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Current direction dependent magnetotransport in CuTe
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Despite being a layered, easily-exfoliated compound, copper monotelluride (CuTe) features an unusual
quasi-one-dimensional charge density wave below Tcpw =~ 335 K. Within a CuTe layer, the electrical resistivity
depends sensitively on the direction of the electrical current. Here, we use magnetotransport to probe the metallic
state of CuTe with two distinct in-plane current directions. When the current flows along the a axis (I /a), the
magnetoresistance exhibits a downward curvature as the magnetic field increases. On the other hand, when the
current is along the b axis (I /b), the magnetoresistance shows the opposite curvature. Our analysis uncovers a
violation of Kohler scaling, but only for / /a. Shubnikov—de Haas oscillations are detected at low temperatures.
Our results shed light on the nature of the metallic state in CuTe with the development of the charge density

wave.

DOLI: 10.1103/PhysRevB.108.115162

I. INTRODUCTION

Charge density wave (CDW) is an electronic state that
involves a periodic modulation of conduction electron den-
sity in real space [1]. Recently, CDW has been attracting
attention partly because of its observation in the proximity
of the superconducting state [2—11]. Understanding the inter-
play between the CDW phase and the superconductivity can
shed light on the superconducting state, potentially enabling
a fine-tuning of the superconducting properties. For exam-
ple, the recently discovered kagome superconductors AV;Sbs
(A = K, Rb, and Cs) are found within the CDW phase,
and the suppression of the CDW state drastically enhances
the superconducting transition temperature (7.) of AV3Sbs
[7-9]. On the other hand, in 17-TaS,, the suppression of the
CDW phase does not enhance 7, significantly [10,11]. Thus,
superconductivity appears to be competing with the CDW
state in AV3Sbs but not in 17-TaS,. To gain further insights,
understanding how the CDW emerges is crucial.

Copper monotelluride (CuTe) has recently been shown to
host a rare quasi-one-dimensional (quasi-1D) CDW phase
below Tepw = 335 K [12-19]. Above Tepw, CuTe adopts an
orthorhombic structure consisting of weakly bonded layers
along the ¢ axis [12,20,21]. Interestingly, the formation of
the CDW state only involves the distortion of Te-atom chains
along the a axis, in which the Te atoms form groups of
two or three atoms [12,13,16—-19]. By applying pressure, the
CDW state can be suppressed, and superconductivity emerges
[15,22]. Therefore, CuTe is another platform to explore the in-
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terplay between the CDW state and superconductivity. When
CuTe is cooled across Tcpw, the Seebeck coefficient exhibits
a clear kink and decreases with a faster rate [14]. Similarly,
an anomaly is detected in thermal conductivity at Tcpw [14].
These behaviors are consistent with partially gapped Fermi
surfaces because of the CDW formation [18]. Furthermore,
the specific heat jump is larger than the mean-field expectation
at the transition temperature, supporting the possibility of
a strong-coupling CDW [14]. Angle-resolved photoemission
spectroscopy (ARPES) measurement, together with calcu-
lated electron scattering susceptibility and phonon dispersion,
revealed the Fermi surface nesting with a single g vector [13].
Besides, the observed phonon-mode shift in Raman scattering
when approaching the CDW transition temperature points to
strong electron-phonon coupling in the formation of the CDW
[16]. Thus, both the electron-electron scattering associated
with Fermi surface nesting and electron-phonon coupling are
likely to be active in the formation of the CDW phase in CuTe.

ARPES data show that the quasi-1D Fermi sheets parallel
to the k, direction are gapped out in the CDW state, while
the quasi-2D pockets are less affected [13]. Thus, the elec-
tronic transport is expected to be anisotropic. Furthermore,
if the setting in of the CDW phase introduces new periodicity,
the quasi-2D Fermi pockets can be reconstructed because of
the new Brillouin zone associated with the CDW phase. To
explore this scenario, magnetic quantum oscillations can be
conducted and compared with the calculated non-CDW Fermi
surfaces. Quantum oscillation frequencies gauge the size of
Fermi surfaces. Hence, if Fermi surfaces are reconstructed,
the associated quantum oscillation frequencies will be smaller
than the frequencies extracted from the calculated non-CDW
Fermi surfaces.
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To explore the anisotropic transport and to detect quantum
oscillations in CuTe, we prepared devices to conduct mag-
netotransport measurements on high-purity single-crystalline
thin flakes of CuTe. We detected obvious difference when
the in-plane current directions are varied. Furthermore, we
succeeded in detecting clear magnetic quantum oscillations in
resistivity [aka the Shubnikov—de Haas (SdH) effect]. To the
best of our knowledge, this is the first detection of the SdH
effect in CuTe, offering a chance to investigate the fermiology
of CuTe in the CDW state. This can also provide clues for
understanding the magnetoresistance data of CuTe.

