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Layered transition-metal dichalcogenide HfTe, is a topological semimetal candidate attracting increasing
attention recently. The map of the Fermi surface is of interest and importance to understand its properties. Here,
we present a study of Shubnikov—de Haas (SdH) oscillations and planar Hall effect (PHE) in Hf Te,. The single
crystals grown by flux method show the largest unsaturated magnetoresistance (MR) effect of 1.1x10*% at 14 T
and 2 K. The angle-resolved SdH oscillations reveal that the Fermi surface consists of three pockets with different
anisotropy. In addition, we observe PHE and anisotropic MR effect in the material for a wide temperature range.
The effective mass, carrier density, and quantum transport mobility are quantified in the system, and the Berry

phase is discussed. Our work provides crucial insights into the electronic structure and the Fermi surface of the

semimetal.
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I. INTRODUCTION

Transition-metal dichalcogenides (TMDs) are a kind of
materials attracting broad interest because of their rich phys-
ical properties and promising applications. The TMDs with
nontrivial electronic structure have been a recent topic and
shown novel transport behavior including remarkable unsat-
urated magnetoresistance (MR), chiral anomaly, temperature-
induced Lifshitz transition, and planar Hall effect (PHE)
[1-11]. These fantastic phenomena have triggered intensive
studies on a variety of TMDs [12-18].

Hafnium ditelluride (Hf Te,) crystallized in the 17 structure
has been recently predicted to be a topological semimetal
candidate [19-22]. The first-principles band-structure cal-
culations reveal that bulk HfTe, shows two hole pockets
crossing the Fermi level at the I' point and one elec-
tron pocket around the Brillouin-zone corner [23]. The
low-temperature angle-resolved photoemission spectroscopy
(ARPES) experiments confirm the existence of multiple
bands and explore the occurrence of a bulk Dirac point
[22-24]. The magnetization measurements reveal one hole
pocket and one electron pocket from de Haas—van Alphen
effect [25]. However, the information of another hole Fermi
pocket is lacking and it remains a question whether it is an
open-orbit Fermi surface as theoretically predicted [23,25].
The angular-dependent Shubnikov—de Haas (SdH) effect in
MR has been an important tool to map the Fermi surface
but there have been few experimental works to show the
electronic transport behavior of Hf Te,, which may be owing

“zuohuakun@163.com
fwanghch26 @mail.sysu.edu.cn

2469-9950/2023/108(23)/235155(9)

235155-1

to the challenge of growing high-quality single crystals and
the extreme sensitivity of HfTe, in atmosphere. The elec-
tronic transport measurements of high-mobility Hf Te, single
crystals are highly desirable for understanding the electronic
structure and transport properties.

Here, we present the SdH quantum oscillations and PHE
in high-quality Hf Te, single crystals. The crystals are grown
by self-Te-flux method to avoid introducing other impurities.
The best crystal shows a residual resistance ratio (RRR) of
234 and an unsaturated MR effect of 1.1x10%% at 14 T and 2
K. We observe obvious SdH oscillations in the MR curves at
low temperatures, which reveal three Fermi pockets consistent
with the theoretical prediction. The three pockets show dif-
ferent electronic anisotropy identified by the angle-resolved
SdH effect. PHE is observed in the material and may result
from the nonzero Berry phase and the in-plane anisotropic MR
(AMR). This work provides insights into the transport proper-
ties supporting the current understanding of Hf Te, electronic
structure.

II. EXPERIMENTAL METHODS

HfTe, is trigonal omega structured (space group P3ml)
with HfTe, layers stacked along the (001) direction. Hf*"
is bonded to six equivalent Te?~ atoms to form edge-sharing
HfTes octahedra. The Hf Te, can be synthesized via chemical
vapor transport using iodine as a transport agent, and this
method was widely used in previous studies [23-26]. The
self-Te-flux method appears to be superior to yield high-
quality crystals owing to the absence of a transport agent
which may cause defects and impurities [27]. We have grown
HfTe, single crystals by a Te-rich melt, i.e., Te as the flux
in the process. Total elements mass of 5 g (Hf, 99.99%;
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FIG. 1. (a) Temperature dependence of zero-field resistivity (sample Al). Inset: Low-temperature resistivity shows p ~ T° behavior
indicating dominant s-d interband scattering. (b) MR curves of Hf Te, at low temperature. (c) The MR is positively correlated with the RRR.
(d) Magnetoresistivity oy, at 2 K. (e) Hall resistivity o, at 2 K. (f) Carrier concentration and mobility estimated from the three-band model

