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Temperature-dependent and magnetism-controlled Fermi surface changes
in magnetic Weyl semimetals
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The coupling between band structure and magnetism can lead to intricate Fermi surface modifications. Here
we report on the comprehensive study of the Shubnikov—de Haas (SdH) effect in two rare-earth-based magnetic
Weyl semimetals, NdA1Si and CeAlSij gGey . The results show that the temperature evolution of topologically
nontrivial Fermi surfaces strongly depends on magnetic configurations. In NdAISi, the SdH frequencies vary
with temperature in both the paramagnetic state and the magnetically ordered state with a chiral spin texture,
but become temperature independent in the high-field fully polarized state. In CeAlSipsGey,, SAH frequencies
are temperature dependent only in the ferromagnetic state with magnetic fields applied along the axis. First-
principles calculations suggest that the notable temperature and magnetic-configuration dependence of Fermi
surface morphology can be attributed to strong exchange coupling between the conduction electrons and local

magnetic moments.

DOLI: 10.1103/PhysRevResearch.5..022013

The Fermi surface (FS), an equipotential surface in the mo-
mentum space that marks the discontinuity in the distribution
of fermions, is only rigorously defined at zero temperature
(T) [1]. The thermal broadening of the distribution function
at finite T causes a shift of the chemical potential u [2],
subsequently changing the size of the FS. While such changes
correspond to variations in the frequency (F) of quantum
oscillations (according to the Onsager relation, F = %A,
where A is the extremal cross-sectional area of FS) in prin-
ciple, this thermal correction in F is usually too weak to be
detected experimentally [3]. Hence, F' is routinely treated as
T -independent in quantum oscillation experiments. Intriguing
exceptions do exist. For example, nonparabolic band disper-
sion gives rise to an additional “topological” correction of T'
dependence of p, which may result in a frequency shift up to
AF/F ~ 1% [4]. Another case stems from the Stoner picture
in itinerant ferromagnets, considering a T-dependent F in-
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duced by the evolution of exchange splitting that continuously
modifies the occupation of two spin-polarized subbands [5,6].

Magnetic topological materials have recently become an
intense focus of research. They provide a fertile playground
for studying the coupling between magnetic orders and elec-
tronic band topology, as the two can change concurrently
at topological transitions triggered by alternation of system
symmetries [7—10]. Such coupling can also lead to unusual
quantum oscillations whose F depends on 7 [10-13]; the
underlying mechanisms are not well understood yet, since
in most cases the magnetism is local and thus beyond the
Stoner picture. In this Letter, we study the Shubnikov—de Haas
(SdH) effect (quantum oscillations in electrical resistivity p,.)
in two Weyl semimetals possessing local magnetism, i.e.,
NdAISi and CeAlSig gGeg,. We show that in NdAISi the SdH
effect exhibits distinct spectra in three phase regimes with
different magnetic configurations, namely the high-7" param-
agnetic (PM) state, the low-T' canted up-down-down (u-d-d)
ordered state [14], and the field-induced polarized (FIP) state
[15]. Pronounced T dependence of SdH frequencies can be
observed in both the PM and the canted u-d-d states, but
ceases to manifest itself in the FIP state. In CeAlSiggGeg o, T -
dependent SdH frequencies occur in the ferromagnetic (FM)
state below ordering temperature T with H applied along the
crystalline ¢ axis, yet are absent in the PM state and the FM
state with H in the ab plane. Our first-principles calculations
ascribe such complex FS evolution to the strong exchange
splitting of the Weyl fermion bands caused by the coupling
with localized 4 f electrons.
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Single crystals of NdAISi and CeAlSipgGep, were ob-
tained by the flux method (see Sec. I in Supplemental Material
[16], which includes Refs. [17-36]). The two compounds are
isostructural: both crystallize in a noncentrosymmetric tetrag-
onal structure (see Fig. S1(a) in [16]) with space group 14md
(No. 109), which allows the emergence of Weyl nodes even
in the paramagnetic state [14,17]. Magnetoresistance (MR)
measurements were performed using a standard four-probe
configuration in a 14 T superconducting magnet and a 33 T
water-cooled Bitter magnet; as both materials are magnetic,
we use the B field instead of the applied H field in the analysis
of quantum oscillations, considering sample magnetization
and the demagnetizing effect (see Sec. II in Supplemental
Material [16]). To analyze the SdH oscillations, fast Fourier
transforms (FFTs) were performed on the oscillatory MR
(Apyy,) that was obtained from a polynomial background
subtraction. First-principles and structure calculations were
carried out in the framework of density-functional theory
(DFT) (see Sec. III in Supplemental Material [16]).

