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We report the electronic structures and transport properties of a chiral crystal NbGe,, which is a candidate
for a coupled electron-phonon liquid. The electrical resistivity and thermoelectric power of NbGe, exhibit clear
differences compared to those of NbSi, even though both niobium ditetrelides are isostructural and isoelectronic.
We discuss the intriguing transport properties of NbGe, based on a van Hove-type singularity in the density of
states. The analysis of de Haas-van Alphen oscillations measured by the field modulation and magnetic torque
methods reveals the detailed shape of the Fermi surface of NbGe, by comparison with the results of energy
band structure calculations using a local density approximation. The electron and hole Fermi surfaces of NbGe,
split into two because of the antisymmetric spin-orbit interaction. The temperature dependence of quantum
oscillations indicates that the effective mass is isotropically enhanced in NbGe, due to strong electron-phonon

interaction.
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I. INTRODUCTION

Chiral crystals have attracted great attention as a platform
for a wide variety of interesting physical phenomena including
magnetochiral dichroism [1], chiral magnetism [2—5], nonre-
ciprocal electronic transport [6], and topologically nontrivial
band structures [7,8]. In particular, a topological electronic
structure, which is called Kramers-Weyl fermion, is well
defined at time-reversal invariant momenta in nonmagnetic
chiral crystals [8]. The unique electronic structures in non-
magnetic chiral crystals, such as B20-type silicides [9-11]
and elemental tellurium [12-14], have been intensively stud-
ied. When the topological degeneracies exist in the vicinity
of the Fermi level, exotic electronic transport and quantized
responses are expected.

In this study, we focus on a transition metal digermanide
NbGe, with a chiral crystal structure [space group P6,22
(No. 180, Dg) or P6422 (No. 181, Dg)]. NbGe; belongs to
C40-type transition metal ditetrelides 7X, (T =V, Cr, Nb, Ta;
and X = Si, Ge). The C40-type hexagonal crystal structure
of NbGe, is shown in Fig. 1(a). NbGe; is a superconductor
with T, = 2 K [15], and the prediction that NbGe, belongs
to the Kramers-Weyl semimetal [8] promoted detailed studies
of its superconducting properties including the superconduct-
ing phase diagram, full-gap structure, and crossover from
type-1 to type-II/1 superconductivity [16—18]. Several pre-
vious studies have reported energy band structures obtained
by first-principles calculations taking into account the spin-
orbit coupling (SOC), and doubly degenerate Kramers-Weyl
points appear near the Fermi energy level at M and L points
[8,16,17,19].
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Recent theoretical and experimental studies of NbGe;
have shown that strong electron-phonon interaction exists,
and NbGe, has been deemed to be an ideal candidate to
observe phonon-mediated hydrodynamic flow [19,20]. When
the momentum-conserving scattering process is dominant
compared to the momentum-relaxing one, the hydrodynamic
electron flow [21], as seen in a metallic delafossite PdCoO,
[22] and Weyl semimetals [23-25], can be observed. A
previous theoretical study using the first-principles calcula-
tion and the Boltzmann transport equation has pointed out
that the momentum-conserving phonon-mediated electron-
electron scattering lifetime is dominant, and an anisotropic
scattering time leads to an anisotropic electronic transport
in NbGe, [19]. A subsequent experimental study using
quantum oscillations and Raman scattering experiments has
demonstrated the strong electron-phonon interaction and
strong suppression of momentum-relaxing phonon-phonon
processes in NbGe, [20]. However, little is known about the
topology of bulk Fermi surfaces and anisotropy of the effec-
tive masses due to the anisotropic electron-phonon scattering
time in NbGe,.