fitting of Hall conductivity o

Zr, < 0.03%; and Te, 99.9999%) were loaded in a quartz tube
with four different ratios (Hf:Te = 3.5:96.5, 4:96, 4.5:95.5,
and 5:95). Tubes were then sealed (pressure < 5x 10™* mbar),
heated to 1000° C within 16 h, held at 1000° C (24 h), and
cooled to 700° C (rate of 2°C/h) to remove the flux by a
centrifuge. The as-synthesized crystals were characterized by
energy-dispersive x-ray spectroscopy (EVO MA10) [28]. The
averaged Hf:Te ratio determined from different samples is
1:2.04, which is very close to 1:2. The Hf Te, single crystal is
intrinsically gold in color [28], while it is extremely sensitive
in the air and easily oxidizes to form a dark-gray film on
the surface. Therefore, the crystals were kept in a glove box
before measurements for protection. The transport measure-
ments were performed in a 14T-DynaCool PPMS (Physical
Property Measurement System, Quantum Design). Silver glue
was used to paste the gold wires to the crystals after obtaining
the golden fresh surfaces by scraping off the top oxidized
films. Standard four-probe or six-probe method was used to
measure the MR and the Hall behavior.

III. RESULTS AND DISCUSSION

The typical zero-field longitudinal resistivity of a Hf Te,
crystal as a function of temperature is shown in Fig. 1(a). It
shows a transition from linear behavior p ~T at high tem-
perature to p ~ T at low temperature [Fig. 1(a), inset]. It
is known that the linear temperature dependence originates
from the electron-phonon coupling. The T3 dependence of
resistivity is different from the expected T2 behavior of a

Fermi-liquid state with dominant electron-electron scattering
at low temperature. It is related to the s-d interband scattering
and generally observed in transition-metal compounds [29].
The residual resistivity ratio RRR = p(300K)/p(2K) is an
important indicator of the crystal quality and purity. The RRR
of high-quality HfTe, crystals synthesized via self-Te- flux
method can be as high as 404 [30]. The largest RRR in our
obtained samples is 234 (sample A1). The crystal also shows
the large MR = [p(H) — p(0)]/p(0) of about 1.1x 10°% at
14 T and 2 K [Fig. 1(b)]. We measured the RT and MR behav-
ior of a variety of samples from different batches [Table I].
In a fixed magnetic field, the MR is largely influenced by the
carrier mobility pu, which is proportional to the conductivity
op at low temperature. Meanwhile, the RRR is proportional
to the conductivity oy = 1/09. Thus, for different batches of
HfTe, samples, the MR is positively correlated with the RRR
as observed [Fig. 1(c)].

The Hall measurements are performed to analyze the
carrier information in the material. Based on the measured
pxe [Fig. 1(d)] and p,, [Fig. 1(e)], the Hall conductivity
Oxy can be calculated by oy, = py/ (pfx + ,oyzx) [Fig. 1(f)].
In order to compare with the results from quantum os-
cillations discussed later, the Hall conductivity is fitted
using a three-band model. The obtained carrier densi-
ties at 2 K are n;,; = 6.6x10° cm™3, n, = 3.9x10"° cm 3,
and my = 8.7x10' cm—3, respectively. The Hall analysis
reveals two hole pockets and an electron pocket, consis-
tent with the first-principles calculations and the ARPES
experiments [23-25]. In addition, the Hall mobilities at 2
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TABLE I. Growth parameters and physical properties of Hf Te,
single crystals grown by self-Te-flux method. The samples are repre-
sented by A-D denoting different Hf:Te ratios in initial ingredients
and numbers to distinguish from each other. The RRR is calculated
by p(300K)/p(2 K) and the MR, i.e., [R(H)—R(0)]/R(0) is measured
at 2 K and 14 T in PPMS. More than 30 samples from different
batches are measured, and SdH oscillations with three Fermi pockets
are observed in all series of samples. Typical samples are selected to
show the properties.

