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The ternary transition-metal telluride TaCo, Te, has been reported to host a topological band structure characterized by
anontrivial Berry phase. While transport properties have been investigated in both bulk crystals and thick flakes (>150 nm),
studies on thin flakes (< 100 nm) of this van der Waals (vdW) material remain scarce. We investigate the low-temperature
transport properties of TaCo,Te, thin flakes by fabricating Hall bar devices on mechanically exfoliated flakes with differ-
ent thicknesses (15 nm and 90 nm). Temperature-dependent resistance measurements reveal that the 15-nm-thick sample
exhibits a lower residual resistivity ratio and Debye temperature compared to the 90-nm-thick one. Magnetotransport mea-
surements under perpendicular magnetic fields up to +14 T demonstrate lower magnetoresistance, carrier concentration,
and mobility in the thinner sample, suggesting increased phonon scattering due to defect-induced disorder. Remarkably,
pronounced Shubnikov—de Haas (SdH) oscillations are observed above 8 T in both samples in spite of the defect-induced
disorder. Analysis of the Landau fan diagram yields a non-zero Berry phase in both samples, indicating the existence of
a topologically non-trivial phase in TaCo,Te, thin flakes. Our findings establish TaCo,Te, as a promising candidate for
exploring intrinsic topological states in layered materials.

Keywords: quantum oscillations, TaCo,Te,, thin flakes

PACS: 73.61.-1, 73.43.Qt, 75.47.—m, 05.60.Gg
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1. Introduction

The ternary transition-metal tellurides (TTMTs) have re-
cently emerged as a promising class of materials demonstrat-

U-71 such as corre-

ing diverse exotic physical phenomena,
lated edge states and topologically protected surface states.
These intriguing properties establish TTMTs as a versatile
quantum material platform for exploring the complex inter-
play between reduced dimensionality, topological quantum
states, and unconventional superconductivity. As a mem-
ber of the TTMTs, the van der Waals (vdW) TaCo,Te;
with an orthorhombic structure (space group Pmcn) was first
synthesized in 19918 and predicted to exhibit a Peierls
distortion,! while maintaining air stability, high mobility, and
large magnetoresistance.!!%!!] In Ref. [10], the authors also
reported visible Peierls distortion along the Co chains, accom-
panied by enlarged vdW gaps and a potentially tilted antifer-
romagnetic order. In addition, it has been reported that the
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magnetoresistance follows the extended Kohler’s scaling.!'?!
Angle-resolved photoemission spectroscopy (ARPES) exper-
iments demonstrated the existence of symmetry-protected
eightfold fermions (evidenced by double Dirac cones) and
fourfold degenerate van Hove singularities, both arising from
the synergy of crystalline and time-reversal symmetries.['3] A
recent investigation focusing on bulk single-crystal TaCo,Te;
has systematically investigated its magnetotransport properties
to unveil nontrivial Berry phases originating from its double
Dirac cones’ topological structure.!'# Through detailed anal-
ysis of the Landau level index and phase factor extraction
from the Shubnikov—de Haas (SdH) and de Haas—van Alphen
(dHVA) quantum oscillations under low-temperature and high-
magnetic-field conditions, the study conclusively identified
robust non-zero Berry phases across multiple Fermi surface
pockets. So far, TaCo,Te; has been investigated in both bulk
single-crystal and thick flakes (> 150 nm). However, trans-
port studies on vdW TaCo,Te; thin flakes (< 100 nm) remain
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scarce, especially regarding quantum oscillations in ultra-thin
samples.

In this work, we explore the quantum transport proper-
ties of both 15-nm-thick and 90-nm-thick exfoliated TaCo,Te,
flakes through low-temperature magnetotransport measure-
ments. The 15-nm-thick flake demonstrates a lower resid-
ual resistivity ratio (RRR), lower Debye temperature, reduced
magnetoresistance, lower carrier concentrations, and lower
mobilities, which are attributed to enhanced defect-induced
disorder. Strikingly, it exhibits pronounced SdH oscillations
despite the presence of defects. Analysis of the Landau fan di-
agram reveals a non-zero Berry phase in both flakes (—0.752x
in the 15-nm one and —0.2727 in the 90-nm one), indicating
that this material could also host a topologically non-trivial
band structure in thin flakes, demonstrating robustness of the
topological states against disorder-induced scattering.