NdAISi becomes magnetically ordered at 7, = 7.3 K
(Fig. S1in [16]), where it probably enters an incommensurate
spin-density-wave (SDW) order before the establishment of
a commensurate ferrimagnetic order at 3.3 K [14,15]. Both
orders manifest a chiral, canted u-d-d spin configuration [see
the inset of Fig. 1(f)]. Because our experimental probe cannot
determine the magnetic commensurability, we refer to the
low-field magnetic ordering in NdAISi as the canted u-d-d
state in this work. This state terminates at a metamagnetic
transition field Hy, [14,15] (uoHm >~ 5.2 T at 2 K for H || ¢),
which is indicated by a sharp jump in MR (Fig. S2, [16]). At
T = 2 K, the FIP state occurs immediately above H,,, with Nd
4f moments completely aligned by H; at higher T, such full
polarization is realized at H, > Hy, (Fig. S2, [16], note that
H,, is a characteristic field for a crossover behavior rather than
a transition). In Fig. 1(a) we plot the SdH patterns measured
under H || ¢ up to 14 T at various T (for several temperatures,
dataup to 33 T are also shown). Remarkably, single-frequency
SdH oscillations [Fig. 1(b)] appear above Hy, at T = 2 K; we
take the onset of this feature as the threshold H,(T) for spin
polarization. Between Hy, (T') and H,(T'), the SAH patterns re-
semble that at T > Ty, ; thus we assign this field interval to the
PM state. An H — T phase diagram is obtained for NdAlSi, as
presented in Fig. 1(f). With increasing T', Hy, and H,, decreases
and increases, respectively, creating a fan-shaped PM regime
in between.

FFT analysis reveals that the SdH oscillations are com-
posed of two main branches « and g in the canted u-d-d
state [Fig. 1(d)], consistent with previous studies [14,15].
Similarly, two FFT peaks «’ and 8’ are resolved in the PM
state [Fig. 1(c)]. In the FIP state, a single component § and its
second harmonic dominate the SAH pattern [Fig. 1(b)]. These
results corroborate magnetism-controlled FS morphology in
NdAISi. More interestingly, as indicated by the arrows in
Figs. 1(c) and 1(d), the SdH frequencies are T dependent in
both the canted u-d-d state and the PM states. The behaviors
of F(T) for all SdH branches are summarized in Fig. 1(e).
Branches « and 8 in the canted u-d-d state shift to higher and
lower frequencies upon increasing T towards T, respectively:
the increase (decrease) of F, (Fg) from2 K (F, =40T, Fp =
71T)to SK(F, =46.5T, Fg =73.6 T), corresponds to an FS
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FIG. 1. (a) The oscillatory resistivity Ap,, in NdAISi as a func-
tion of inverse field (see Fig. S2 in [16] for raw data). Data were
measured with H || ¢. The thin solid curve marks out the metam-
agnetic transition field H,,. Gray thick curve denotes the crossover
between the PM and FIP states. (b)—(d) FFT spectra of the SdH
oscillations in NdAISi in the (b) FIP, (c) PM, and (d) canted u-d-
d states. Arrows guide the eye. (e) Main FFT frequencies plotted
against 7. Error bars are defined as the half FFT peak width at 90%
of the peak height. Dashed and solid lines denote the frequency
changes based on the analysis of Lifshitz-Kosevich (LK) fits and
shifts of SdH peak positions (AB/B), respectively (more discussions
are presented in [16]). (f) H-T phase diagram for NdAISi obtained
from magnetization and MR measurements (Figs. S1 and S2 in [16]).
Spin configurations for the u-d-d and FIP states are illustrated. The
PM and FIP states are separated here by a threshold field H,, for spin
polarization (dashed line in (a); see also Fig. S2 in [16]). The dark
shaded area bounded by T, and H. (a low-field jump in MR; see
Fig. S2 in [16]) may represent an SDW order [15].