Sample Hf:Te RRR MR (x10°%, 2 K, 14 T)
Al 4.5:95.5 2342 10.77
A2 4.5:95.5 203.6 7.17
Ad 4.5:95.5 153.39 5.54
A5 4.5:95.5 167.77 7.65
Bl 5:95 211.6 7.54
B2 5:95 200.5 7.29
Cl1 4:96 215.8 9.39
2 4:96 197.5 7.89
D1 3.5:96.5 194.4 6.85
D2 3.5:96.5 179.8 7.73

K are estimated to be uy =6.3x10°cm?V='s™!, p. =
51x103em?V='s™! and pp =7.7x103ecm?2 Vs !, re-
spectively.

It is observed that there are oscillations on the low-
temperature MR curves in the high magnetic-field range of
8-14 T [Fig. 2(a)]. The oscillatory component AR [Fig. 2(b)]

is extracted by the commonly used method of subtracting
a smooth quadratic polynomial background from data in
Fig. 2(a) considering the parabolic shape of the MR curve.
We have also used different orders of polynomial as the
background and performed the second derivative of the MR
data (Fig. S1 of Supplemental Material) [31], confirming the
quantum oscillations are intrinsic. The direct fast Fourier
transformation (FFT) [Fig. 2(c)] of the oscillations with re-
spect to 1/uoH reveals prominent frequency peaks locating
at around 131 T (&), 262 T (2«), 355 T (B), 430 T (y), 710
T (28),and 970 T (2a + 28), respectively. The peaks of 262
and 710 T are the second harmonic, and the 972 T peak serves
as a signature of magnetic breakdown orbits as observed in
the semimetal WTe, [32]. Thus, the SdH oscillations identify
three Fermi pockets (¢, 8, and y), among which the two
smaller oscillation frequencies (¢ and f) are in agreement
with the results detected by the magnetization measurements
[25].

In this work, the samples are represented by A-D se-
ries denoting different Hf:Te ratios in initial ingredients and
number to distinguish them from each other. According to
our measurements on more than 30 samples (Fig. S2), the
three FFT frequencies are present in all the series of sam-
ples though the y-frequency peak is weak in some samples
measured within 14 T and the noise increases the difficulty in
identifying it [31]. It is noted that the FFT peak amplitudes
of the three pockets are different, which can be attributed
to the differences of Dingle temperature 7p and effective
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FIG. 2. (a) MR curves of different samples with oscillations in the high magnetic-field regime at 2 K. (b) The extracted MR oscillations
after subtracting a smooth quadratic polynomial background. The plots are shifted vertically for clarity. (c) The FFT results of the oscillations
reveal three Fermi pockets in the material. (d) The MR oscillations at selected temperatures (sample A4). (e) The temperature dependence of
the FFT spectrum in sample A4. (f) The effective mass fits (black lines). The points are the FFT peak amplitudes at different temperatures.
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mass m* for the three Fermi pockets as analyzed below. In
different samples, the difference of disorder level can lead to
the variance of the FFT peak amplitudes because the Dingle
temperature is closely related to the electron scattering, and
the disorder-induced slight variance of the Fermi level may
make the effective mass m* different.

According to the Lifshitz-Onsager quantization rule, the
quantum oscillation frequency (F) is proportional to the ex-
tremal cross-sectional areas Sy of the Fermi surface, i.e., F =
(h/2me)SF. By assuming a circular Fermi pocket, the Fermi
vector can be estimated based on Sy = nk%. Then, the three-
dimensional (3D) carrier concentrations can be extracted with
n = kj /372 using the spherical approximation [33]. The esti-
mated carrier concentrations for «, 8, and y pockets of sample
A4 are 8.5x 108 cm—3, 3.8x 10" cm 3, and 5.0x 10" cm 3,
respectively. The results are close to those obtained from Hall
measurement. The differences may be attributed to the fact
that we did not consider the anisotropy of the Fermi surface in
the estimation of carrier densities based on the SdH oscillation
frequency.

