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We report the direct observation of a long-range field effect in WTe, devices, leading to large gate-
induced changes of transport through crystals much thicker than the electrostatic screening length. The
phenomenon—which manifests itself very differently from the conventional field effect—originates from
the nonlocal nature of transport in the devices that are thinner than the carrier mean free path. We reproduce
theoretically the gate dependence of the measured classical and quantum magnetotransport, and show that
the phenomenon is caused by the gate tuning of the bulk carrier mobility by changing the scattering at the
surface. Our results demonstrate experimentally the possibility to gate tune the electronic properties deep in
the interior of conducting materials, avoiding limitations imposed by electrostatic screening.
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Conventional field-effect transistors exploit electrostatic
gating to tune the electronic properties of materials by
means of charge accumulation [1-5]. Gate-induced charge
accumulation occurs close to the material surface, on a
depth limited by the so-called screening length, which is
typically very short, ~1-2 nm. Electrostatic screening,
therefore, seems to preclude the possibility to use field-
effect transistor devices to control the electronic properties
in the interior of materials, i.e., their bulk response.
Although this is indeed the case in conventional field-
effect devices, here we report the observation of a much
longer-range field effect, affecting electronic transport
through a material over a depth orders of magnitude longer
than the electrostatic screening length. The phenomenon,
which occurs because the electrical conductivity is gov-
erned by nonlocal processes, manifests itself in large gate-
induced changes in the transport properties of conductors
as long as their thickness is smaller than or comparable to
the carrier mean free path.

We observe such a long-range field effect in crystals of
WTe,, a material possessing remarkable electronic proper-
ties [6-25]. Transport experiments have shown that bulk
WTe, is a nearly perfectly compensated semimetal exhibit-
ing record-high magnetoresistance (MR) because of the high
electron and hole mobility [6,9,22]. They have also shown
that whenever the crystal thickness is reduced below the
mean free path (few hundreds of nanometers or even longer),
the carrier mobility is suppressed by scattering at the surface
[22]. As established long ago, this implies that transport at
the microscopic scale is governed by nonlocal processes;
i.e., the relation between current density and electric field is
nonlocal [26-32]. It is well known that in this nonlocal
regime different physical phenomena exhibit an unusual
behavior, as illustrated by the so-called anomalous skin
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effect [33-35], i.e., the possibility for electromagnetic waves
to penetrate into a conductor over a distance much larger
than that predicted by the conventional theory. Although in
the past it had been realized that gate tuning of surface
scattering could result in the gate dependence of transport
properties in systems—such as metals—in which no field
effect should be expected [36,37], no direct experimental
demonstration of this phenomenon and of its long-range
nature has been provided [38].

Our devices consist of WTe, crystals with a thickness
ranging from 10 to 50 nm exfoliated onto a highly doped
silicon substrate covered with a 285 nm SiO, insulating
layer [22]. The doped silicon substrate can be used as a gate
electrode, even though for most devices—and certainly in
the 50 nm thick crystals—no significant gate-induced
modulation of transport is a priori expected. Indeed,
applying a large gate voltage V, =380 V accumulates a
charge of 8 x 10'? carriers/cm? at the surface, correspond-
ing approximately to only (3—4)% of the total amount of
charge carriers present in a 50 nm thick crystal. The
resulting modulation in conductivity is expected to be even
much smaller, as in a semimetal the gate voltage increases
the surface density of one type of charge carriers and
decreases that of the other, so that the effect on the
conductivity largely compensates.

At odds with these expectations, Fig. 1 shows a
pronounced effect of an applied V, already on a 48 nm
thick WTe, crystal (hereafter referred to as sample A).
Figure 1(a) shows that the modulation in the Hall resistivity
Pxy 18 s0 large that the sign of p,, is inverted for magnetic
field B up to 2-3 T. Even more surprisingly, the evolution
of the low-B slope of p,, is not consistent with the sign
of the charges accumulated by the gate. Specifically, at
a positive V,> 0V, electrons are accumulated, which
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FIG. 1. Gate-induced modulation of magnetotransport in a
48 nm thick WTe, crystal (sample A). (a) Transverse resistivity
Py showing a pronounced gate voltage V, dependence [the
curves of different color correspond to different values of Vy, as
shown by the legend in panel (b)]. Note the change of sign
occurring for |B| < 3 T, enlarged in the upper inset. The bottom
inset shows an optical microscope image of the device (the bar is
5 pm). (b) V, dependence of the longitudinal magnetoresistance
(MR) of the same device. The inset shows the conductivity o(V,)
measured at B = 0 T. All data were taken at 7 = 250 mK.

