAlGe. More
details about the calculations can be found in the SM [26], see-
ing also Refs. [52,53]. The calculated distribution of hyperfine
form factor in momentum space, after being normalized by its
maximum at q = 0, is presented in Fig. 5. The normalized
hyperfine form factor decays from the center of the Brillouin
zone and retains a large value 0.558 at ¢, demonstrating
that spin fluctuations caused by nesting between the Weyl
nodes at (0.2, +0.2, 0) can be captured by >’Al 1/T\T. A
new question then may be put forward regarding why these
topology-stabilized fluctuations finally do not condense into a
long-range order, but instead, an AFM order with propagation
vector ~ (0.066, 0.066, 0) appears below Ty [1,28]. The
reason for this “failed phase transition” invites more inves-
tigations in the future.

In conclusion, by >’Al NMR experiments on the mag-
netic Weyl semimetal CeAlGe we convey two important
messages: (i) a Knight-shift anomaly is observed below ~
50 K, which gives a measure of the coherent Kondo scale
and thus highlights the role played by electronic correlation
in this semimetallic Kondo lattice; (ii) magnetic fluctuations
well above Ty are detected by spin-lattice relaxation, which
probably are a consequence of topology-stabilized short-range
ordering. Our work, therefore, invokes further consider-
ations about the interplay among electronic correlation,
magnetism, and band topology in this family of Kondo Weyl
semimetals.

ZFHHC( )Xaa(qv )’ (5)
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