The SdH oscillations of a 3D system are described by the
standard Lifshitz-Kosevich (LK) theory [34-37]:

27% kgT
—2]'[2 kBTD ) ﬁw(ﬂ

F
) (L ’
sinh (%)COS jT(B +¢>

AR, x exp(
7

how,

where Tp is the Dingle temperature, w. is the cyclotron fre-
quency related to the effective mass m* by w. = euoH/m*,
kg is Boltzmann’s constant, / is Planck’s constant divided
by 2m, and ¢ is the oscillating phase. The temperature-
dependent SdH oscillations [Fig. 2(d)] are obtained from the
measured MR behavior of sample A4 at different tempera-
tures (Fig. S3). It is observed that the oscillations are absent
at higher temperatures [31]. The FFT results at low tem-
peratures are shown in Fig. 2(e). The SdH oscillations of a
system with multiple Fermi pockets are described by linear
superposition of the LK formula for each frequency, and the
amplitude of each FFT frequency peak depends on the am-
plitude of MR oscillations from each Fermi pocket. The FFT
amplitude follows FFTnp ~ A(T)/ sinh A(T) with A(T) =
272 kyTm*/hepoH, where H is the average magnetic field
for the applied magnetic-field range [38]. In this case, the
temperature-dependent amplitude of each FFT peak can be
used to extract the corresponding effective (cyclotron) mass of
the carriers. This method is widely used in various systems in-
cluding the semimetals with multiple Fermi pockets [39-42].
As show in Fig. 2(f), the estimated effective cyclotron mass
in HfTe; is my, = (0.19 £ 0.02)mg, myg = (0.20 + 0.03)my,
and mj, = (0.40 & 0.01)my, respectively. Here, my represents
the bare electron mass. Similar results are obtained for other
samples (Figs. S4 and S5) [31].

The SdH oscillations are further verified by the high
magnetic-field measurements up to 56 T. The freshly grown
samples with longer size and thinner thickness are chosen
for the pulsed magnetic-field measurements, which show rel-
atively larger noise owing to the mechanical vibrating and
need a large signal to obtain reliable data. In Fig. 3(a),
the MR data of sample A5 show remarkable oscillations
which are extracted to be shown in Fig. 3(b). The FFT
results [Fig. 3(c)] reveal three frequency peaks at around
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FIG. 3. (a) MR with oscillations at high pulsed magnetic field.
(b) The MR oscillations at different temperatures after subtracting a
polynomial background. (c) The FFT results. (d) The effective mass
fits.

131 T («), 351 T (B), and 438 T (y), respectively. The
second-harmonic 2« and 28 peaks are also observed, with
the appearance of 2(a + ) orbit suggesting the occur-
rence of magnetic breakdown. Thus, the high-field data also
identify three Fermi pockets. The fits of the temperature-
dependent FFT peak amplitudes produce the effective mass
my, = (0.18 +0.02)mo, my = (0.19 £0.01)mg, and mj =
(0.40 £ 0.01)my, respectively [Fig. 3(d)]. The results are con-
firmed by the high-field measurements of another sample
(Fig. S6) and coincide with those obtained from the static-field
data.

The angular dependence of the MR behavior (sample A5)
is also measured [Fig. 4(a)]. Here, the angle denotes the
relative orientation of the magnetic field and the c¢ axis.
Hence, 6 = 0° denotes the configuration where the field is
perpendicular to the crystal plane and 6 = 90° indicates an
in-plane magnetic field perpendicular to the current. The
MR at selected angles at 2 K can be scaled by the field
eoH [Fig. 4(b)] with g5 = (cos?0 + n~2sin20)'"*, where 1 de-
scribes the Fermi-surface anisotropy [43]. The average value
of 1 obtained from several samples is about 6.8 [Fig. 4(c)].
The small 75 reveals the overall 3D electronic structure with
anisotropy. The first-principles band-structure calculations
predicted that Hf Te, is a semimetal with two hole pockets
around the Brillouin-zone center and one electron pocket
located around the Brillouin-zone corner. In particular, one
of the hole Fermi surfaces is predicted to be open along k,
forming a warped 2D cylinder [23,25]. This is a question that
needs to be studied and is important for the understanding of
its transport properties.

