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Abstract

In this work, the magneto-resistance (MR) of ultra-thin WTe,/BN heterostructures far away from
electron—hole equilibrium is measured. The change of MR of such devices is found to be determined
largely by a single tunable parameter, i.e. the amount of imbalance between electrons and holes.

We also found that the magnetoresistive behavior of ultra-thin WTe, devices is well-captured by a
two-fluid model. According to the model, the change of MR could be as large as 400 000%, the largest
potential change of MR among all materials known, if the ultra-thin samples are tuned to neutrality

when preserving the mobility of 167000 cm? Vs~

! observed in bulk samples. Our findings show

the prospects of ultra-thin WTe, as a variable magnetoresistance material in future applications such
as magnetic field sensors, information storage and extraction devices, and galvanic isolators. The
results also provide important insight into the electronic structure and the origin of the large MR in

ultra-thin WTe, samples.

Introduction

1T’-Tungsten ditelluride (WTe;) isalayered transition
metal dichalcogenide (TMDC) with a distorted
structure that preserves inversion symmetry in the out-
of-plan direction, contrasting with TMDCs with 2H
phases, suchas 2H-MoS; [1]. The material inits pristine
bulk form is a semimetal [2, 3]. It exhibits rich physics
such as extraordinarily large and non-saturating
magneto-resistance (XMR) [4], superconductivity
under high pressure [5, 6], and may be a type-II Weyl
semimetal (WSM) at a particular level of electron
doping [7-10]. Furthermore, reports on thin films
of WTe, show the tunability of magnetoresistance
revealing interesting new phenomena such as the
transition from weak anti-localization to weak
localization [11], the depletion of holelike carriers
in the suppressed-MR regime [12], long-range field
effect [13], the topological insulator-like behavior
[14], and negative longitudinal MR indicating WTe,
atype-Il WSM [15]. The origin of the XMR in WTe;,
together with its potential application in magnetic field
sensing and in information storage, has attracted much
attention in the scientific and technical community
[16-21]. The majority of the research in XMR has been

carried-out in bulk WTe, samples with near-perfect
electron—hole compensation, and the results support
the picture that the XMR arises from such near-perfect
compensation of electrons and holes [17], i.e. a two-
fluid picture. However, electrolyte gating experiments
on thinner WTe, samples (~70 nm) have shown non-
saturating XMR that deviates from the two-fluid theory
[18]. Here, we have carried out careful experiments
with solid-dielectric gated ultra-thin WTe, samples
(~10nm) that are far away from charge neutrality.
We find that in this regime, the MR of the samples can
still be well explained by the two-fluid model, and the
sample shows 2D weak anti-localization effects at low
temperatures. We also found that the change of MR of
the ultra-thin WTe, is determined largely by the density
difference between the electron and hole carriers,
pointing to possible future application of this material
in electric-field tunable, variable sensitivity magnetic
field sensors [22-24].

Device fabrication and measurement

The ultra-thin WTe, samples measured in this letter
are mechanically exfoliated from bulk WTe, crystal
and transferred on to thin h-BN single crystals placed

©2017 IOP Publishing Ltd
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Figurel. Few-layer WTe, field effect transistor (FET) device characteristics. (a) Thickness of the WTe, FET device measured by
atomic force microscopy (AFM). Inset shows the AFM micrograph of the device. The channel length (between V; and V,) and width
are 3.9 yumand 1 pm, respectively. The white dashed line in the inset panel marks the cross-section of the sample in (a). (b) Two-
terminal I;4—Vq characteristics of the device at T = 1.9 K without magnetic field and at zero back gate voltage.
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on 300 nm SiO,/Sisubstrates [25]. We found that using
single crystal BN substrates resulted in an increase in
the mobility of our samples which are 10 nm thick
or less (see section S$4 at supporting information for
details (stacks.iop.org/TDM/4/021018/mmedia)).
WTe; bulk crystals are synthesized using chemical
vapor transport technique [4] and h-BN bulk crystals
are grown by the method described in [26]. The thin
h-BN (thickness ~ 15nm) surface is free of dangling
bonds, greatly alleviates the influence of surface
charge traps in the SiO, layer, and could substantially
improve quality of low-dimensional devices. Standard
electron-beam lithography technique is used to pattern
electrodes, consisting of 6nm Cr and 60 nm Au, on
the WTe, samples to form multi-terminal field effect
devices (FEDs). We have taken particularly careful
measures to ensure that the samples do not expose
to ambient conditions at all. The sample preparation
process, device fabrication process and electrical
transport measurement are done in inert atmosphere,
or with the sample capped with a protection layer. The
protection layer consists of 200 nm thick polymethyl
methacrylate (PMMA) or a bilayer of 200nm PMMA
and 200 nm MMA. Electrical- and magneto-transport
measurements were carried out in a Quantum Design
PPMS-9 with standard lock-in technique.