In this paper, we report on the topology of the Fermi
surface of NbGe, and the transport properties closely related
to the characteristic electronic structure. NbGe, and NbSi,
exhibit a notable difference in the electronic transport and
thermoelectric properties due to the characteristic electronic
structure of NbGe, although both compounds are isostructural
and isoelectronic. Then, we report the de Haas-van Alphen
(dHvA) experiments of NbGe,. In spite of rather complicated
Fermi surfaces, a limited number of dHvA branches has been
observed experimentally [17,20]. To fully reveal the Fermi
surface topology of NbGe,, we have performed two different
techniques: magnetic field modulation and magnetic torque
methods. By comparing experimental results with energy
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FIG. 1. (a) Crystal structure of NbGe,. (b) Single crystal of
NbGe;. (c) Temperature dependence of resistivity pex, of NbGe, for
J || [1010] and [0001] (left axis). The dashed lines show calculated
temperature dependence of resistivity p.c of NbGe, (right axis)
from Ref. [19].

band structure calculation, the detailed shape of the Fermi
surface is clarified. The enhancement of effective masses in
NbGe, has been demonstrated by the analysis of tempera-
ture dependence of quantum oscillations. The effective mass
enhancement and electronic transport properties indicate the
presence of strong electron-phonon interaction in NbGe;.

II. EXPERIMENTAL DETAILS

The polycrystalline samples of NbGe, and NbSi, were
synthesized via arc melting using an arc furnace under an
argon atmosphere. The starting materials were Nb (99.9%),
Ge (99.999%), and Si (99.9999%) with a stoichiometric ra-
tio, namely Nb:Ge = 1:2 and Nb:Si = 1:2. Single crystals
of NbGe, were grown using the chemical vapor transport
(CVT) technique. The NbGe, polycrystal was crushed into
small pieces and sealed in a quartz tube with 80 mg iodine
as a transport agent. The sealed quartz tube was placed in a
furnace with a temperature gradient of 950 °C/850 °C for two
weeks. The NbGe, single crystals were grown at the high-
temperature side. The typical size of the grown crystal is up
to the dimensions of 0.6 mm x 0.6 mm x 0.6 mm, as shown
in Fig. 1(b). Single crystals of NbSi, were grown using the
Czochralski method in a tetraarc furnace. The crystal structure
of NbGe, single crystals grown by CVT was confirmed using
a single-crystal x-ray diffractometer (Rigaku XtalLAB mini II)
with Mo K« radiation (A = 0.71073 A). The crystal structure
was solved with SHELXT and then refined with SHELXL.
The refined crystallographic parameters and atomic positions
of NbGe, are summarized in Tables I and II. The single
crystals were oriented using a Laue camera (Photonic Science
Laue x-ray CCD camera).

TABLE 1. Crystallographic and structural refinement data of
NbGe, obtained from single-crystal XRD.

Empirical formula NbGe,
Formula weight 238.09
Crystal system hexagonal
Space group P6,22 (No. 181)
a(A) 4.9727(7)
c(A) 6.7872(10)
Volume (A?) 145.35(4)
Formula units per cell (Z) 3
Number of measured reflections (total) 1177
Number of measured reflections (unique) 191
Cut off angle (20ax) 65.9°
RI1[I > 2.000(D)] 0.0205
R (All reflections) 0.0291
wR2 (All reflections) 0.0470
Goodness of fit 1.165
Flack parameter 0.01(3)
Max shift/Error in final cycle 0.000

The electrical resistivity was measured with a quantum de-
sign physical property measurement system (QD PPMS). The
thermopower was measured by a steady-state technique using
a manganin-constantan thermocouple [26] in a GM refrig-
erator. The temperature gradient (~0.5 K/mm) was applied
along the in-plane direction using a resistive heater. The dHvA
effects were detected using the magnetic field modulation
and magnetic torque methods. The magnetic field modulation
measurements were performed using a top-loading dilution
refrigerator in magnetic fields up to 14.7 T at low temperatures
down to 30 mK. The magnetic torque was measured using a
membrane-type surface stress sensor in magnetic fields up to
9 T at low temperatures down to 1.7 K.