expansion(shrinkage) of approximately 16% (4.5%). Above
Tm, @ and B smoothly evolve into o’ and B, respectively,
suggesting the same origin of the corresponding frequencies;
F, (Fg) also inherits the T dependence of F, (Fp), though
the variations become less remarkable (see Secs. IV and V
in Supplemental Material [16] for detailed analysis). Such
T-dependent SdH frequencies in the PM state presumably
also cause the peculiar oscillations in the p,,(7T) curves in
NdAISi measured under constant H [37]. In contrast to previ-
ous results [14], we confirm that F; ~ 100 T in the FIP state
does not change with 7 within our experimental resolution
(Fig. 1(e); see also Figs. S2(e) and S2(f) in [16]).
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FIG. 2. (a) FFT spectra of SdH oscillations in NdAISi measured with varying tilt angle 6 (from ¢ axis toward « axis) at T = 1.7 K. FFTs
are performed above H,, i.e., in the FIP state. (b) SdH frequencies as functions of 0 for the canted u-d-d (circles), PM (triangles), and FIP
(squares) states. The solid line is fit to an ellipsoidal FS model (see text). (c) Best fits of the Lifshitz-Kosevich (LK) model (solid lines) to the
oscillatory MR in the FIP state (circles) measured at 6 = 0° (black), 10° (blue), 35° (purple), and 7' = 2 K. Inset: T-dependent SdH oscillation
amplitudes measured at 6 ~ 30° and the LK fit (solid line). (d) DFT-calculated Fermi surfaces (FSs) in the FIP state of NdAlSi. Dark purple
and green colors represent hole and electron FS pockets, respectively. An expanded view of the hole pocket (1) along the Z-%’ direction is

provided. The extremal orbits are highlighted accordingly.

The fact that the temperature evolution of FSs depends
on the magnetic configuration implies an intricate coupling
between band structure and magnetism in NdAISi. To further
look into the fermiology, we study the angle-dependent SdH
effect. The FFT spectra in the FIP state for varying magnetic-
field orientations 6 (angle from c axis toward a axis) are
presented in Fig. 2(a). (Note that Hy,, monotonically increases
to ~11 T as H rotates to & ~ 70°, and is unrecognizable
above this angle; see Figs. S2(c) and S2(d) in [16].) With
increasing 6, Fs becomes higher; for & = 40°, another branch
€ appears on the low-frequency side of § [arrows in Fig. 2(a)].
The angle dependence of F; can be fitted by an ellipsoidal FS
model that is elongated along the ¢ axis with a long-to-short
axis ratio of 1.92 [solid line in Fig. 2(b)]. Moreover, the way
the SAH patterns evolves with 6 alludes to changes in spin
degeneracy in the corresponding FS. As shown in Fig. 2(c),
with H || ¢, the SdH spectrum in the FIP state can be well de-
scribed by a single-component Lifshitz-Kosevich (LK) model