We shall focus our discussion on one device (sam-
ple A) in the main text; data for other WTe, devices are
shown in supporting information. An atomic force
microscopy (AFM) micrograph ofa 10 nm-thick WTe,
device as well as its height section profile is shown in
figure 1(a). Figure 1(b) shows the I-V characteristics
of the WTe, FED at 1.9 K under zero magnetic field
and zero back gate voltage, measured with two-probe
configurations (between source and drain electrodes
shown in the inset of figure 1(a)). The source—drain
current (Iy) varies quite linearly with the applied
voltage Vg from —0.8 mV to 0.8 mV, with resistiv-
ity of 4.26 x 1074 Q) - cm, indicating an Ohmic con-
tact to a metallic sample. Raman spectra of the device

(see section S3 in supporting information) obtained
in a Horiba Jobin Yvon LabRam HR Evolution system
after the transport experiments showed that the WTe,
sample is indeed in the 1T’ phase [27] and has not
degraded.

Magneto-transport mechanism of WTe,
FET devices

Figures 2(a) and (b) show the longitudinal magneto-
resistance MR(B) = (p,(B) — p,.(B = 0))/p, (B = 0)
and Hall resistance py, of the sample at T = 1.9K,
with the magnetic field applied perpendicular to the
sample surface (along the c axis), and at different back
gate voltages. All measurements of magnetoresistance
are done in four-probe configurations to eliminate
contact effects. The sample exhibits a positive MR(B)
and quasi-linear py,(B) under all the gate voltages
investigated in this experiment. For small magnetic
field, MR(B) has a cusp-shape which will be discussed
later. For magnetic fields larger than 1 T, MR(B) can
be fitted by a power law behavior, MR o B?, with the
exponent 7y between 1.62 and 1.69 for different gate
voltages, which is smaller than the exponent y ~ 1.94
observed in an 112 nm-thick sample (see section S1
in supporting information), and smaller than the
exponenty~ 2 observed bulk crystals [4]. We will show
later in this report that weak anti-localization should
be taken into account (see figure 6) and the exponent
~is not a constant of magnetic field for electron—hole
uncompensated samples (see section S7 in supporting
information).

It has been found by transport [28-30] and ARPES
[16,17,31,32] experiments that bulk WTe; crystals have
4-9 carrier pockets; however, researchers arejust starting
to examine how these pockets evolve as the sample is get-
ting thinner [33]. Here we started out to analyze the data
with the ansatz that there are two major types of carriers
in the sample, one type is electrons and the other type is
holes. We will show that this ansatz captures the major-
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Figure2. Gate-dependent behavior in WTe; thin flake. (a) and (b) Gate dependence of MR and py, at T = 1.9K. The colors mark
different back gate voltage. Dashed lines are fits to the two-fluid model for MR and py, at Vi,g = 80'V. (c) and (d) Gate dependence of
net carrier density (1. — ny,) and mobility for electrons and holes. Dashed line in (c) is a linear fit to the data. Inset figure in (c) shows
electron and hole density as a function of back gate voltage, respectively.

ity of the physics in the high field magnetoresistance of
ultra-thin WTe, samples, and that it is also consistent
with low field magnetoresistance data.