should drive p,, towards a negative slope. The inset of
Fig. 1(a), however, shows the opposite behavior: the low-B
slope of p,, is negative at V,, < 0 V and becomes positive
atV, = +80 V. Furthermore, the conductivity ¢ measured
at B=0T exhibits a V, dependence opposite to that
naively expected. Since we know from the analysis of
magnetotransport at V, =0 V that in this device p, >
(see Ref. [22]), a positive V —which increases the electron
density n and decreases the density of holes p—should
slightly increase the total conductivity ¢ = neu, + pepy,
(where u, and p,, are electron and hole mobility). However,
the inset of Fig. 1(b) shows that ¢ decreases upon driving
V, more positive. Therefore, electrostatic gating of a rather
thick WTe, crystal results in sizable changes of the trans-
port properties that are entirely inconsistent with the effect
expected due to the accumulated surface charges, i.e., with
the behavior of conventional field effect.

A hint to explain the observed gate-dependent behavior
comes from the longitudinal MR measurements.
Figure 1(b) shows that the MR, while being modulated by
V ,, keeps exhibiting a quadratic dependence on B, consistent
with  (Ap/pur) = (Pax(B) = pr(0)/P1c(0)) = epn B
[22]. This relation indicates that the MR depends only on
U and p;,, suggesting that the observed V, dependence of
transport originates from a modulation of the mobility of the
bulk carriers. This is possible because for all devices inves-
tigated here the electron and hole mean free paths
(L, ~Ly = p,phkp/e) are larger than the WTe, crystal
thickness [39], so that the carrier mobility in the bulk is
nonlocally determined by the scattering at the surface [22].

To understand physically how gating can affect the
mobility of bulk carriers, it is sufficient to look at the

gate-induced bending of the valence and conduction band
near the material surface (see Fig. 2). At V, =0V
[Fig. 2(b)], the Fermi energy E is located inside the
overlapping conduction and valence band uniformly
throughout the entire thickness of the crystal, all the
way up to the surface next to the gate dielectric.
Electrons and holes move freely in the bulk and can reach
the surface, where—as we know from past work [22]—
they undergo scattering processes that determine their
mobility u, and pj,. Although the precise mechanism is
yet unknown, all observations [22] indicate that the surface
scattering is short ranged and mainly affects electrons
reaching the outermost layer. A negative V, <0V
[Fig. 2(c)] increases the electrostatic energy of electrons
resulting—for sufficiently large V, values—in their
depletion next to the surface. Under these conditions,
electrons do not have enough kinetic energy to reach the
surface, and suffer therefore less scattering processes. As a
result their mobility increases. The same logic applies to
holes for a sufficiently large positive V, > 0 V [Fig. 2(d)].
We therefore expect that y, and u;, should depend on V,
and exhibit opposite trends as the gate voltage is varied.

To confirm the validity of this physical scenario we
perform a complete quantitative analysis of the measured
gate-dependent classical magnetotransport in terms of an
electron-hole two-band model. Changing V , has a nonlocal
and a local effect: it varies the mobility u, ;, of electrons and
holes in the bulk (nonlocal effect) without changing their
density n and p, and it changes the density of charge
carriers at the surface (within the electrostatic screening
length, ~1 nm, much smaller than the crystal thickness;
local effect), which can also cause changes in the magneto-
transport. In terms of the longitudinal and transverse square
conductance G, and G, we then have
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FIG. 2. (a) Schematic illustration of the device structure (the
blue and red balls in the WTe, layer represent electrons and
holes). (b)~(d) Band bending for different values of V. For
V, =0V (b) the system is uniform and electron and holes can
reach the surface. For large negative V, (c), electrons cannot
reach the surface—where scattering processes predominantly
occur—and their mobility increases. (d) The same holds true for
holes at large positive V,.
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GD.xy = ny,bulkt + Oxy.inter> (2)

where oy, (Giner) 1S the 3D (2D) bulk (interface) conduc-
tivity. As discussed theoretically long ago [26,27], in the
nonlocal transport regime occurring because of the pres-
ence of surface scattering, the carrier mobility y, , and the
(bulk) conductivity are defined as an average over crystal
thickness 7 [e.g., p,;, = (1/1) [{ pen(z)dz]. It is the intro-
duction of these effective, averaged quantities that accounts
for the nonlocality of the relation between current density
and electric field, which is at the core of the phenomenon
observed here (see Refs. [26-29]).