The band structure calculations were performed using the
KANSAI code based on the full-potential linearized aug-
mented plane wave (FLAPW) method within the local density
approximation (LDA). In the band calculations, the scalar
relativistic effect is considered for all electrons. The spin-
orbit coupling is included by means of a second variational
procedure for all valence electrons. The lattice parameters and
atomic positions used for the calculations are listed in Tables I
and II.

III. RESULTS AND DISCUSSION

We have measured the temperature dependence of electri-
cal resistivity p(7') of a NbGe single crystal for the electrical
current J || [1010] (in plane) and || [0001] (out of plane), as

TABLE II. Atomic positions and displacement parameters of
NbGez.

NbGe,
Atom Site by y z By
Nb 3¢ 1/2 0 0 0.37(3)
Ge 6i 0.16444(8) 0.32888(8) 0 0.31(2)
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FIG. 2. Comparison of p(T') of NbGe, and NbSi, for (a) in-plane and (b) out-of-plane current directions. The solid lines are fitting results
based on Eq. (1). (c) Temperature dependence of the Seebeck coefficient S of NbGe, and NbSi,. The temperature gradient is along the in-plane
direction. (d) S/T of NbGe, and NbSi, on a logarithmic 7T scale. Electronic band structure of (¢) NbGe, and (f) NbSi, along the I'-K-M-I"
cut. Calculated total and partial density of states for (g) NbGe, and (h) NbSi,.

shown in Fig. 1(c). At room temperature, p3pox = 54 U2 cm
for J || [1010], and 29 uS2 cm for J || [0001]. The anisotropy
of p is approximately two between the in-plane and out-of-
plane current directions at 300 K. The residual resistivity ratio
(RRR = p300k/p0) is 320 (o9 = 0.17 u2 cm) for J || [1010],
and 640 (pp = 0.05 u2 cm) for J || [0001]. The small values
of pp and the large values of RRR indicate the high quality of
the single crystals of NbGe; in this study.

The calculated electrical resistivity obtained using the
Boltzmann transport equation within the relaxation time ap-
proximation [19] is also shown in Fig. 1(c). Except for a
difference in the absolute values, pexp(T) and pcqarc(T) show
similar behavior including the convex upward curvature. As
shown in Fig. 1(c), previous theoretical calculations have
predicted much larger and more anisotropic electrical resis-
tivity of NbGe, at room temperature because of the strong
electron-phonon scattering. The discrepancy between pexp(T)
and pcac(7T) may be due to the dominance of momentum-
conserving scattering processes in NbGe, at high tempera-
tures, as discussed in the previous experimental work [20].

Here, we show a notable difference in the temperature
dependence of electrical resistivity of NbGe, and NbSi,, both
of which are isostructural and isoelectronic. Figures 2(a) and
2(b) show a comparison of p(T) between NbGe, and NbSi,
for in-plane and out-of-plane current directions, respectively.
NbGe, exhibits distinct anisotropy in electrical resistivity,
while NbSi, shows isotropic electrical resistivity. The elec-
trical resistivity of NbSi, and NbGe, are well fitted by the
Bloch-Griineisen-Mott formula [27-29] as

T\ [0o/T e
T)= Al — - -
P =m0t <9D> /0 @ — D1 —e)
0

where the second term and the third term describes the
electron-phonon intraband scattering and the electron-phonon
interband (s-d) scattering, respectively. We obtained the De-
bye temperature 6y of NbSi, as 6p = 460 K (6p = 485 K)