In a two-fluid model [34], we have

_ 1 (nette + nyun) + (etin + nytte) B>

a e (Mele + nhuh)z + ((ne — nh)ueuhB)z ( )
1
. (nept? — mupiy) — (ny — neppy B
Ve (Mette + nuun)* + ((mh — ne)ucunB)?
B)— p.(B=0T
MR — Pre(B) — py( )

pe(B=0T)

%(“e + up)*ueunB?
€

2 2
(ue + ?uh) + %((% - l)ueuhB)
€ e e (3)

where n, (ny) and u, (up) are carrier density and
mobility for electrons (holes), respectively. At all the
gate voltages, both the MR and py, of the ultra-thin
device can be simultaneously fitted by equations (2)
and (3), and ne, ny, Ue, Uy can be extracted from the
fit. Using the least squares method, we determine the
values of the four parameters with minimum error (see
section S9 in supporting information for details).
Figure 2(c) shows the net charge carrier den-
sity n = n. — ny as a function of Vg, and the
dashed line is a linear fit to the data. The induced

charge in the sample by the silicon back gate is:
ne = CgAVy, where eis the elementary charge and Cy is
the parallel-plate capacitance of the device per unitarea.
Thus from the linear fit, we obtained a gate capacitance
of C; = 1.062 x 10~* Fm ™2 Since the dielectricin our
device consists of 15nm of h-BN (relative permittivity
én-N ~ 3.5) and 300 nm of SiO; (€si0, ~ 3.9), one can
get the series capacitance for this multilayer system to
-1

be C, = (CngN + CElOZ) =1.089 x 10*Fm™2, in
good agreement with our experimental data. The above
analysis show that the longitudinal magnetoresistance
of the device can be tuned electrostatically and that the
phenomenological two-fluid model captures the main
feature of the magneto-transport properties of our
ultra-thin WTe, samples. Note that the ultra-thin sam-
ples in this study are predominately electron-doped,
with electron densities 5-10 times larger than hole
densities; in comparison, thicker samples (the 112 nm-
thick sample, see section S1 in supporting information)
exfoliated from the same bulk crystal are found to be
close to charge neutrality. The imbalance between elec-
trons and holes in the ultra-thin devices are likely due to
unintentional doping from the device fabrication pro-
cess; such imbalance also allows us to access the highly
electron-doped regime in ultra-thin WTe, samples to
test the applicability of the two-fluid model 4, 18].
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Figure3. Temperature-dependent behavior ofa WTe, ultra-thin flake device. (a) and (b) MR and Hall resistivity as a function of
magnetic field at different temperatures at Vi, = 0 V. Dashed lines are fit curve to the two-fluid model for MR and p,, at 150 K. (c)
and (d) Temperature dependence of net charge carrier density (1. — 7y,) and the mobility of electrons and holes at Vi,; = 0V. The
inset panel in (c) shows electron and hole density versus temperature. Dashed lines in (d) are power law fits for yz oc T~7, with the
exponentsy ~ 0.61 and 0.48 for electrons and holes, respectively.

Figure 2(d) shows the gate-dependent mobil-
ity for electrons and holes. We note that the electron
mobility decreases as the density becomes larger at
T = 1.9K, suggesting that charged impurities are not
the dominating scattering source in this regime [35].
From figure 2(d) as well as from the inset of figure 2(¢),
we find that n, and v, are being effectively tuned by the
gate voltage while ny, and uy, are much less affected by
V,, which is likely caused by the fact that the density of
states of electrons is much larger than that of holes in
this highly electron-doped regime.

Figures 3(a) and (b) show the temperature-depend-
ent MR and p,, of the device from T = 1.9K to 150K
and at zero gate voltage. The cusp-shape in MR at small
magnetic field diminishes rapidly as the temperature
increases, and will be discussed in detail later. At mag-
netic field larger than 2 T, fitting the MR by a power law
behavior MR o< B”resultsin atemperature-dependent
exponent vy that changes from ~1.69at T = 1.9Kto 2
at T = 150 K. At the meantime, py, remains linear in
B with its slope k changes monotonically at different
temperatures. We are going to show in this letter that
such temperature-dependence of y and k is also well
captured by the phenomenological two-fluid model.