[29,38]:
Tm*
- exp | —
sinh(X) eBtp

) Fs
xcos|: n(E—i-(b)},

where X = (2n2kgTm*)/ehB, m* is the cyclotron mass, kg
the Boltzmann constant, 7, the Dingle relaxation time, ¢ the
phase of SdH oscillations, Aggg an amplitude coefficient, and
Fs =100 T. No Zeeman splitting of SdH peaks/valleys is ob-
served at & = 0°, perhaps implying a spin-polarized FS. When
H is tilted from the ¢ axis, signatures indicative of Zeeman
splitting appear for 6 2 10°: the LK fits to SdH patterns at
6 = 10° require the inclusion of the second harmonic for Fj,
whereas at 6 = 35° the fitted amplitude of second harmonic is
even larger than the fundamental [Fig. 2(c); see Supplemen-
tal Material [16] for details]. Such phenomena point toward
nearly spin-degenerate bands at higher 6 [39]. Considering
the F-0 relation and the putative spin-polarized nature of
branch §, we assign it to the hole FS pocket along the Z-X’

Apyy = AsquB'?

ey

direction (labeled as A) in the first Brillouin zone [Fig. 2(d)].
Due to the damped SdH signals at higher 6 (Figs. S2(g) and
S2(h) in [16]), we cannot unambiguously identify all the other
branches; discussions of the possible corresponding extremal
orbit areas for these frequencies are presented in the Sec. VI
of Supplemental Material [16]. In particular, it is most likely
that 8 (8) and « (&) also stem from the FS pocket A and
correspond to its spin-majority/outer and spin-minority/inner
sheets, respectively, in the canted u-d-d (PM) state.

The T-dependent SdH frequencies have been reported in
PrAlSi [13] but are missing in LaAlSi [40]; both are isostruc-
tural to NdAISi and are potential Weyl semimetals. Therefore,
the presence of local 4 f magnetic moments on the rare-earth
site must be the crucial factor inducing such a phenomenon.
We verify this by measuring the SdH effect in another
isostructural compound with 4 f magnetism, CeAlSiygGeo,.
Among five different members in the series of magnetic
Weyl semimetals CeAlSi;_,Ge, (0 < x < 1), the composi-
tion x = 0.2 exhibits the most pronounced SdH effect; see
Fig. S4 [16]. This material is ferromagnetic below Tc = 6.5
K; the overall behavior of magnetization (Fig. S1 in [16]) and
DFT-determined magnetic structure (Sec. III in Supplemental
Material [16]) are similar to that reported in CeAlSi [17],
in which the Ce 4f moments are ordered in an noncollinear
ferromagnetic state with in-plane easy axes [18]. Intriguingly,
T -dependent SAH patterns are only observed with H || ¢ and
below T¢ [Fig. 3(a)], whereas in the PM state above T¢ and
for the FM state in H L c¢ they are absent (Fig. S3 in [16]).
Figures 3(b) and 3(c) depict the T' dependence of FFT fre-
quencies for the SdH measurements under H || ¢ and H || 4,
respectively. F; measured in the former H orientation is the
unique branch that responds remarkably to the variation of T':
it takes the value of 47 T (53 T) above T¢ in our sample #1
(#2), yet decreases to 33 T (45 T) at 2 K [Fig. 3(b)]. All other
branches display weak or negligible T dependence [Figs. 3(b)
and 3(c)]. Based on the DFT-calculated extremal orbits, we
propose that most of the detected SdH frequencies stem from
the FSs A and & along the Z-X' and I'-X directions, respec-
tively [Fig. 3(d)]; in particular, the branch F; is most likely
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FIG. 4. (a)—(d) The evolution of spin-resolved band structures of

FIG. 3. (a) Ap,, measured in CeAlSijgGe(, with H || ¢ at differ-
ent temperatures. Below 7. = 6.5 K (horizontal line), SdH extrema
start to shift with varying T (dotted arrow). (b),(c) T dependence of
SdH frequencies (see Fig. S3 in [16] for FFT spectra) for (b) H || ¢
and (c) H || a. In (b), the solid and hollow circles are data obtained
in two samples #1 and #2 in the field intervals of 8 < B < 14 T and
8 < B < 33 T, respectively. Data presented in (c) were measured in
sample #1, with FFT performed between 8 and 14 T. (d) The DFT
calculated hole (yellow) and electron (blue) FS pockets for the po-
larized state with Ce 4 f moments aligning along c in an out-of-plane
H (arrow). The expanded view shows the outer (spin-majority) and
inner (spin-minority) FS sheets for the pocket A. Circles highlight the
possible extremal orbits.

to be associated with a spin-minority pocket (see Sec. VI in
Supplemental Material [16]).

