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Topological Weyl semimetal WTey with large-scale film form has a promising prospect for new-generation spin-
tronic devices. However, it remains a hard task to suppress the defect states in large-scale WTey films due to
the chemical nature. Here we significantly improve the crystalline quality and remove the Te vacancies in WTes
films by post annealing. We observe the distinct Shubnikov-de Haas quantum oscillations in WTez films. The
nontrivial Berry phase can be revealed by Landau fan diagram analysis. The Hall mobility of WTey films can
reach 1245cm*V~'s™! and 1423 cm®>V~'s™! for holes and electrons with the carrier density of 5 x 10'° cm™® and
2 x 10" cm™3, respectively. Our work provides a feasible route to obtain high-quality Weyl semimetal films for

the future topological quantum device applications.

PACS: 71.18.+y, 71.20.Be, 73.50.Jt, 81.10.—h

Shubnikov-de Haas (SdH) quantum oscillations in
conductivity has become one of the most effective
tools to explore novel physics in metals, semimetals
and narrow-gap semiconductors since it was firstly
discovered in bismuth in 1930.1') It poses a way to
describe the transport properties of related carriers
close to Fermi surface.l”” Recently, the burgeoning
topological quantum materials, such as topological
insulators, Dirac semimetals and Weyl semimetals,
have established a new state of condensed matter.[*~ !
Unique electronic structures and strong spin-orbit
coupling around Fermi surface bring them exotic phys-
ical properties, including unusually large magnetore-
sistance (MR)[") and new nontrivial topological elec-
tronic state.[*] By analysis of SAH oscillations in these
topological quantum materials, such as BiySesl”! and
CdsAss,!'" the transport properties of relevant quasi-
particles and their closed orbits at the Fermi surfaces
can be thoroughly clarified.

WTe,, as a typical Weyl semimetal material, has
type-. Weyl points resulted from the lack of in-
version symmetry. It possesses a layered structure
with an additional structural distortion along the
crystallographic axis a of tungsten chain.['' ' Ex-
perimentally, it shows extremely unsaturated large
MR of ~13000000% in magnetic fields up to 60T
at 0.53K.["'] Moreover, it has been demonstrated to
own affluent Weyl features in three dimensions!'* ']

and alluring topological quantum state in two
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dimensions.l'*~??] Therefore, to elucidate the origin
of these attractive physical properties, indispensable
dissection based on the observed SdH oscillations is
frequently implemented. Integration into the po-
tential applications of spintronic devices and quan-
tum computer, fabrication of smooth and continu-
ous WTey films is the first and very crucial step.
The related fabrication techniques are chemical va-
por deposition,”? 2% molecular beam epitaxy,!'?-*7-2"]
and pulsed laser deposition (PLD).**~%! Despite
great efforts have been devoted to achieving large-scale
WTes films, obtaining high-quality samples is of great
difficulty due to the very low vapor pressure of cation
tungsten. This limit prevents the observation of the
typical SdH oscillations and/or other quantum effects
in large-scale WTey films. Thus, it still remains an
urgent task to map the Fermi surface and its topology
in continuously large-scale WTe, films.

In this Letter, we fabricate the high-quality, large-
scale, single-crystalline Weyl semimetal WTey films
on mica substrates by PLD and the post-annealing
method. The SdH oscillations are observed in these
WTes films. According to the fast Fourier transform
(FFT) and analysis of SAH quantum oscillations, the
effective mass, the nontrivial Berry phase, the Din-
gle temperature, and the quantum mobility are deter-
mined. In addition, through two-carriers model fit-
ting, the Hall mobility up to 1423 cm?V~!s~! is ob-
tained, while the lower carrier density is achieved as
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compared to our previous work.*"]

The WTe, target was prepared by the melting
method.l”’ The basic pressure of the PLD vacuum
chamber was ~2.9 x 10~° Pa and the distance between
the substrate and the WTey target was ~5cm, as
shown in Fig.1(a). The amorphous WTe, films were
deposited onto the substrate at 300°C at the speed
of 1 nm/min for 100 min using a 248 nm KrF excimer
laser beam (an average fluence of 1J/cm? and a repeti-
tion rate of 2 Hz). Subsequently, an annealing process
was implemented to crystallize the amorphous WTe,
films. The films were sealed in a 20mL evacuated
quartz tube with 3.3mg Te powder, and then were
annealed at 700°C for 48, 72 and 96 hours, respec-
tively. Note that other annealing temperatures turned
out the worse samples (see Fig.S1 in the Supplemen-
tary Material). The crystalline structure of these
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WTe, films was measured by a micro-Raman spec-
trometer (NT-MDT nanofinder-30) with a 514.5nm
Ar™ laser and x-ray diffraction (XRD) using a Cu K,,
line (Rigaku Ultima II). Selected area electron diffrac-
tion (SAED) attached in a transmission electron mi-
croscopy was used to confirm the single-crystalline na-
ture. The thickness and surface morphology were ex-
amined by the atomic force microscope (AFM) system
(Asylum Cypher) with the results shown Fig. S2 in the
Supplementary Material. Furthermore, the films were
cut into the size of 2.5 x 5 x 0.2mm? for the transport
measurements, which was carried out in the standard
Hall and resistivity configuration at low temperatures
with a field up to 14T (Oxford-14T). Standard lock-
in amplifiers (Stanford Research System SR830) with
a low frequency (<20Hz) excitation current of 1pA
(Keithley 6221) were used.
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Fig. 1. Structural characterization of the WTes films. (a) Schematic diagrams of the PLD and annealing apparatus.
(b) Raman spectra of the WTes films annealed for different time intervals. Inset shows the digital photograph of the
centimeter-scale WTes film. (c) XRD patterns of the WTeg films annealed for different time intervals. The WTes
film is characterized as (00!) family diffraction peaks while the other peaks belong to the mica substrate. (d) The
SAED pattern taken along the [021] zone axis of the WTes film annealed for 72 hours.