Similar to the analysis of the gate dependent mag-
netoresistance, the MR and p,,, of the device at different
temperatures are fitted simultaneously by equations (2)

and (3), and the dependencies of n, ny, e, U, On tem-
perature are extracted from the fit. Figure 3(c) shows
the dependence of the net carrier charge n. — n asa
function of temperature. It can be seen that by lowering
the temperature, the sample rapidly tends to its charge
neutrality on cooling from 150 K to 50 K; the trend slows
down below 50 K and saturates from 12K to 1.9K. The
mobilities u. and uy, on the other hand, increase fol-
lowing a power law of it o< T~ from 150K to 50 K and
then saturate from 12K to 1.9 K. This suggests a connec-
tion between the decrease in n. — 1y, and the increase
of u. and uyp,, which is consistent with the carrier den-
sity dependent measurements at a fixed temperature.
Temperature-dependent movement of chemical poten-
tial has been seen in multiple semimetal bulk crystals
[31, 36—38], and has been attributed to be the cause of
a temperature-induced Lifshitz transition for WTe,
bulk crystals [31]. Thus it is not surprising to see such
temperature-dependent n, — ny, in ultra-thin WTe,
samples. A fit to a power law behavior of the decreasing
mobility with increasing temperature give an exponent
« for electrons (o« = 0.61) and holes (oo = 0.48); these
values are similar to those for few-layer black phospho-
rus [39] and dual-gated monolayer MoS, [40]. How-
ever, they are smaller than the theoretically predicted
value (o~ 1.52) [41] and smaller than our experimental
data obtained from bulk WTe, samples (a ~ 1.30-1.51)
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Figure4. (a) Gate-voltage dependent MR plotted on alog—log scale. The orange dashed lines are the two-fluid model fit to the
MRat V, = —80Vat T = 1.9K, the purple dashed lineis a B? MR curve as a guide to the eye; the blue solid line is the difference
between the MR dataat Vg = —80Vat T = 1.9Kand the B? behavior, while the wine solid line is the difference of the same data to
the prediction of the two fluid model. (b) Temperature dependent MR plotted on a log—log scale. The orange dashed lines are the
two-fluid model fit to the MR at V, = 0V at T = 150K, the purple dashed line is a B>MR curveasa guide to the eye; the blue solid
line is the difference between the MR data and the B> behavior, while the wine solid line is the difference between the same data and

(see section S2 in supporting information). The sup-
pression of v is considered to be caused by a quenching
of the characteristic homopolar mode in sandwiched
ultra-thin device structures [40]. In the case of WTe,,
this means that ultra-thin samples can preserve their
mobility, thus preserving their response to magnetic
field, much better than their bulk counterparts at room
temperature (see section S2 in supporting informa-
tion), which is good for technological applications.

Since the ultra-thin WTe, sampleis notat the charge
neutral point, we expect a saturation of magnetoresist-
ance for high enough magnetic field, if the transport
behavior of the sample follows the two-fluid model.
Indeed, if we look closely into the MR curves, we con-
firm such saturation at high magnetic field. Figures 4(a)
and (b) show the gate-voltage dependent MR and
temperature dependent MR plotted in log—log scale.
It can be seen that for all the gate voltages we applied
at 1.9K, the MR of the sample deviates from the ~B?
functional form, while conforming to the prediction of
the two-fluid model. In figure 4(a), the blue solid line
is the difference between the MR data at Vy = —80 V
at T = 1.9K and the B? behavior, while the wine solid
line is the difference of the same data to the prediction
of the two fluid model. A deviation from the B* behav-
ior (e.g. the saturation of MR at high magnetic field) is
clearly observed. At higher temperature, the mobility
of the carriers drops much faster than the increase in
the net charge density of the sample, leading to a higher
saturation magnetic field, which is out of the range of
our experimental apparatus. Thus the MR dataat 150K
fits the two-fluid model and a scaled B> functional form
equally well (figure 4(b)).