Several mechanism with distinct underlying physics can
lead to the temperature-induced FS modification. The topo-
logical correction [4] may contribute to but cannot fully
account for the large SdH frequency shifts we observed [41].
In Kondo lattices, continuous change of the sizes of FSs
with temperature can occur, reflecting the delocalization of
f electrons upon cooling due to their hybridization with itin-
erant d electrons [33]. In the two compounds we study here,
however, f-d hybridization is absent and the 4 f electrons are
completely localized. For instance, in the FIP state in NdAlSi,
the cyclotron mass for Fj is only 0.3myg [inset of Fig. 2(c);
myg is the mass of a free electron], excluding any Kondo-type
band renormalization. In Stoner ferromagnets, the exchange
splitting of bands scales with the magnetization, thus it is also
a function of 7' [5,6]. In NdAISi and CeAlSiygGey », this sce-
nario is also inapplicable because the local magnetism herein
invalidates the Stoner model. Nonetheless, the 7 dependence
of FSs appears to be sensitive to magnetic configuration,

NdAISi obtained from first-principles calculations; the z-axis compo-
nent of the Nd** ion magnetic moment is constrained to (M,) values
of (a) 0, (b) 1.0up, (c) 2.0up, and (d) 3.0up. Note that (a) corre-
sponds to the PM phase under zero field and (d) corresponds to the
case of free magnetism (i.e., a FM state from self-consistent calcu-
lations). Red and blue colors indicate the z component of spin-up
and spin-down states, respectively. (e) The spin-dependent extremal
(minimum or maximum) cross-sectional areas on FS pocket A, as
a function of the polarized local moment, (M), of the Nd** ions in
NdAISi. (f) and (g) show the spin-resolved band structures of CeAlSi
in the FM (Ce 4f moments align along the ¢ axis) and PM phases,
respectively. All calculations include the SOC.

implying that the origin must be the 7T-dependent exchange
coupling between the conduction electrons (Weyl fermions)
and local 4 f moments.

Our DFT calculations show that in both NdAISi and
CeAlSipgGep, the Weyl fermions at €y are predominantly
Nd/Ce 5d electrons (Fig. S5 in [16]); they thus have consid-
erable intra-atomic exchange interactions with the localized
4f electrons, giving rise to band splitting [34] that varies with
temperature. The total energy splitting of the bands contains
three terms: AE = Ag + E,, + E;, where A is the zero-field
band splitting due to the antisymmetric spin-orbit coupling
(SOCQ) in these noncentrosymmetric materials; E,, and E, are
the exchange splitting [42] and the Zeeman splitting, respec-
tively. We mention that since both Ay and E, = g,ugB (g
is the Landé g factor) are independent of T, E,, is solely
responsible for the observed temperature-induced FS changes
[43]. Considering a simplified notion of the exchange split-
ting: E,, « I, (M;) (where (M.) is the polarized component
of the magnetic moment for the 4 J = 9/2 multiplet along
H | z), we propose that the T-dependent SdH spectrum in the
PM state of NdAISi principally originates from the variation
of (M,) at fixed H [44,45].