The angular dependence of the SdH oscillations is shown
in Fig. 4(d). The data at 50° are not shown because of the
large noise caused by the accidental vibration in the pulsed
magnetic-field measurements. The angle-dependent FFT re-
sults [Fig. 4(e)] show that the three Fermi pockets display
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FIG. 4. (a) MR behavior at selected angles with the magnetic field changed from perpendicular (6 = 0°) to in plane (6 = 90°). (b) The
MR vs magnetic field with H scaled by a factor gy = (cos?  + 52 sin? 9)1/2 with 7 describing the anisotropy. (c) Angle dependence of ¢, at

2 K. The points are derived from experimental results and the line is the fit with &, = (cos? 6 4 52 sin’ 0)1/2. (d) The angle-dependent MR
oscillations after subtracting a polynomial background. (e) Angular-dependent FFT results show the anisotropy of the Fermi pockets. The plots

in (d) and (e) are shifted vertically for clarity.

different anisotropic properties. The 8 pockets can be recog-
nizable at different angles. The F, peak is weak at some angles
while the peak is robust to appear locating at the frequency
range consistent with the « pocket. In addition, both the FFT
results of the second derivative and polynomial-subtracted
oscillation data suggest the emergence of the a pocket at
different angles (see Figs. S7 and S8). Moreover, it is noticed
that there are two FFT peaks around 270 and 610 T when the
field is in plane. The frequency peaks cannot be ascribed to y
because that is not consistent with the calculated anisotropic
feature of the Fermi surface. According to Fig. 4(e), the y
pocket is visible only when the titled angle is smaller than
60°. Considering the larger frequency of y and thus a larger
cross-sectional area of the Fermi surface, the y pocket is
suggested to be the predicted hole pocket open in k, [23,25].
The absence of the F, peak under an in-plane magnetic field
provides support for the judgment since open orbits do not
give rise to quantum oscillations.

It is found that the pulsed high magnetic-field oscil-
lations in sample B3 are dominated by the y pocket
[Figs. S9(a)-S9(c)], which is demonstrated by the much
sharper and larger amplitude of the frequency peak in the FFT
spectrum [31]. Especially, the FFT spectrum of oscillations
in the field range of 35-56 T reveals only one peak of 421
T. The LK formula with the single-frequency well reproduces
the MR oscillations at large fields [Fig. S9(d)] and the ob-

tained oscillating phase factor ¢= 0.1. The ¢ value close to 0
suggests a nonzero Berry phase close to 7 [31]. It is hard to
extract the information of - and B pockets from the pulsed
high-field data owing to the relatively smaller weight in the
oscillations and the larger noise while they can be obtained
from the fit of the oscillations in the static-field data. The
fit of the typical oscillations in static magnetic field by the
LK formula with three different frequencies gives that the
oscillating phase factors of «- and B pockets are 0.76 and
0.40, respectively, which is close to the expected value 0.5 of
a trivial band with zero Berry phase. The obtained oscillating
phase factor of the y pocket is 0.04, consistent with the pulsed
high magnetic-field result, suggesting a nonzero m Berry
phase. The nonzero Berry phase may arise from a topological
Dirac cone. However, the first-principles calculations and the
ARPES experiments reveal that the Fermi level of Hf Te; is far
away from the predicted Dirac point [23-25], which indicates
that the Dirac cone may not play an important role. The
band-contact lines usually exist in metals and can also lead to
nonzero Berry’s phase [44]. We do not have a clear answer on
the origin yet and the physics calls for further investigations.
The fitted averaged Dingle temperatures 7 of «, 8, and y
pockets are 16.9, 12.3, and 9.6 K, respectively (Fig. S10) [31].
According to u = eh/2mkgTpm*, the quantum mobility is es-
timated to be u, = 703 cm?V-lgl mg =915 cm?V-lgl
and p, = 557cm? V~!s7!, respectively. The Hall mobility
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FIG. 5. (a) The in-plane MR curves at different angles (¢ = 0° represents the field parallel to the current). The (b) AMR and (c) PHE at 2 K

under different magnetic fields. (d) The orbits obtained by plotting o)™

of (¢) AMR and (f) PHE in Hf Te,.

is much larger than the quantum mobility because the for-
mer is only influenced by the large-angle scattering, while
the latter is sensitive to both small-angle and large-angle
scattering [45].