dx — KT?3,

for J || in plane (out of plane), and 6p of NbGe, as 6p =
315 K (0p = 330 K) for J || in plane (out of plane). The
Debye temperature is isotropic in both NbSi, and NbGe,.
The obtained coefficients for intraband (A) and interband
(K) electron-phonon scattering of NbSi, are as follows: A =
280 uf2cm (A = 330 uQcm), and K = —6 x 1078 uQem /K3
(K =—5x10"% uQcm) for in-plane (out-of-plane) cur-
rent direction. Similarly, the coefficients for NbGe, are as
follows: A =290 uQ2cm (A =160 uQecm), and K =4 x
1077 uQem/K? (K =2 x 1077 uQem) for in-plane (out-of-
plane) current direction. The coefficients obtained from fitting
Eq. (1) are summarized in Table III. The intraband electron-
phonon scattering is comparable and rather isotropic in both
NbSi, and NbGe,. Meanwhile, the coefficients for the inter-
band electron-phonon scattering in NbGe, differ by an order
of magnitude from those in NbSi,, indicating the interband
s-d scattering process is dominant in NbGe,. This significant
interband electron-phonon scattering is the origin of the pro-
nounced convex temperature dependence in the resistivity of
NbGe;. In addition, the sign of the coefficient K is reversed
between NbSi, and NbGe;, reflecting the difference in d-band
electronic structure [29].

In addition, intriguing differences in thermoelectric prop-
erties were observed between NbGe, and NbSi,. Figure 2(c)
shows the temperature dependence of Seebeck coefficient S
of NbGe, and NbSi, for AT || in plane. S(T") varies linearly
with temperature above 150 K. Figure2(d) shows a com-
parison of S(7T)/T between NbGe, and NbSi,. S(T)/T of
NbGe, showed a metallic behavior [S(T)/T = cosnt.] at high
temperatures, while S(7')/T is enhanced with a logarithmic
temperature dependence (S(7)/T o —InT) at low tempera-
tures. In a high temperature region, S(7") of NbGe, is smaller
than that of NbSi,, but exceeds the S(T") of NbSi, below
approximately 9 K.

To discuss the characteristic electronic transport properties
of NbGe,, we performed LDA calculations for energy band
structures of NbGe, and NbSi,. Figures2(e) and 2(f) show
the energy band structures obtained by LDA calculations of
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TABLE III. Coefficients obtained from fitting the Bloch-Griineisen-Mott formula for NbSi, and NbGe,.

po (u€2 cm) p (K) A (€2 cm) K (u$2 cm/K?)
NbSi, in plane 0.322 460 280 —6x 1078
out of plane 0.167 485 330 -5x 1078
NbGe, in plane 0.165 315 290 4 x 1077
out of plane 0.050 330 160 2 x 1077

NbGe, and NbSi,. The parity violation, namely the lack of
inversion symmetry in the chiral crystal, leads to the spin split-
ting of energy bands. However, twofold degenerate points,
namely the Kramers-Weyl points, exist at high-symmetry
points of the Brillouin zone, such as I" and M points. The cal-
culated energy band structure is essentially consistent with the
energy band structure reported in previous studies [16,17,20].

The notable difference in the electrical resistivity and the
Seebeck coefficient between NbGe, and NbSi, may be at-
tributed to the difference in the energy dependence of the
density of states D(¢g) near the Fermi energy Er. The calcu-
lated density of states is shown in Figs. 2(g) and 2(h). A van
Hove-type distinct peak structure appears in D(g) of NbGe;
near Eg. In addition, a contribution from Nb-4d electrons
is significant in the D(Efr) of NbGe,. Since the density of
states in the d band is much larger than in the s (p) state,
the final density of states is higher when the s (p) electrons
scatter to the d state. The dominant interband electron-phonon
scattering process in p(7) of NbGe, is most likely due to
the large contribution of Nb-4d electrons in the vicinity of
Er. In the archetypal example, the electrical resistivity of Pd
exhibits a convex temperature dependence due to the peak
structure in the DOS resulting from the contribution of the
Pd-4d electrons [29-31].

The enhancement of low-temperature S(7')/T of NbGe, is
also attributed to D(g). The Mott formula that describes the
Seebeck coefficient in metals is expressed as [32]

T 2 kB

oln(D
s =8 )@
3 ¢g ae e—Ep

@

where kg and ¢ are the Boltzmann constant and the carrier
charge, respectively. The enhancement of low-temperature
S/T of NbGe, is probably due to the large value of
dIn(D)/0d¢|.=g,, while the flat D(¢) near Ef results in a small
low-temperature S/T of NbSi,. Note that a peak in S(T)/T
due to the phonon-drag effect has been observed at around
20 K in the previous study [20], while the phonon-drag effect
is absent in S(7)/T of the single crystal used in this study.
The difference in S(7')/T may be attributed to the surface
scattering effect depending on the sample size [33].