2. Experiment

The mechanical exfoliation of TaCo,Te, thin flakes
was performed through an optimized Blue adhesive plastic
film/PDMS stamp protocol. Initially, bulk crystals were sub-
jected to repeated mechanical exfoliation on Blue adhesive
plastic film until the flakes reached the target thickness range.
Subsequently, a pre-patterned PDMS stamp was employed to
selectively transfer the exfoliated flakes. The final transfer step
involved precisely aligning the PDMS-stamp-supported sam-
ples onto Si/Si0; (300 nm) substrates.
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Fig. 1. The Hall bar device #1 fabricated on a 15-nm-thick TaCo,Te;
flake. (a) Optical image of the Hall bar device #1 and the measurement
setup. (b) AFM image corresponding to the black dashed box region in
panel (a). (c) Line-cut as marked by the red line in panel (b).

We fabricated Hall bar devices on two TaCo,Te, flakes
(15 nm and 90 nm thick, respectively) with normal metal elec-

trodes Ti/Au (5 nm/100 nm). As shown in Fig. 1(a), we con-
ducted electrical transport measurements on Hall bar device #1
using electrodes Nos. 1-5 (indicated by the numbers). Lock-
in amplifiers (LI5640, NF Corporation) were employed to in-
troduce a small AC current excitation I, and to measure the
longitudinal voltage V,, and Hall voltage V,,. Figures 1(b) and
1(c) present the atomic force microscopy (AFM) measurement
of the sample thickness (device #1) of approximately 15 nm.

3. Results and discussion

Figure 2(a) shows the metallic behavior of the normalized
resistance R/R; 5 x as a function of temperature (7') under zero
magnetic field, exhibiting an RRR = R(300 K)/R(1.5 K) of
~ 9. We employed the well-established Bloch—Griineisen for-
mula to fit the R—T curve, an approach previously documented

in electrical transport studies of TaCo, Te, singlecrystals:!1%14]
(T) = po(0) A( r )H/GD/T il dx, (1)
= —+ J— X,
pE=po o) b e-ni-e

where pg, A, and Op are the residual resistivity, electron—
phonon interaction constant, and Debye temperature, respec-
tively. Since R(T)/R(1.5 K) = p(T)/p(1.5 K), during fit-
ting, both sides of Eq. (1) need to be divided by p(1.5 K) =
8.20 uQ-cm. The integer constant n takes values of 2, 3, or
5, corresponding to electron—electron, electron—-magnon, and
electron—phonon scattering mechanisms, respectively. This
formula with n = 5 fits the experimental data well from 1.5 K
to 80 K, as shown by the red solid line in Fig. 2(a), indicat-
ing the dominance of electron—phonon scattering in this tem-
perature range. The fitting yields pp = 7.95+0.02 nQ-cm,
A=199.1+0.2 pQ-cm, and 8p = 155+ 0.1 K. Notably, the
Debye temperature extracted from the R—T curve of device #1
shows a significant reduction compared to previously reported

12,141 We will discuss this discrepancy in detail later.

values. !
At higher temperatures, p(T) is lower than that expected from
Eq. (1), which was reported to be caused by a thermally in-
duced increase in the charge carrier densities.[!?!