II. METHODS

CuTe single crystals were grown using the Te self-flux
method as reported earlier [14]. Several single crystals were
ground to obtain a powder specimen for synchrotron x-ray
powder diffraction (SXRD) [23]. For transport measurements,
cleaved samples were transferred onto silicon-based sub-
strates pre-patterned with gold electrodes. To prepare these
electrodes, a small piece of silicon wafer with a 300-nm-
thick oxide layer was used. A photomask was then used to
expose a Hall bar pattern for photolithography. After gold
deposition, the silicon substrate with the gold Hall bar pattern
was ready for sample transfer. The substrates provided phys-
ical support and electrical contacts that facilitated resistivity
measurements. The low temperature and high magnetic field
were achieved using a Physical Property Measurement Sys-
tem (PPMS) by Quantum Design. A single-axis rotator was
installed to vary the orientation of the samples with respect to
the magnetic field direction. Resistivity measurements were
performed with the resistivity option of the PPMS except the
quantum oscillation, for which a Stanford Research 830 lock-
in amplifier was used. The first-principles electronic structures
of quasi-one-dimensional CuTe were calculated using the
Quantum Espresso code [24] with the ultrasoft pseudopoten-
tials in the framework of density functional theory (DFT).
FermiSurfer was used to display the calculated Fermi surface
[25]. Quantum oscillation frequencies were extracted using
Supercell K-space Extremal Area Finder (SKEAF) [26]. Fur-
ther computational details are presented in the Supplemental
Material [27].

III. RESULTS AND DISCUSSION

Figure 1(a) displays the powder x-ray diffraction spectrum
of CuTe. Clear peaks can be seen, and they can be indexed to
the Pmmn space group, confirming the structure of the sample
[20,21,33]. In Fig. 1(b), the Laue diffraction pattern exhibits
well-defined spots, demonstrating the high crystallinity of the
single crystals used for this study. Figure 1(c) is a photograph
of a typical single crystal placed on a paper with 1 mm
x 1 mm grids. The crystal is positioned with the ab plane
parallel to the paper. Even at the visual level, stripes along
the b axis can be seen. CuTe crystals can be mechanically
exfoliated. The resultant thin flakes provide the advantage of
enhanced resistive signals due to the optimal geometric factor.
Figure 1(d) shows a single crystal of CuTe positioned on
the pre-patterned conductive electrodes. A layer of #-BN was
added to protect the thin flake from the atmosphere. As will
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FIG. 1. (a) Powder x-ray diffraction spectrum of CuTe in com-
parison with the data from Pertlik [20]. (b) Laue diffraction image
captured along the [001] direction. (c) Typical CuTe crystal. The
arrows indicate the direction of a and b lattice vectors. (d) A thin
flake on the patterned substrate. The sample is at the center of the
photograph, and the shinier areas are the gold electrodes. The elec-
trical current is flowing from the left electrode to the right electrode.
A layer of h-BN was added on top.

o

be discussed below, such a device provides superior resistive
signals, enabling the observation of the SdH oscillations.

The morphology of the crystals allows easy identification
of the crystalline axes, facilitating the preparation of exper-
iments to investigate the transport properties with current
flowing along two orthogonal planar directions. For instance,
the thin flake shown in Fig. 1(d) is arranged so that the cur-
rent flows along the crystalline a axis, with the longitudinal
voltage measured along the same axis. Figure 2(a) shows the
temperature dependence of resistivity of sample Al, which
has current flowing along the a direction while Fig. 2(d)
shows the temperature dependence of resistivity of sample
B3, which is configured with current along the b direction.
Both Al and B3 exhibit a metallic p(7") down to 2 K, the
base temperature of our experiment. The residual resistance
ratio (RRR), defined as p(300 K)/p(2 K), is about 86 and
277 for Al and B3, respectively. Such high RRRs demonstrate
the usage of high-quality samples in our study. The onset of
the CDW transition manifests itself as a pronounced resistive
upturn in Al. However, the resistivity is almost smooth across
Tepw in B3. This striking dependence on the current direction
is in agreement with the data collected by Li ef al. [17] and
Wang et al. [16]. We also confirm the current direction de-
pendent p(T) by the Montgomery method, as presented in the
Supplemental Material [27]. Thus, our device-based approach
produces consistent data for the thin flake.