The dHvA measurements of NbGe, single crystals were
performed to reveal the topology of Fermi surfaces of NbGe;.
The dHvA frequency F is proportional to the extremal
cross-sectional area of the Fermi surface Sg, that is, F =
(hc/2me)Sg. Figure 3(a) shows the typical dHVA oscillations
of NbGe,; detected using the field modulation technique, and
the corresponding fast Fourier transform (FFT) spectra are
shown in Fig. 3(b). Several dHvA frequencies appeared in
the FFT spectra. The FFT peaks ¢, ¢', «*, ¢, &1, 81, B, B%,
Y1, V2, &, and &’ are fundamental signals in Fig. 3(b). The

harmonic signals n¢ (n = 1, 2, and 3), 2¢, and 26 were also
observed. The dHVA branches ¢, ¢’, and € have been observed
in magnetic torque measurements in previous studies [17,20].
The critical field of NbGe, is Hp(T = 0) ~ 0.04 T [16,17],
and dHVA measurements in this study were performed in the
normal state.

In the field modulation technique, the Bessel function of
the first kind in the detected dHvA signal makes it difficult to
observe small Fermi surfaces. The magnetic torque measure-
ment is a suitable method to detect the small Fermi surface
since the dHvVA oscillations in the magnetic torque are not
affected by the Bessel function. Therefore, we have performed
dHvA experiments of NbGe, using the magnetic torque
method. Figure 4(a) shows the FFT spectra of the dHVA os-
cillations for the magnetic field directions from [0001] to
[1010]. Figure 4(b) shows the field angle dependence of the
experimental dHVA frequencies of NbGe,. In addition to the
¢ and ¢’ branches observed in the field modulation method,
dHVA branches 1, and 1| have been observed in the magnetic
torque measurement. Note that the labels of dHvVA branches
are different from that in a previous study: A and ¢ correspond
to @ and B in Ref. [17], respectively. As discussed below, the
existence of A; and A} branches and the angular dependence
provide important insights into the topology of the Fermi
surface.

Here, we compare the experiment and calculated angu-
lar dependence of dHVA frequencies. Figure 5(a) shows the

(a)147T 10T 7T ®) . . . "
L2 3 — 8+, NbGe,
FFT:7.0-14.7T
| =40 mK

9.0° from
[0001] to [10-10]
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[0001] to [10-10]

amplitude (arb. units)

4.5° from
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dHvA signal (arb. units)

SF 1L 4.5° from
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H.Y. Yang et al., 2021
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0.08 0.10 0.12 0.14 0 2 4 6 8 10 12 14
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FIG. 3. Typical dHvA oscillations (a) and corresponding FFT
spectra (b) of NbGe, at T = 40 mK. The dHVA oscillations were
detected using the field modulation technique, and the magnetic field
range of FFT is 7.0 to 14.7 T. The FFT spectrum reported in a
previous work (Ref. [20]) is also shown in panel (b).
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experimental ¢ — ¢’ and A; — A} branches. (d) Angular dependence
of calculated dHVA frequencies of NbGe,.

experimental angular dependence of the dHvA frequencies
obtained using the field modulation and magnetic torque
methods. To interpret the observed dHvA frequencies, we
calculated the Fermi surface using the result of LDA cal-
culations. Figure 6 shows the calculated energy bands of
NbGe,. The calculated Fermi surfaces of NbGe, are shown in
Figs. 5(c)-5(f). The Fermi surfaces of NbGe, consist of spin-
split electron and spin-split hole Fermi surfaces. Then, we
constructed the angular dependence of the dHvVA frequency
from the calculated Fermi surface, as shown in Fig. 5(b). The
angular dependence of the experimental dHvA frequencies
[Fig. 5(a)] can be interpreted based on the calculated result
[Fig. 5(b)], although some dHVA branches, such as g*, n*,
and «*, appeared only in the experimental result.