We measured the transverse Hall resistivity p,y, and the
longitudinal resistivity p,, with the magnetic field applied
perpendicular to the film plane (BLfilm) from —14 T to
14 T. The longitudinal magnetoresistance [MR = (px(B) —
Pxx(0))/pxx(0)] as a function of B is shown in Fig. 2(b). At
9 T and 1.5 K, the MR attains 72% and its scaling behavior
demonstrates excellent agreement with a power-law depen-
dence MR o< B!, consistent with the post-annealed sample
(MR o< B'*) in Ref. [11]. Next, we can gain the magnetocon-
ductivities Gux = Pux/ (P + Pry) and Guy = Pry/ (P2 + P3y)-
Then 0y (B) and o,y (B) can be fitted by the two-carrier model,
respectively

1t Un
1+ (unB)®

ne e

Oxx = 2
1+ (ueB)

@
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2 2
Oy = iy Hy s — Ne e > ¢B, 3)
1+ (unB)” 1+ (KeB)

where e is the elementary charge, n. and ny, are the carrier den-
sities of the electrons and holes, (. and py, are the mobilities
of the electrons and holes, respectively. The fitting results are
shown by the red curves in Figs. 2(c) and 2(d), which corre-
spond to the fitting parameters n. = 4.10 x 10!° cm =3, ny, =
4.29 x 10" cm™3, g = 680 cm? - V' .57,y = 1109 cm? -
V~!.s71 at 1.5 K. The results are basically consistent with
the compensated electron—hole model in TaCo,Te,. The two-
carrier model requires a simultaneous fitting of both oy, and
Oy, using a single set of parameters. That is to say, the lon-
gitudinal and Hall data shown in Figs. 2(c) and 2(d) are fitted
simultaneously using Eqgs. (2) and (3). The same applies to
Figs. 3(d) and 3(e). While the simultaneous fitting ensures a
reliable extraction of the material parameters, it inherently im-
poses a trade-off between optimizing the fit for oy, and oy,.

As a result, deviations of the fitting are common and hard to

eliminate.
1.5
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Fig. 2. The transprort measurement of the TaCo,Te, Hall bar device #1.
(a) Normalized resistance as a function of temperature. The red curve repre-
sents the fitting using Eq. (1). (b) The longitudinal magnetoresistance under
a perpendicular magnetic field at 1.5 K. The red curve shows a power-law
fitting o< B* which yields x = 1.5. (c) and (d) The longitudinal and Hall
magnetoconductivity at 1.5 K. The red curves correspond to the simultane-
ous fitting using Eqs. (2) and (3). (e) Extracted SdH oscillations from the
background-subtracted Ry as a function of 1/B. The inset displays the fast
Fourier transform (FFT) spectrum of the oscillations. (f) Landau level in-
dex n versus 1/B, extracted from the peak (n) and valley (n — 1/2) positions
of the SdH oscillations in panel (e). The red line is a linear fit to the peak
(valley) positions. The inset zooms into the low-1/B region.

Pronounced SdH oscillations were observed in the high-
field region (B > 8 T), as shown in Fig. 2(e), demonstrating the

retained high quality of the TaCo,Te, flake down to 15 nm.
Note that we subtracted a smooth background to isolate the
SdH oscillations from the R,,—B data, and plotted AR versus
1/B in Fig. 2(e). Fast Fourier transform (FFT) analysis of the
oscillations revealed a dominant frequency near 148 T (shown
in the inset of Fig. 2(e)), consistent with the previously re-
ported 8 branch in the literature.[10:14]
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Fig. 3. The transport measurement of the TaCo,Te, Hall bar device #2.
(a) Optical image of device #2 and the AFM measurement of the thickness.
(b) Normalized resistance as a function of temperature. The red curve repre-
sents the fitting using Eq. (1). (c) The longitudinal magnetoresistance under a
perpendicular magnetic field at 1.5 K. The red curve shows a power-law fitting
o< B* which yields x = 1.68. (d) and (e) The longitudinal and Hall magneto-
conductivities at 1.5 K. The red curves correspond to the simultaneous fitting
using Eqs. (2) and (3). (f) Extracted SdH oscillations from the background-
subtracted Ryy as a function of 1/B. The inset displays the FFT spectrum of
the oscillations. (g) Landau level index n versus 1/B, extracted from the peak
(n) and valley (n — 1/2) positions of the SdH oscillations in panel (f). The
red line is a linear fit to the peak (valley) positions. The inset zooms into the
low-1/B region.