Figure 1(b) shows the Raman spectra of the WTeq
films, which reveals seven main phonon peaks at about
79, 88, 110, 115, 132, 162, and 120cm~!, corre-
sponding to A}, A3, A3 A, A$, A% and A? vibra-
tional modes,*? respectively. The XRD patterns ex-
hibit diffraction peaks corresponding to (00!) family of
planes [Fig. 1(c)], indicating the cleaved surface per-
pendicular to the ¢ axis of the WTey films.*? No-
tably, the XRD pattern of the WTe, films annealed
for 48 hours has the widest full width at half maxi-
mum. In addition, the indiscernible diffraction peaks
of (004) and (0010) for the 48-hour-annealed WTey
film indicate that the relatively fast annealing time

(48 hours) suppresses the crystallization process. Fur-
thermore, the SAED pattern further corroborates the
single-crystalline nature of the WTe, film annealed for
72 hours [Fig. 1(d)].

The temperature-dependent longitudinal resistiv-
ity (pze) of WTey films is displayed in Fig. 2(a), which
is normalized by their values at 300K. It is well-
known that single-crystalline bulk WTey has the well-
defined metallic behavior.l'') Here, all the films show
the metallic behavior beyond 15K. Below 15K, the
low-temperature resistivity minima are visible, which
are mainly attributed to the weak localization in quan-
tum interference effects.[*’! The residual resistivity ra-

017104-2


Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

http://cpl.iphy.ac.cn

CHIN.PHYS.LETT. Vol. 37, No.1(2020) 017104

Express Letter

tios (RRRs, defined as RRR = %) of WTe, film an-
nealed for 48, 72 and 96 hours are 1.75, 7.27 and 1.44,
respectively. The RRR of WTey film annealed for 96
hours is unexpectedly smaller than others, suggesting
that the long annealing time may cause the existence
of the much more content of Te vacancies in the WTey
films.l*? %1 The MR curves (MR = p(Bp)io_po x 100%)
are shown in Fig. 2(b), where the external field is along
the ¢ axis of the films. The WTe, film annealed for 72
(96) hours has the maximum (minimum) MR value
of ~321% (11%) at 14T. This agrees well with our
previous work that the Te deficiency in WTey sam-
ples dramatically declines the MR value.l*’] Moreover,
according to the Lorentz law MR~ (4, - B)?, the
average mobility of the WTe, films annealed for 48,
72 and 96 hours is calculated to be 621, 1347 and
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248 cm?V~!s~1, respectively. Therefore, the 48- and
96-hour-annealing duration suppresses the values of
RRR and MR due to the incomplete crystallization as
well as the much more Te vacancies.
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Fig.2. (a) The temperature dependence of the longitu-
dinal resistivity of the WTes films annealed for different
time intervals, as normalized by their values at 300 K. (b)
The MR curves of the WTes films annealed for different
time intervals at 1.7 K.
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Fig.3. (a) The MR curves of the WTe> film annealed for 72 hours at different temperatures. (b) Temperature
dependence of SdH oscillations after a smooth subtraction of background. (c) The FFT of the SdH oscillations.
Inset: the relationship between Landau level n and the inverse field 1/B. (d) The temperature dependence of FFT
amplitude at 175.4 T, as normalized by the value at 1.7K. (e) The Dingle plot of the log(AR- B -sinh(A\Tm*/B)/R)

versus the inverse field 1/B at 1.7K.

To clarify the transport properties of the WTes
film annealed for 72 hours, the dependence of the
MR up to 14T on temperature (from 1.7 to 100K)
is shown in Fig.3(a). From 1.7 to 10K, the MR
value increases a little bit due to the faded weak lo-
calization component with increasing temperature.*"!
Above 10K, the MR value ordinarily decreases with
increasing temperature due to the increased inelas-

tic scattering,[*”! i.e., electron-phonon scattering. Re-
markably, the clear SdH oscillations periodic in 1/B
at temperatures between 1.7 and 10K are extracted
in Fig. 3(b) after a smooth subtraction of background.
The FFT spectra of the SAH oscillations at temper-
atures between 1.7 and 10K are shown in Fig. 3(c).
It reveals a single oscillation frequency F' = 175.4T
of the SAH oscillations. According to the Onsager re-
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lation F' = (h/2me)Ap, where h is reduced Planck’s
constant and Ay is the cross-sectional area of this
Fermi pocket normal to the field, A is determined
to be ~0.017 A—2. Furthermore, the Fermi wave vec-
tor kp = 0.074A~! can be acquired by a circular
cross-sectional approximation. Landau fan diagram
is shown in the inset of Fig. 3(c), where the minimum
of —d?Gy/d*B (G is defined as #ﬁzzy) is chosen
as the integral number of Landau level. Linear fitting
line gives a nonzero intercept of ~0.452, corresponding
to a nontrivial Berry phase of 7. In addition, the slope
of this fitting line can also be described by the semi-
classical Onsager equation: k1,5 = A - hi/2me, 1]
which results in the range of Landau fan diagram from
13.5 to 17.