Figure 5 is one of the primary observations of
our study. It shows the change of MR as a function of
ne — ny at three different magnetic fields (7 T, 8 T,9T)
and at all temperatures from 150K to 1.9K. (The
change of MR is defined as (MR(n) — MR(ny))/
MR(ny), where n = ne — ny, is the net charge density

and ny = 8.2 x 10! cm™? is the largest net charge
density measured in our experiment, at T = 150K.)
It can be seen that the change of MR increases mono-
tonically as n. — ny, decreases, regardless of tempera-
ture and magnetic field. The two-fluid model predicted
MR(ne — ny) curves for magnetic field of 7 T, 8 T and
9 T are also shown in figure 4, showing similar insen-
sitivity to the magnetic field applied. This property of
ultra-thin WTe, devices is very useful in making future
tunable sensitivity magnetic field sensors, where a uni-
versal dependence on a single parameter (net charge
carrier) is preferred. Itis worth noting that such a curve
is empirical, and it is a useful derivation from the two-
fluid model. Experimentally, we found that for the
carrier mobility about 1000 cm? V! s~ or lower, and
for magnetic field 9 T or lower, such single-parameter
dependence of AMR on #. — ny, holds pretty well.

The largest change of MR measured in our experi-
mentis 850%, in which the 2D electron—hole imbalance
istuned from8.2 x 10 cmt03.2 x 10" cm . Ifwe
reached charge neutrality in this particular device, the
change of MR could be 8400% (see section S8 in sup-
porting information for the calculation). Furthermore,
as fabrication techniques improve, we expect the mobil-
ity of ultra-thin WTe, devices to finally approach that of
bulk crystals. (Such rapid improvement of device fabri-
cation techniques hasbeen seen in the field of graphene,
where it did not take a long time for the mobilities of
graphene devices to improve from 10000 cm? V-~ !s™!
[42]t0 1000000 cm?*V~'s~![25].) Usinga fixed mobil-
ity value of 1.67 x 10° cm? Vs~ ! from [43] for both
MR(p/n = 1) and MR(p/n = 0.1559), we project a
change of MR of 400 000%. Note that this should be
a lower bound for the estimation, as the mobility at
the neutrality point should be much higher than when
p/n = 0.1559 (see figure 2(d) and supporting informa-
tion for more details). Thus we expect ultra-thin WTe,
to be a very useful electric-field-tuned magnetoresist-
ance material in future technological applications.
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Figure 5. Tunable MR by carrier density ina WTe, ultra-thin flake device. Charge carrier density dependence of normalized MR,
defined as (MR(11) — MR(11))/MR (1), where n = n, — my, is the net charge density and np = 8.2 x 10 cm™ is the largest net
charge density measured in this device. Dashed lines are the two-fluid model prediction of MR (1, — 1y,) curves for magnetic field of

7T,8Tand9T.

T =1.9K atlargest gate voltages V, = £80 V. (b) Ao, (B) curves

a e e U b e o SRS,
i 0.00 1
00F  T=9K V= WAL FitforV, = 1 o A
! bg A A pay
a -80V ;i — —-80v 56 St ﬁ%ﬁ%ﬁﬁ’ 0 @@g&%@ﬁ Mrgn A
s 80V - = 80V -0.05 : - %, g o
0.1 f & : i § o % z
g M ‘;1 s o 010 V, =30V, T= ¢ ¥ WALFtatT=
£ w02 bt Smgd WEFTUR T £ oK 3 ¥ - -
(\g (4 ] \D ® e N; -0.15 12K B a1 2K -
g = a 30K = = 30K
L o3t . % 020t a o 1
£ oy oo T ¥ emi. Fs %
o % a o £ a
-0.4 n““eﬂ?% = L P w Eqpq,%“’u - VB g e é’c%nﬂuﬂm 5 o %fge ©° g o
< e D% wFDD el e DD@@ §U
030} 4
_05 1 1 1 1 1 1 1 1 1 1 1 1 n 1 n 1 2 1 2 1 2 1 1 1 1 1 1 1 L 1 L
10 8 6 -4 -2 0 2 4 6 8 10 10 -8 6 -4 2 0 2 4 6 8 10
B(T) B (T)
C 0.09 — T T T T T T d 1.0 T T T T T T T
0081  T=1.9K L 1 0.8 =
H .8 Vb9—3°V b
0.07 |- a s - I
. 06} % -
= 006 # . £
~— -
= m 04 o
= 0.05 F
0.2 * E
004 . .
3 0.0} .
0.03 L + L * L = 1 + 1 > L - 1 1 1 1 1 1 ) 1
-90 -60 -30 0 30 60 90 0 5 10 15 20 25 30
Vg (V) T (K)