These oscillations are quantitatively modeled by the
Lifshitz—Kosevich theory,!>! which predicts a periodic mod-
ulation proportional to cos[27(F/B) + ¢]. The frequency F
and phase parameter ¢ are critical for probing the topologi-
cal and geometric properties of the material’s Fermi surface.

087307-3
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Notably, theoretical studies!!®!7] suggest that linearly disper-
sive energy bands (e.g., in Dirac or Weyl systems) introduce
an additional Berry phase of 7. Although there remains con-
troversy over whether the peaks or valleys of SAH oscillations
correspond to the integer index of Landau levels, theoretical
calculations suggest that py, at the band edge should corre-
spond to a peak.!'8! From Fig. 2(e), the 1/B values of SdH
extrema (peaks and valleys) of the SdH oscillations were ex-
tracted and linearly fitted as a function of the Landau level
index n, as presented in Fig. 2(f). This method has been em-
ployed in the literature to examine the Berry phase.!!%1°1 Ac-

(20] from the

cording to the Lifshitz—Onsager quantization rule,
linear fit of the Landau fan diagram, the slope (F') and inter-
cept (y+ 6) were determined to be F = 152.4+0.39 T and
Y+ 06 =0.124+0.045, respectively. The Berry phase 273 can
be extracted from the intercept in Landau fan diagram through
the formula y+ 8 = —1/2+ @ /27, yielding a non-zero Berry
phase of —0.7527 for a quasi-2D cylindrical Fermi surface
(6 = 0). Therefore, a non-zero Berry phase is obtained.

To investigate the thickness-dependent transport proper-

ties of TaCo,Te;, we additionally fabricated and measured a
90-nm-thick Hall bar device (#2) for comparisons, as illus-
trated in Fig. 3(a). The R-T curve of this device is shown in
Fig. 3(b). The RRR is 77, which is significantly larger than
that of device #1. The R-T curve is also well fitted by the
Bloch—Griineisen formula, revealing a low-temperature be-
havior consistent with that of device #1. The fitting yields
po = 6.56+0.01 pQ-cm, A = 23854+ 1.4 pQ-cm, and
6p = 208.5£0.1 K. Subsequently, we measured the p,, and
Pxy of the device at 1.5 K under a perpendicular magnetic field
(=14 T <B <14 T) and gained the MR, as shown in Fig. 3(c).
The MR is 425% at 9 T and 1.5 K, far larger than that in device
#1. The MR scaling behavior has a power-law dependence,
MR = B'%8, consistent with the as-grown sample (MR < B'73)
in Ref. [11].
analyzed using a two-carrier model, as shown in Figs. 3(d)
and 3(e), yielding fitting parameters n. = 1.69 x 10%° cm—3,
np = 1.57 %102 em™3, pe = 2572 em?® - V=57l =
3380 cm?- V1.5l

The longitudinal and Hall conductivity were

Table 1. A systematic comparison of the transport parameters measured in device #1 and device #2 along with previously reported values in the literature.

Our devices or Thick (nm) RRR o (K) MR (9T) e ) nh ) ﬂi ) uﬁ )
references (<£3K) (102 cm~3) (102 cm~3) (em?.V—1s7h) (em?.V-1s7h)
device # 1 15 9 155 2% 0.41 0.429 680 1109
device # 2 90 77 208.5 425% 1.69 1.57 2572 3380

[12] 155 48 188 833% 3.45 3.07 3640 4620
[14] bulk 25 194 705% 1.36 1.12 2790 4120