o, Y, &, and ¢ branches correspond to the pairs of spin-split
electron Fermi surfaces [Figs. 5(e) and 5(f)]. The field angle
dependence of these dHVA branches corresponding to the
electron Fermi surfaces is in good agreement with the cal-
culations. On the other hand, dHVA branches corresponding
to the spin-split hole Fermi surfaces, such as 6, 8, §, and A,
show discrepancies between the results of experiments and
LDA calculations. The 6 and 6" branches corresponding to
the inner paths of the hole Fermi surfaces were not observed
in the experiment. In the LDA calculation, we have obtained
the relatively large curvature factors, namely the term of

(32Sg/0k*)~1/? in the dHVA amplitude, for 6 and @’ branches.
The large curvature factors for the inner orbits indicate that
these branches are difficult to observe experimentally. Instead
of the 6 and 6’ branches, the A branches corresponding to the
small neck near the M point provide evidence for the existence
of the connected hole Fermi surfaces. As mentioned above,
the small dHVA branches A; and A} have been detected by us-
ing the magnetic torque method. Figure 4(c) shows the angular
dependence of the calculated dHvA frequencies of NbGe, in
the region of low dHvA frequencies. The experimental result
[Fig. 4(c)] and calculated angular dependence [Fig. 4(d)] show
a good agreement, indicating the existence of the spin-split
hole surfaces with the shapes shown in Figs. 5(c) and 5(d).

Furthermore, the experimentally observed B branch shows
a different angular dependence from the calculated one. As
shown in Fig. 5(a), the 8 and 8’ branches have been observed
for all field angles in the basal plane, namely [1010] to [1120],
whereas the calculated 8 and B’ branches were absent for
H || [1120] [Fig. 5(b)] because of the small neck of hole Fermi
surfaces. Moreover, the §* branch has been observed for the
field directions from [0001] to [1120] in the field modulation
measurements although the 8* branch does not appear in the
LDA calculation. This difference between experiments and
calculations is likely due to the magnetic breakdown on the
small neck orbit at around the M point. We note that many
dHvA frequencies have been observed between B and g’
branches. The many dHvA frequencies can be interpreted as
being caused by the magnetic breakdown effect in the two
spin-split Fermi surfaces.

To obtain the cyclotron effective mass, we have measured
dHvA oscillations at several constant temperatures in the
range from 0.06 to 0.8 K for three field directions: [0001],
[1010], and [1120]. Figure 7(a) shows the dHvA oscilla-
tions for H || [0001], demonstrating that the dHvA amplitude
decays as the temperature increases. Based on the Lifshitz-
Kosevich (LK) formula, the temperature dependence of the
dHvVA amplitude can be written as follows [34]:

A 20miT .
ln{?[l — exp<— ozln;c )]} = —OIZCT + const.,  (3)

where A is the dHvVA amplitude, m is the cyclotron ef-
fective mass, and o = 27 °ckg/eh. The mass plot, namely a
plot of In{A[1 — exp(—2amT /H)]/T} against T, is shown
in Fig. 7(b). The dHvA amplitudes of the «, o', y;, and y,
branches are found to decay according to the LK formula, and
the cyclotron effective masses were obtained from the slope
of the fitting curves. The dHVA frequencies and the ratios of
cyclotron effective mass to band mass are listed in Table IV.
The cyclotron effective masses of NbGe, were approximately
1.5 times larger than the band masses obtained by the LDA
calculations, namely m /my, ~ 1.5. Note that the calculated
electronic specific heat coefficient y,, . is obtained to be 4.3
mJ/(K? mole) from the LDA calculation. From the reported
experimental value of yeyp ~ 6.3 mJ/ (K2 mole) [16,17], we
estimated the ratio of Yexp/Vcalc to be approximately 1.5. The
my /my, ratio is consistent with the Yexp/Vealc Tatio.