Figure 6. WAL in WTe; thin flake. (a) The change of conductance Ac,(B) = 0,(B) — 0x(B = 0) of the ultra-thin WTe, device at

lines in (a) and (b) are weak anti-localization fit to the data between 1 T of magnetic field. (c) and (d) Phase related field By as a
function of back gate voltage at T = 1.9K (c) and at different temperatures at Vy = —30V (d).

for T = 2K, 12Kand 30K at gate voltage V; = —30V. The dashed

Continuing the analysis of our observations,
figure 6(a) shows the change of conductance
A0 (B) = 0x(B) — 0x(B = 0) of the ultra-thin
WTe, device at T = 1.9K, after subtracting the classi-
cal contribution determined by the two-fluid model,
and for the largest gate voltages (V; = 80 V) applied

in experiment. The low field magneto-conductance
shows a peak that can be strongly modified by the
gate voltage. Figure 6(b) shows the Ao ,(B) curves for
T = 2K, 12Kand 30K, with V; = 30 V. It can be seen
that the low field magneto-conductance diminishes
rapidly as T'increases. Above 30 K, the peak in low field
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magneto-conductance can no longer be detected. The
magnitude and the temperature dependence of the low
field magneto-conductance are characteristics of 2D
weak anti-localization, similar to previously reported
result in ultra-thin WTe, devices [15, 19]. We fit our
experimental data to the Hikami-Larkin—Nagaoka
(HLN) equation [44]:

2 B B“
seuw =35+ 5)0(5)

B, + B Bs;+ B
— 2 l+u 4+ 20n[ 222
2 B B

B 1/](1 " B¢> + ZBSO) 4 ln( B¢ + 2Bs, )]
2 B B
(4)

. . . I

where 9 is the digamma function, B, = =
en
i

o 1= ¢,so0 is the characteristic field related
to phase coherence length (time) Iy (73) and
spin—orbitinteraction terms. D1is the diffusion constant.
Insmall magneticfield (B < 1T),wefind By, istoolargeto
affect Ao,(B). Hence, following the literature, we fitted
Ao, (B) curves by setting By, = 6 T [19]. Figure 6(c)
shows the dependence of the fitting parameter B, on
Vgat T = 1.9K. It can be seen that By drops by 50% if
Vg changes from 80 V to —80 V, indicating a significant
increase in the phase coherence length of charge carriers
as the sample tends to charge neutrality, consistent with
the magnetoresistance data at higher magnetic field. B,
increases linearly with temperature, which could be a
manifestation of strong electron—electron interaction in
the material [19, 45, 46].

Conclusion

In summary, we have fabricated ultra-thin WTe, FEDs
with solid gate dielectrics, and found that in electron-
dominated regime, ultra-thin WTe, samples have a gate
tunable magnetoresistance that is consistent with the
two-fluid model. We estimate that the value of AMR/
MR could be as high as 400 000% within experimentally
accessible parameters, a value much higher than other
materials. The tunability of MR by a single parameter
(the net charge density n = n. — ny) together with
the insensitivity of AMR/MR to magnetic field and
temperature, reveal the potential of ultra-thin WTe,
as electric-field-tuned magnetoresistance material
which could have important application in magnetic
field sensing, information storage and extraction, and
galvanicisolation.
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