For an in-plane field perpendicular to the current /, the
HfTe, shows a MR effect of about 450% at 2 K [Fig. 5(a)].
In the Lorentz-free configuration with H//I, the MR is 100%
without saturation. The in-plane unsaturated MR may be
related to the open-orbit Fermi surface and deserves fur-
ther study [46,47]. When the direction of the magnetic
field is rotated in the ab plane [inset of Fig. 5(a)], AMR
and transverse resistivity are observed [Figs. 5(b) and 5(c)].
The phenomenon in topological materials is usually called
PHE [48-53]. We calculated the average of the measured
Hall data in both negative and positive fields to eliminate
the normal Hall contribution arising from a possible out-
of-plane field component in the measurements. The PHE
data are further processed by the formula pf''F = [py(¢) —
Pyc(m—@)]/2 to exclude the in-plane AMR contribution
[18]. The obtained PHE data [Fig. 5(c)] show peaks near
135° (315°) and valleys near 45° (225°) demonstrating a
period of 180°. The results are consistent with the ex-
pected resistivity tensor considering chiral anomaly [48]:
p)];HE — _Apchiral sin @ Ccos@ and Prx = pl_Apchira]cos2 ®.
The Aphial = 5, — 0/, in which p, and p,, represent the
resistivity with the field perpendicular (¢ = 90°) and parallel
(¢ = 0°) to the current, respectively.

A widely used criterion to test the origin of the PHE is
to plot the amplitude of PHE vs in-plane AMR with ¢ as

and p,, with angle ¢ as the parameter. The temperature dependence

a parameter under fixed magnetic fields [Fig. 5(d)]. For the
PHE dominated by chiral anomaly, it is believed that the para-
metric plot pattern of the system should be concentric around
the center [54]. Otherwise, the PHE cannot be attributed to
the chiral anomaly. The plots of our results are shown in
Fig. 5(d), which seem to exclude the chiral anomaly as the
origin. In fact, the pattern can be corrected to be concentric
around the center if we consider an possible out-of-plane MR
contribution in the results. In a system with extremely large
MR effect, a small-angle misalignment with an out-of-plane
field component could induce obvious shift of p,, to a larger
average value at high magnetic fields. The influence of the
perpendicular-field MR can change an intrinsic concentric
pattern to a shock-wave pattern. Thus, we want to point out
that the chiral anomaly cannot be excluded for the observation
of PHE only by the pattern plot. The absence of negative
MR can be an important signature of the absence of chiral
anomaly, though the negative MR might also be influenced
and overwhelmed by a positive background. Since the Fermi
level is predicted to be far away from the Dirac point [23,25],
it is understandable that the effect of Dirac fermions is not
obvious in the transport results. However, it is worth noting
that the LK fit on the SdH oscillations suggests a nonzero
Berry phase for the larger hole pocket. The nonzero Berry
phase can act as the origin of the PHE [53]. On the other hand,
the PHE can be closely related to the AMR effect [18]. In
this scenario, the temperature dependence of AMR and PHE
should be similar. Our results [Figs. 5(e) and 5(f)] indicate
that both AMR and PHE are robust to high temperatures. The

235155-6



SHUBNIKOV-DE HAAS OSCILLATIONS AND PLANAR ...

PHYSICAL REVIEW B 108, 235155 (2023)

amplitudes of both AMR and PHE decrease with increased
temperature above 30 K, while the amplitude of PHE is almost
unchanged at lower temperatures though the AMR amplitude
changes. The difference may be a signature that both the
nonzero Berry curvature and in-plane AMR contribute to the
observed PHE phenomenon.

IV. CONCLUSIONS

To conclude, we map the Fermi surface of the semimetal
HfTe, by the SdH quantum oscillations and report the PHE
phenomenon using the self-Te-flux grown single crystals. The
high-quality crystal shows a large MR effect of 1.1x10*% at
14 T and 2 K without saturation. The SdH oscillations iden-
tify three Fermi pockets, among which the larger-hole Fermi
pocket shows signatures of open-orbit characteristic and
nontrivial Berry phase. The effective mass, carrier density, and
mobility are quantified for each pocket. The material exhibits
PHE for a wide temperature range and may be attributed to the

combined contribution from both the nonzero Berry curvature
and the in-plane AMR effect. The results are important for
deep understanding of the Fermi surface and the topological
nature of Hf Te,.
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