In real materials, the 4f-5d exchange interaction can be
much more complicated than the model mentioned above.
Nevertheless, our DFT calculations successfully capture the
contribution of E,, to the T-dependent band structure by
tracing its variation upon changing (M.). As displayed in
Figs. 4(a)-4(d), the band splitting in NdAISi is remarkably
enhanced with increasing (M,). In particular, the hole band

L022013-4
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along the Z-X’ direction [band A, Fig. 2(d)] exhibits nearly
twofold degeneracy at e with (M,) = O [Fig. 4(a)]; once the
4f moments are polarized by external H, the two subbands
with opposite z-direction spin components split significantly.
The spin-minority subband eventually sinks below €p for
(M) > 2up [Fig. 4(e)], leaving only one spin-polarized
subband that gives the SdH branch §. This evolution is in
agreement with our experimental results. In NdAISi, we
assign the SdH branches g, 8’ and «, &’ to the outer and inner
FS sheets of band A, respectively (Sec. VI in Supplemental
Material [16]); these two groups of F shift toward opposite
directions (up and down, respectively) with increasing (M)
upon cooling. DFT calculations qualitatively reproduce such
a process [Fig. 4(e)]. In the FIP state, the inner FS disappears,
consistent with our observation of a single branch F; which
is T independent (due to the saturation of (M,)) and is
likely to be spin polarized. The fact that Fs is notably higher
than Fg (Fp) may reflect a sudden increase of exchange
coupling strength upon entering the FIP state [46,47]; a rough
estimation based on the DFT-calculated band dispersion
yields an enhancement of E,, of ~ 46 meV.

For CeAlSipgGep,, the complex magnetic structure
[17,18] hinders a direct comparison between theoretical and
experimental results. Band structures computed by DFT
[Figs. 4(f) and 4(g)] show that in the fully polarized state with
4 f moments aligning along c, the band splitting is much larger
than that in the PM state. Consequently, it is more reasonable
to assign the 7-dependent SAH branch F; [Fig. 3(b)] to an
extremal orbit on an inner (minority) FS which shrinks upon
increasing 4 f polarization (Sec. VI in Supplemental Mate-
rial [16]). On the other hand, the almost 7T -independent SdH
frequencies measured with H L ¢ [Fig. 3(c)] probably imply
different responses to the exchange coupling from bands with
distinct orbital characters: for H || ¢ (H L c¢), the main SdH
frequencies arise from band A (§) (Sec. VI in Supplemental
Material [16]) that is dominated by the d,, and d,»_» (d2
and d,;) orbitals (Fig. S5(c) [16]). Such complex behavior
highlights the influence of SOC in the exchange coupling dis-
cussed above, which requires further theoretical investigation
to clarify its role. See Sec. VII in Supplemental Material [16]
for more details.

We mention that the exchange-splitting-induced FS
changes may explain the 7T-dependent quantum oscillation
frequencies observed in a bunch of magnetic topological ma-
terials [10,11,48]; though it is usually more significant in
the rare-earth compounds [9,12,13,49] as a result of large

(M) of the localized 4f electrons. Moreover, it has been
pointed out that, with an effective exchange coupling between
the localized and itinerant electrons, an indirect Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction between the local
moments can be established in topological semimetals, which
is mediated by the (partially) spin-polarized Dirac/Weyl
fermions [50-52]. In a noncentrosymmetric crystal, the an-
tisymmetric SOC can further modify the form of such RKKY
interaction, giving rise to chiral spin textures [51]; this sce-
nario interprets the origin of the complex magnetic structure
in NdAISi [14]. The experimental evidence for strong local-
itinerant exchange coupling presented here further verifies the
RKKY mechanism and thus helps us understand how the rich
magnetic orderings emerge in topological materials.

In summary, we have presented SdH oscillation measure-
ments in different magnetic regimes in Weyl semimetals
NdAISi and CeAlSipgGeg,. The SdH frequencies reveal
T-dependent FS changes that rely on the magnetic config-
urations: such changes are notable in both the canted u-d-d
state and the PM state yet disappear in the high-H FIP state
in NdAISi, whereas they only show up in the FM state with
H || ¢ in CeAlSipgGep,. These phenomena can be essentially
understood as outcomes of the exchange interactions between
the Weyl fermions and the rare-earth 4 f moments, which can
persist into the PM state in the presence of finite 4f po-
larization. Our observations of exchange-interaction-induced
FS modifications potentially open up a route for realizing
manipulation of topological orders in magnetic topological
materials.
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