Such mass enhancement is generally caused by the elec-
tronic correlations [35,36], magnetic fluctuations/frustrations
[37-39], and electron-phonon interactions [40,41]. NbGe,
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symmetry points and axes are denoted by their common names.

is a nonmagnetic compound without f electrons. Thus, the
possibility that strong electronic correlations or magnetic con-
tributions cause mass enhancement is ruled out. The results
of dHVA measurements and first-principles calculations sup-
port that the strong electron-phonon interaction is responsible
for the enhancement of the effective mass. Although the
anisotropic electron-phonon scattering time has been demon-
strated in the previous theoretical work [19], rather isotropic
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FIG. 6. Calculated band structure of NbGe,. The dashed line
indicates the Fermi level.

effective mass enhancement was observed in NbGe, in this
study.

As we have discussed, the Fermi surface of NbGe, is
comprised of spin-split electron and spin-split hole Fermi
surfaces. Such spin-split Fermi surfaces have been widely
observed in noncentrosymmetric metals. We can estimate the
energy scale of spin-splitting Ae, namely the magnitude of an-
tisymmetric spin-orbit interaction, from the splitting of dHvVA
frequencies AF and the cyclotron effective mass m. Using
the Onsager relation AF = (ch/2mwe)AS and the definition
of the cyclotron mass m} = (W*/2m)(AS/ Ag), we obtain a
simple expression as follows:

he
As = AF @)
m¥c
@) [ Noee, ®) z NbGe,
L = [0001] i ] H | [0001] ]
) S
z l | | A g .
= 1 | i1 i - 2
O IR AT AT ﬂ . & 3.63 my
& I I <
E ‘ I [—o06k] &
) ' N|—o1k| *
CEA NS ! N ¥ lj|—o2k | § ]
ERRR IR L R
= | \ — . =
St BRARE =
' — 07K | = 7
‘ ‘ ‘ —osk| Ty
0068 0069 0070 0071 0072 €0 02 04 06 08 1.0
1(oH) (1/T) r®

FIG. 7. (a) The dHVA oscillations measured at several constant
temperatures for H || [0001]. (b) Mass plot of «, o', y;, and y,
branches.
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TABLE IV. Experimental and calculated Fermi surface param-
eters of NbGe,. F and F, are experimental and calculated dHVA
frequencies, respectively. m}, mg, and my, are the cyclotron effective
mass, rest mass, and band mass, respectively.

TABLE V. Comparison of Fermi surface properties of NbGe,
and NbSi,. AF,, and Ae.,, are the splitting of experimental dHvA
frequencies and the corresponding energy scale of spin-splitting,
respectively. The reported values of AF.,, Agey,, my, and mg /my
of NbSi, are from Ref. [46].

Experiment Calculation
F mé‘ Fb ny mé‘/mb NbG€2

Branch (kT) (myg) (kT) (mygp) (=) Branch AFyp (T)  Ageyp (K) my (my) my/my (=)

H || [0001] aando’ 270 182 1.89 and 2.18  1.54 and 1.83
o 11.7 1.89 11.0 1.23 1.54 (electron)
o 11.4 2.18 10.7 1.19 1.83 Band B/ 586 360 231and 2.48 1.38 and 1.65
Vi 6.89 4.48 6.12 3.00 1.49 (hole)
V2 6.21 3.63 5.74 2.10 1.73 .
¢ 0.34 0.96 0.49 0.57 1.68 NbSiz [46]
1% 0.25 0.82 0.27 0.62 132 Branch  AFyy (T) Asey (K)  m? (my) m Jmy (=)
B 4.07 3.07 wande/ 120 209 0.73and 0.70  0.78 and 0.78
K* 3.45 2.67

_ (electron)