The anisotropy in the temperature dependence of the resis-
tivity motivates us to investigate the magnetoresistance (MR)
with different current directions. Figures 2(b) and 2(e) show
the MR of Al and B3, respectively, measured up to 14 T at
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FIG. 2. (a) Temperature dependence of the electrical resistivity
of sample Al. (b) Magnetoresistance along the a axis at differ-
ent temperatures. (c) Kohler scaling plot for (b). (d) Temperature
dependence of the electrical resistivity of sample B3. (e) Magnetore-
sistance along the b axis at different temperatures. (f) Kohler scaling
plot for (e).

different temperatures. At 2 K and 14 T, the magnitude of MR
(= [p(14 T) — pol/po x 100%) reaches 682% and 305% for
Al and B3, respectively. Here, p is the resistivity at the zero
field. The large MR is again consistent with the high sample
quality. Interestingly, the overall field dependence of the MR
depends on the current direction. When the current is along
the a axis (sample Al), the MR shows an overall downward
curvature and a tendency of saturation at high field. On the
contrary, the MR shows an upward curvature in B3. With an
increasing temperature, the magnitude of MR decreases in
both Al and B3, but the overall curvature is similar to the
data sets at 2 K.

To see the similarity of the curvature in MR(B) at var-
ious temperatures, we construct a Kohler plot. Plotting the
magnetoresistance against B/py, the MR curves of B3 at
different temperatures can be well represented by a single
curve [Fig. 2(f)], indicating the observation of Kohler scaling.
However, Kohler’s rule is violated in Al, as evidenced in
Fig. 2(c). The Kohler scaling in B3 suggests the universal scat-
tering mechanism when the current is along b. The violation
of the Kohler scaling when current is along a suggests the
changing of the carrier density or the scattering mechanism as
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FIG. 3. SdH quantum oscillation data. (a) FFT spectra of oscil-
lations at different temperatures. (b)—(d) Temperature dependence of
the oscillation amplitudes of the detected «, B, and y peaks. The
solid curves are the fittings using the thermal damping factor of
the Lifshitz-Kosevich (LK) theory. (e) Angular dependence of the
oscillation frequency of the B peak. The data are fitted by F(0) =
F(0°)/cos@.

the temperature changes. The changing of the carrier density
is plausible because ARPES detected the increasing of the
CDW gap size for the quasi-1D Fermi sheets parallel to the
ky axis as the temperature decreases [13].

The superior magnetotransport signals motivate the search
of SdH quantum oscillations. To achieve this goal, we measure
the MR of another sample with a slightly larger RRR (sample
B1, RRR = 303). The transport current is flowing along the
crystalline b axis in B1, and the magnetic field can be varied
from ¢ axis ( = 0°) to a axis (@ = 90°). We also measured
sample Al, in which the current direction is along the a
axis, as presented in the Supplemental Material [27]. Clear
SdH oscillations can be seen when the MR background is
removed via a low-order polynomial fitting, as displayed in
the inset of Fig. 3(a) for the data set at 2 K. The main panel of
Fig. 3(a) displays the fast Fourier transform (FFT) spectra of
the oscillations at several temperatures. Three peaks, labeled
as «, B, and y, can be clearly identified and they correspond to
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FIG. 4. (a) The calculated Fermi surface of the non-CDW phase
of CuTe in the first Brillouin zone. (b) Right panel: The calculated
angular dependence of the quantum oscillation frequencies. The col-
ors of the curves correspond to the colors of the Fermi surface sheets
shown in (a). Solid lines are the F'(8) = F(0°)/ cos fittings. Left
panel: The FFT of the measured SdH oscillation with B /¢ (8 = 0°)
at 2 K.

frequencies 65 T, 787 T, and 1852 T, respectively. Fitting the
amplitudes of a peak at different temperatures by the thermal
damping factor of the Lifshitz-Kosevich (LK) formula [34]
gives the effective mass. Figures 3(b)-3(d) display the results
of the analysis, and the resultant effective masses are 0.13m,,
0.35m,, and 0.23m, for «, B, and y, respectively (m, is the rest
mass of an electron). These m* values are noticeably smaller
than m,, indicating a weak correlation effect.