We discuss in detail the behavior of thick crystals in
which the surface contribution, 6, ijner and 6y jner» €an be
entirely neglected with respect to the bulk one. This allows
us to minimize the number of unknown parameters in
the data analysis (the behavior of thinner crystals can also
be reproduced in detail, as discussed in detail in the
Supplemental Material [40]). By using the two-band model
expressions for the bulk electron and hole classical
conductivities Eqgs. (1) and (2) reduce to [41,42]:

pepy ne,
G = = l, 3
Oxx O xx,bulk (1 + ”]2132 1 4 ﬂ§B2> ( )
2 2
peu, B neu,B
G e ) = . 4
O.xy — Oxy,bulk (1 i ,u%le 1+ ﬂ%B2> ( )

We first extract the (bulk) electron and hole density by
fitting G (B) and G, (B) at V, = 0 V (see Ref. [22]
for details). Then—as we change V —we keep n and p
fixed to the value determined at V,, = 0 V and vary only p,
and ), to reproduce G (B) and G, (B). As shown in
Figs. 3(a)-3(b), the agreement between Eqs. (3) and (4) and
the data is excellent throughout the V, and B ranges
investigated. In particular, Eq. (4) very successfully repro-
duces the nontrivial evolution of G, including its sign
changes and the inversion of the slopes at low B. The values
of u,(V,) and y,,(V,) extracted from the fitting are plotted
in Fig. 3(c), and exhibit the trends expected from the
proposed physical scenario. The electron mobility increases
as V, becomes more negative, i.e., when electrons are
pushed away from the interface, whereas the hole mobility
exhibits the opposite behavior. The total change in either
the electron or the hole mobility is less than a factor of 2, as
it should be: even if scattering at one surface is fully
suppressed, the nongated surface continues to limit the
mobility. A similar quantitative analysis on six devices (out
of more than 20 devices measured which exhibited the
same trends) resulted in all cases in excellent agreement
with Egs. (1)~(4) and identical trends for the V, depend-
ence of u,; (see Supplemental Material [40] for details).
We therefore conclude that the observed unusual gate-
induced variations of transport are caused by changes in the
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FIG. 3. Quantitative analysis of the gate-dependent magneto-
transport through WTe, crystals of different thicknesses. (a), (b)
Transverse and longitudinal square conductance, GD’X),(B) and
G (B), of a 48 nm (sample A) and an 11 nm thick (sample B)
crystal measured for different V, at 7 = 250 mK. In all panels,
curves of the same color correspond to the same value of V. as
indicated by the legend in (a). The black dashed lines represent
theoretical fits with Egs. (1)-(4), which reproduce the data
quantitatively in all detail. (c) V, dependence of the electron
(blue symbols) and hole (red symbols) mobility extracted from
the analysis.

mobility of the bulk electrons and holes, and occur because
of the nonlocal transport regime in which the devices
operate [43].

Such a field-effect mechanism had not been directly
observed previously [38]. In semimetallic graphite or
bismuth, for instance, a gate modulation of transport is
routinely found in crystals with a thickness up to a few tens
of nanometers [44—47]. In that case, however, the modu-
lation of transport is due to the contribution to the
conductivity given by the carriers accumulated near the
surface, and for 50 nm or thicker crystals the effect is
virtually negligible. In other kinds of transistors, a modu-
lation of transport due to a gate-induced change in carrier
mobility originating from the effect of surface roughness
has been well documented [1,48]. In those transistors,
however, carriers form a 2D conducting layer confined near
the material surface, and the gate voltage does not influence
the electronic properties in the interior of the material. The
unique aspect of the field effect observed in our study of
WTe, devices is that the gate voltage has an influence on
the electronic properties over the entire material even for
rather thick crystals.