H || [1010] yandy’ 240 334 0.98 and 0.91 1.12 and 1.10
B 4.74 231 5.10 1.68 1.38 (hole)
B’ 4.16 248 4.53 1.50 1.65
y 2.79 1.96 2.24 0.63 3.11
y' 3.00 2.25 2.36 1.19 1.89
A 0.14 0.35 0.21 0.27 1.30 o
A, 0.12 0.36 0.17 0.25 144 Note that the A; and A} branches correspond to orbits circulat-
n* 2.25 1.40 ing near the saddle point at the M point. The m /my, ratios for

H || [1130] A1 and ) branches are comparable in magnitude to the mass
B* 426 221 enhancement observed in the other dHvA branches despite the
y 3.33 296 .86 1.29 175 presence of saddle-point-like band dispersion.

Note that the energy scale of the antisymmetric spin-orbit
interaction should be estimated using experimentally obtained
effective masses in strongly correlated electron systems with
enhanced effective masses [42-45]. Ae of NbGe, is esti-
mated to be 182 K for a-a’ branches (electron Fermi surface,
H || [0001]) and 360 K for -8’ branches (hole Fermi surface,
H || [1010]). The estimated energy scale of spin-splitting
is comparable to an isostructural compound NbSi, [46] and
a noncentrosymmetric metal LaRhGes with Rh-4d electrons
[47].

Finally, let us compare the Fermi surface properties of
NbGe,; and NbSi,. The Fermi surface properties of both com-
pounds are summarized in Table V. The Fermi surface of
NbSi, has been investigated by dHvA experiments, and the
hole Fermi surfaces consist of pocket Fermi surfaces around
the K point in the Brillouin zone [46]. In contrast, the (121st
and 122nd) hole Fermi surfaces of NbGe, have a connected
shape along the boundary of the Brillouin zone, as shown in
Figs. 5(c) and 5(d). The difference in the topology of hole
Fermi surfaces as well as the density of states between NbGe;
and NbSi, is arising from the different energy dispersion near
the M point. As pointed out by the previous study [17], the
energy band dispersion of NbGe, exhibits saddle-point-like
dispersions near Ep. Pairs of saddle-point-like dispersions
exist at around the H and M points near Er [see Fig. 6],
resulting in a distinct peak structure in the density of states.
The van Hove-type singularity and the significant contribution
of Nb-4d electrons in the DOS near the Fermi level affect the
electronic transport and thermoelectric properties of NbGe,.

The energy scales of spin-splitting Ay, are comparable
between NbGe, (Ageyp, = 182 K for electron Fermi surfaces
and Agep, = 360 K for hole Fermi surfaces) and NbSi,
(Agexp = 209 K for electron Fermi surfaces and Agey, =
334 K for hole Fermi surfaces [46]). In NbGe,, the effective
mass is enhanced by the strong electron-phonon interaction
compared to NbSi2. As a result, while the spin-splitting of
dHvVA frequencies AF differs significantly between NbGe,
and NbSi,, the energy scale of spin splitting remains
comparable.

IV. CONCLUSIONS

We investigated the detailed Fermi surface topology and
electronic transport properties of NbGe,. NbGe, and NbSi,
exhibit a notable difference in the temperature dependence
of electrical resistivity and Seebeck coefficient due to the
strong interband electron-phonon scattering. The character-
istic behavior in p(7T') and S(T') of NbGe, are attributed to
the van Hove-type peak structure and the significant con-
tribution of Nb-4d electrons in the DOS near the Eg. The
detailed topology of the Fermi surfaces in NbGe, is revealed
by combining the magnetic field modulation and magnetic
torque methods. The angular dependence of the experimental
dHvA frequencies can be interpreted based on the results of
LDA calculations. The dHVA measurements also revealed
the isotropic enhancement of the cyclotron effective mass
(m}/my, ~ 1.5), indicating the existence of strong electron-
phonon interaction in NbGe,. Our results provide valuable
insights into the intriguing electronic structure of NbGe,,
which is a candidate for a coupled electron-phonon liquid.
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