Generally, the SAH quantum oscillations can be de-
scribed by the Lifshitz—Kosevich (LK) formula. The
temperature dependence of the FFT amplitude can be
defined as

A-T-m*/B

Appr ~ A
PET o~ AR e T me B)’

(1)

where the Appr is the FFT amplitude, A = 27%kp /he
(kg is the Boltzmann constant), T is the temperature,
m* is the effective mass, and the 1/B is the average in-
verse field of the Fourier window.[*’l In Fig. 3(d), tem-
perature dependence of the FFT amplitudes is nor-
malized by their 1.7K values. The black fitting line
provides the effective mass of ~0.3605m,, compara-
ble to those of high-quality exfoliated samples.[*’] The
Fermi velocity vp = hkp/m* and the Fermi energy
Er = (hkr)?/m* are ~2.35 x 10°m/s and ~113 meV,
respectively. The Dingle plot of the log(AR - B -
sinh(ATm*/B)/R) versus the inverse field 1/B is
shown in Fig.3(e). According to the slope kln10 =
—2712kgTpm* /he of the linear fitting line, we can ex-
tract the Dingle temperature Tp of ~4.74 K. There-
after, the quantum scattering time 7 = h/2wkgTp is
calculated to be 2.57 x 10735, so that the quantum
mobility pq = e 7/m* is ~1249 cm?V~1s™!
free path of [, = 60.4nm is estimated by the rela-
tion lq = vp - T, which is comparable to those of other
topological semimetals.[*” 3]

In WTes, the Fermi level is located at both conduc-
tion and valence bands simultaneously, which makes
two kinds of carriers (electrons and holes) existing at
the Fermi surface.l''] The nonlinear trend of Hall re-
sistivity shown in Fig.4 further proves the existence
of electrons and holes in our WTes films. To gain the
Hall mobility and density of electrons and holes, the
two-carrier model is used to fit the magnetic-field de-
pendent magneto-resistivity p,, and Hall resistivity
Py at 1.7K simultaneously:[""]

. A mean

pon = L0+ npte) - (ppnpaE + nptepi) B2 @)

e (pun + npe)? + (p — n)?pip2 B

_ B (pu —i2) + (p — )y B? @)
e (ppn + npe)? + (p = n)2pp B

where p and n represent the density of holes and
electrons, respectively; un and p. are the Hall mo-
bility of holes and electrons, respectively. Here, we
obtain p = 5 x 10 em™3 and n = 2 x 102 cm~3.
Actually, the density of holes and electrons should
be perfectly compensated in WTes. However, con-
sidering the existence of the Te vacancies, it is ex-
pected that there is a difference between the densi-
ties of holes and electrons. The p;, and p. are cal-
culated to be ~1245 and 1423 cm?V~!s~!, respec-
tively. It should be noted that the quantum mobility
(1249 cm®V~1s71) is comparable to the Hall mobility
(1245 and 1423 cm?V—1s~1).P%41] This is due to the
fact that the Te vacancies become the scattering cen-
ters which significantly reduce the MR and the Hall
mobility. Compared with our previous work (aver-
age mobility of ~730cm?V~!s~! and carrier density
of ~102° em~2),1°] the mobility here is almost doubled
while the carrier density decreases in an order. This
remarkable improvement of quality makes the more
balanced p—n compensation and suppresses the rele-
vant inelastic scatting of carriers, enabling the SdH
oscillations emergent in the high-quality WTe, films.
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Fig. 4. Field-dependent longitudinal resistivity (a) and
Hall resistivity (b) of the WTey film annealed for 72 hours
at 1.7 K. The black lines are the fitting curves by the two-
carries model.

In summary, we have fabricated the large-scale,
high-quality, single-crystalline WTe, films on mica by
the PLD and post-annealing method. The crystal-
lization quality and the transport properties can be
manipulated by tuning the annealing temperature and
time. When the film is annealed at 700°C for 72 hours,
the distinct SAH oscillations are observed. Using the
FFT and two-carriers model, physical quantities re-
lated to Fermi surface, such as the effective mass, non-
trivial Berry phase, Dingle temperature, mobility and
carrier density, are obtained. It is the doubled mo-
bility and decreased carrier density that enable the
observation of SAH quantum oscillations for the first
time in the large-scale WTey films. Our work raises
the development of large-area topological film materi-
als to a new stage, which provides a fertile land for the
fabrication of the large-scale quantum devices based
on Weyl materials.
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