[10] bulk 17 none 263% 1.44 1.20 1553 2293

[11] (as-grown) bulk 73 none 3720% 7.71 7.71 3540 3540

[11] (annealed) bulk 48 none 571% 0.097 0.62 1750 2210

In order to show a clear comparison, we have com-
piled the transport parameters measured from device #1 and
device #2 alongside previously reported values in Table 1.
Notably, the carrier concentrations of device #2 align well
with those of the bulk samples in Refs. [10,14], but are
slightly lower than those of the 155-nm-thick flake reported
in Ref. [12] and those of the as-grown sample in Ref. [11].
In contrast, the carrier concentrations of device #1 are com-
parable to those of the annealed sample reported in Ref. [11],
but approximately one order of magnitude lower than those of
device #2 and other reported values. Regarding carrier mobil-
ities, device #2 exhibits values consistent with Refs. [10-12,
14], while device #1 shows significantly lower mobilities than
all reported results. Furthermore, by comparing other parame-
ters, it is evident that the MR, Debye temperature 8p, and RRR
in device #1 are significantly lower than those in device #2
and previously reported values in the literature. This discrep-
ancy may arise from enhanced disorder and a higher density
of structural domains in the thinner sample. The significant
reduction in MR and the change in the power-law dependence
MR =< B* (x = 1.5 in device #1 and x = 1.68 in device #2)

can also be attributed to the increased defects and disorder in
the 15-nm sample, which modifies the magnetotransport prop-
erties. In addition, dimensionality effects and the misalign-
ment of the voltage leads may also influence the power-law
dependence of MR.I?!! This behavior aligns with prior obser-
vations reported for the as-grown and post-annealed TaCo, Te;
single crystals.!'!] The thinner sample, prone to introducing
grain boundaries, dislocations, or residual stress, suffers from
phonon scattering due to these defects, leading to reduced ef-

s.[221' All in all, through analyzing and

fective lattice stiffnes
comparing the transport parameters in the 15-nm and the 90-
nm samples as well as the transport parameters previously re-
ported in the literatures, we found that as the sample thickness
decreases, the phonon scattering caused by defects is likely
enhanced. Nevertheless, SdH oscillations and non-zero Berry
phase are preserved in thin flakes down to 15 nm.

‘We now come back to the SdH oscillations in device #2,
extracted from the Ry,—B curve, and shown in Fig. 3(f). The
FFT analysis of the oscillations revealed a dominant frequency
near 172 T (shown in the inset of Fig. 3(f)). It is worth em-
phasizing that we prioritized R,,—B over R,,—B for oscillation

087307-4
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analysis due to its superior signal-to-noise ratio. From the FFT
results, we observe the increase in the SdH oscillation period
for device #1 compared to device #2, which might be attributed
to the significant influence of spatial confinement on the band
structure, reducing the overlap between the conduction and

[231 When the thickness decreases, finite-size

valence bands.
effects diminish the cross-sectional area of the Fermi sur-
face perpendicular to the magnetic field direction, which leads
to an increase in A(1/B). From the linear fit of the Lan-
dau fan diagram shown in Fig. 3(g), the slope (F) and inter-
cept (y+ 0) were determined to be F = 169.4 T £ 0.58 and
Y =10.364 £0.059 (6 = 0), respectively. The Berry phase is
calculated to be a non-zero value of —0.2727. We note that the
Berry phase in device #2 exhibits a noticeable deviation from
the value of —0.7527 measured in device #1. This discrepancy
might arise from modifications to the band structure induced
by reduced dimensionality. Such dimensionality-dependent
Berry phase have been reported in Cd3As; thin films, where

decreasing thickness drives a dimensional crossover. ']

4. Conclusions

In summary, we have systematically investigated and
compared the low-temperature transport properties of exfoli-
ated TaCo, Te, flakes with two distinct thicknesses: 15 nm and
90 nm. The 15-nm sample shows lower RRR, Debye temper-
ature, MR, carrier concentrations, and mobilities than the 90-
nm one, which can be attributed to enhanced defect-induced
phonon scattering. Notably, despite this disorder, the 15-nm
sample still exhibits pronounced SdH oscillations (B > 8 T).
Analysis of the Landau level index (n) versus 1/B yields a
non-zero Berry phase in both samples, indicating the possi-
ble existence of a topologically non-trivial phase in TaCo,Te;
thin flakes. These findings establish TaCo,Te, as a compelling
platform for studying robust topological phases in layered ma-
terials, where dimensionality and intrinsic topology synergis-
tically preserve quantum coherence against structural imper-
fections.
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