Varying the field angle (6) from c¢ axis while maintaining
B 11, we have measured the SdH oscillations. The sig-
nal quality of 8 remained robust as we increased 6. From
Fig. 3(e), which shows the angular dependence of the SdH
frequency of S, we see the experimental data (symbols) follow
a 1/ cos @ dependence accurately. Therefore, § comes from a
quasi-2D, cylindrical Fermi surface with the cylindrical axis
parallel to the sample ¢ axis.

Figure 4(a) shows the calculated Fermi surface of CuTe
in the pristine phase, as viewed from the k, axis. Quantum
oscillation frequencies collected with B // ¢ are proportional to
the area of extremal orbits parallel to the k,-k, plane. Thus,
Fig. 4(a) provides a suitable visualisation for the experimental
configuration with B//c. At the I' point, there is a cylinder-
like Fermi surface that extends along k,. On its two sides,
two sheetlike Fermi surfaces parallel to the k,-k. plane cover

the entire Brillouin zone. Extending from the sheets toward
the faces of the Brillouin zone are two quasi-2D cylindrical
Fermi surfaces centered around the X point. These features
are consistent with the band structure, as well as the Fermi
surface measured and calculated by Zhang et al. [13]. They
are also consistent with the calculations done by Kim et al.
[18] and Cudazzo et al. [19].

In the right panel of Fig. 4(b), we show the quantum oscil-
lation frequencies as a function of 8 (i.e., from B//c to B/ a)
extracted from calculation. The experimental data, identical to
the 2 K spectrum displayed in Fig. 3(a), are shown next to the
calculated results for comparison. The calculation indicates
that one band would contribute to two peaks at about 1000 T
and 1600 T for 6 = 0° while another band would contribute
to a peak at about 1200 T for & = 0°. Here we only show the
calculated angular dependence of the oscillation frequencies
below 3000 T. The full frequency range can be found in the
Supplemental Material [27], where a frequency as large as
14 035 T can be seen for & = 0°. We see that there are two
frequencies in the calculation that shows upturn behaviors as
0 increases. One of them may correspond to the measured
B peak. However, both calculated frequencies do not follow
F(@)=F(0°)/cos@ [see solid lines in the right panel of
Fig. 4(b)], in contrast to the measured 8 peak which follows
the 1/ cos @ dependence accurately. Furthermore, there is no
low-frequency peak in the calculation to match the « peak in
our measurement. Thus, the experimental data do not agree
with the calculation. This is not surprising because the cal-
culations were performed for the non-CDW phase while the
measured quantum oscillations come from the CDW state.
Therefore, the discrepancies support a CDW-induced Fermi
surface reconstruction in CuTe.

To take CDW into consideration for the band structure cal-
culation, Ref. [18] argues that the Coulomb correlation must
be taken into account, necessitating the usage of DFT+U.
However, our m* values for the detected frequencies are all
significantly smaller than m,. Thus, a comprehensive compari-
son between the experimental data and calculations is likely to
be a complicated issue. It is conceivable that SAH frequencies
with higher effective masses have not been detected. There-
fore, as an extension of the present work, quantum oscillation
measurements at a lower temperature or higher magnetic field
will be useful, while a series of DFT+U calculations can
be performed with different U values. Such a dual-track ap-
proach could shed light on the role of correlation in the CDW
state of CuTe, and enable a complete determination of the
electronic structure of CuTe.

IV. CONCLUSION

In conclusion, we measured the magnetoresistance of
CuTe. Along the crystallographic direction a, the magnetore-
sistance tends to saturate as magnetic field increases. Along
the crystallographic direction b, however, the magnetoresis-
tance shows no sign of saturation. The magnetoresistance
along a does not obey Kohler scaling while the magne-
toresistance along b does. Therefore, the magnetotransport
properties in CuTe is sensitive to the direction of the applied
current. We also successfully detected the Shubnikov—de Haas
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quantum oscillations of CuTe at different temperatures and
different field angles, facilitating the study of the fermiology
of CuTe. Comparing the calculated band structure and our
quantum oscillation data, we infer a CDW-induced Fermi
surface reconstruction in CuTe.
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