To illustrate why the ability to gate tune the bulk
properties of WTe, is particularly interesting, we discuss
the effect of V, on the (quantum) Shubnikov—de Haas
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(SdH) oscillations originating from the formation of
Landau levels in the bulk. The conventional theoretical
expression describing the oscillatory component of p,,,
Apos. reads [49-53]

ApOSC

heB X -\ . (2xf
x , exp( — | sin| — |, (5)
Dox m*Ep sinh X uB B

where X = (27°kzTm*/heB), kg is the Boltzmann con-
stant, T is the temperature, and f is the oscillation frequency.
From the analysis of classical transport, all parameters are
known and we can use Eq. (5) to calculate the evolution of
the SAH oscillations with V, [54]. We then compare the
Fourier spectrum obtained from the measured oscillations
Ap,s. to that from the calculated ApSd€ by using Eq. (5) in the
same B range of the measurements. Results for two different
devices are shown in Figs. 4(a)-4(d): Figs. 4(a) and
4(c) illustrate the behavior of a device realized on an
~11 nm thick WTe, crystal with relatively low mobility,
whereas Figs. 4(b) and 4(d) are from a high-mobility device
(Uesp ~5.000-6.000 cm? V~!s~1), whose behavior repre-
sents that of WTe, crystals that are 35-50 nm thick.
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FIG. 4. Gate-dependent Shubnikov—de Haas (SdH) oscilla-
tions. (a), (b) Oscillatory component of the resistivity Apy.—
measured at 7' = 250 mK—for different values of V, for two
different devices, based on (a) a 11 nm (sample C) and (b) a
37 nm thick (sample D) WTe, crystals (the data have been offset
for clarity). (c), (d) Fourier spectrum of the SdH oscillations
shown in panels (a), (b). (e), (f) Fourier spectrum of the SdH
oscillation ApS calculated using Eq. (5) with the values of
#e(V,) and p,(V,) extracted from the analysis of classical
magnetotransport. Curves with the same color in panels (a),
(c), (e) and (b), (d), (f) are taken at the same V indicated by the
legends in panels (c) and (d), respectively.

The corresponding theoretical results are shown in
Figs. 4(e)-4(f).

Starting with the thin device, Fig. 4(c) at V, =0V
shows a single broad peak at f~ 114 T, with a faint
shoulder at f ~ 144 T (see also the data from sample E
shown in the Supplemental Material [40]). Upon changing
V,, the positions of the peak and shoulder do not change,
since the bulk density is unaffected by V. The amplitude of
the peak, on the contrary, changes considerably, consis-
tently with the change in carrier mobility. Since at more
positive V, u, decreases and uj, increases, the strong
suppression with increasing V, indicates that the peak
originates from SdH oscillations of electrons. For com-
parison, Fig. 4(e) shows the spectrum obtained from Eq. (5)
using the values of y,(V,) and u,(V,) extracted from
the analysis of classical transport on the same device. The
trend of the theoretically calculated and experimentally
measured curves matches satisfactorily: electron SdH
oscillations have a stronger V, dependence, while hole
SdH oscillations (responsible for the shoulder at f ~ 144 T;
see Supplemental Material [40]) exhibit a much smaller V,
dependence due to their lower mobility and larger effective
mass. Most typically, especially in the thin devices, u, > p;,
and SdH oscillations exhibit predominantly the V, depend-
ence expected for electrons.

In the highest mobility devices, however, both electron
and hole SdH oscillations are clearly visible in the experi-
ments [Fig. 4(d)]. The evolution of the spectrum with
increasing V,, from —60 to 60 V is opposite in different
frequency ranges. For 75 T < f < 105 T, the spectrum
amplitude decreases upon increasing V ,, consistently with
SdH oscillations caused by electrons, whereas for 115 T <
f < 165 T the opposite trend is clearly visible, as expected
for holes. The fine structure present in the spectrum
(usually seen in devices having this mobility and thickness,
and possibly originating from size quantization generating
multiple electron and hole subbands) prevents a quantita-
tive comparison. Nevertheless, with u,(V,) and u,(V,)
extracted from the classical magnetotransport analysis,
Eq. (5) predicts that the relative variations in the electron
and hole contributions induced by V, are comparable in
magnitude [Fig. 4(f)], as found in the experiments. We
conclude that—for sufficiently high-mobility devices—the
gate dependence allows the identification of the carriers
responsible for the SdH oscillations observed at a certain
frequency.

In conclusion, we have observed and explained a long-
range field effect of magnetotransport in WTe, originating
from the gate-voltage dependence of the mobility of bulk
electrons and holes, caused by surface scattering. Our
observations demonstrate the possibility to gate control
the electronic properties of a material well inside its
interior, over a depth much larger than the electrostatic
screening length. This finding can be relevant for the
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hydrodynamics of ballistic electrons [55]—since the gate
tuning effect of surface scattering may give control over the
viscosity of the electron-hole liquid—which has attracted
enormous interest in recent times [56-58].
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