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Thermally driven ballistic rectifier
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The response of electric devices to an applied thermal gradient has, so far, been studied almost
exclusively in linear response and in two-terminal devices. Here we present measurements of the
response to a thermal bias of a four-terminal, quasi-ballistic junction with a central scattering site.

We find a novel transverse thermovoltage measured across isothermal contacts.

Using a multi-

terminal scattering model, we show that the device’s response to a thermal bias can be predicted
from its nonlinear response to an electric bias. Our approach forms a foundation for the discovery
and understanding of advanced, nonlocal, nonlinear thermoelectric phenomena that in the future

may lead to novel thermoelectric device concepts.

PACS numbers: 72.20.Pa, 73.23.Ad, 73.40.Ei

Nanoelectronic devices with dimensions smaller than
the characteristic scattering lengths for electrons are eas-
ily driven into the nonlinear regime, and show electron
dynamics that depend on device symmetry. For instance,
clear rectification effects have been observed in asym-
metric microjunctions HIHE], quantum dots M] and quan-
tum point contact systems ﬂa, ] These systems exhibit
nonequilibrium effects that occur in the nonlinear regime
of ballistic transport.

At the same time, there has been considerable progress
in the use of mesoscopic conductors for thermoelectric
devices such as nanoscale coolers and ultrasensitive ther-
mometers ﬂ] At a more fundamental level, studies of
heat flow in phase-coherent systems allow one to investi-
gate basic properties of quantum transport when electric
and thermal gradients act jointly on the same system
ﬂé] Specifically, thermoelectric effects are observed when
a voltage drop builds up in response to a temperature
difference E, ] Thus far, most of the literature has in-
vestigated thermopowers in two-terminal arrangements
(for an exception see Ref. ﬂﬂ]), and in linear response.
The latter point in particular is noteworthy as this is in
contrast to electronics, where nonlinear devices such as
diodes enable key functionalities.

Additionally, for the past four decades there has been
sporadic research on so-called anisotropic thermoelectric
materials. These are materials that exhibit off-diagonal
elements in their electrical conductivity, thermal conduc-
tivity, or thermopower. Typically, anisotropic thermo-
electrics comprise of either stacked multilayers of alter-
nating materials ﬂﬂ, |E], or anisotropic crystalline ma-
terials ﬂﬂ] Such systems, however, can only change the
anisotropic properties of a given system by rotating the
stacked multilayer or crystal orientation. This effectively
limits the range of anisotropic properties that can be
studied.

Here, we address transverse thermoelectric effects in

a quasi-ballistic device fabricated in a two-dimensional
electron gas (2DEG), Fig. [[(a), which offers the great
advantage that the scattering properties of the system
can be controlled during fabrication. Specifically, we use
a four-terminal microjunction with a central, asymmetric
antidot to scatter electrons, Fig. [I(b), and perform ther-
moelectric measurements at a cryostat temperature of
0.75 K. In a similar device, previous observations have
shown that a lateral AC woltage leads to a rectified,
transverse response @] Here, we instead apply a lat-
eral temperature difference across the junction through
terminals 1 and 2, and observe a nonlocal thermovolt-
age between terminals 3 and 4, both of which are un-
heated. We note that similar thermovoltages have been
detected previously in multi-terminal 2DEGs subjected
to magnetic fields normal to the system (the Nernst ef-
fect [11, [15, [16]). In contrast to these works, the effect
reported here is purely thermoelectric in nature and only
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FIG. 1. (a) Schematic of the wafer structure with a 2DEG
located in the GalnAs quantum well. (b) Schematic and SEM
image of a four terminal antidot junction similar to the one
reported on here. The lateral and transverse voltage drops are
given by Vi2 and Vsg, respectively. The actual four-terminal
junction measured here had terminal widths of d; ~ 500 nm
and d2 ~ 450 nm, and an antidot with a base and height of
about 550 nm and 380 nm, respectively. The side heating
channels are 5 pm wide, 30 pm long, and ~ 4 pm from the
scatterer (quasi-ballistic regime).
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FIG. 2. (Main figure) First four harmonic transverse voltage
responses to a temperature increase in terminal 1. (Top in-
set) Schematic of the measurement configuration. (Bottom
inset) Measured lateral voltage drop across the junction dur-
ing heating.

due to the symmetry breaking property of the central
scatterer. Furthermore, we establish a theoretical model
based on the multi-terminal scattering approach ﬂﬂ, ]
extended to the weakly nonlinear regime (up to quadratic
order in voltage and linear order in temperature shifts)
and show that we can predict the transverse thermoelec-
tric response to a lateral thermal bias from measurements
of the device’s nonlinear response to an applied bias volt-
age.

Our device consists of an InP/Gag 23lng 77As 2DEG
walfer, see Fig.[Tl(a), patterned using the same techniques
as in Ref. ]. The antidot junction itself and its di-
mensions are shown in Fig. [Ib). Hall and Shubnikov
de Haas measurements give a carrier concentration and
mobility of 2.93 x 1072 em~2 and 1.16 x 10° ¢cm?/Vs
respectively. The resulting mean free path, 3.3 um, ex-
ceeds the characteristic length of the antidot region, 0.5
pam.

For our thermoelectric measurements, we are primar-
ily interested in the transverse voltage response, V34 =
Vs — Vy, due to a change in the side terminal tempera-
ture(s), of either 6y, 03, or both. Here V; and 6; are the
shifts of the electrochemical potential and temperature in
the ' terminal away from the common electrochemical
potential, u/e, and background cryostat temperature, 6.
To increase either 61 or A3, we apply two 37 Hz heating
currents, which have a relative phase of 180°, to the re-
spective channel, see the circuit diagram in Fig.[I{(b). Us-
ing P; as a voltage probe, the amplitude of these signals
could be tuned so that the resulting lw voltage at ter-
minal 1 was minimized. Any remaining DC offset could
have been minimized as well using a DC source to shift
both heating voltages; however, no offset was needed.

In Fig. 2 we show results from an experiment where
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FIG. 3. 1°* and 2*¢ harmonic transverse responses to a lat-
erally applied 37 Hz voltage v. Also shown are linear and
parabolic fits (dashed curves) to the lw and 2w curves, re-
spectively.

a temperature shift #; was applied to terminal 1, and
the first four harmonics of V34 were measured. Since the
thermal gradient is generated from Joule heat, which is
primarily proportional to the square of the applied heat-
ing voltage, the dominant 2w response implies that the
transverse response is linearly proportional to the ap-
plied temperature gradient, Vs oc VA o 6. We also
measured the first and second harmonics of the lateral
voltage drop V32 using the probes labeled Py and P (see
inset to Fig. B). This voltage by itself is far too small
to cause the observed transverse voltage, as can be seen
from the device’s measured lw and 2w responses to an
applied 37 Hz voltage, see Fig. Bl

V34 in Fig.2is linear in #; and can thus be interpreted
as a thermovoltage. Remarkably, however, this ther-
movoltage is across two unheated contacts that, based
on device geometry, can be assumed to be isothermal.
We therefore propose that V34 is due to the difference
between two or more thermovoltages in the junction.
Sources of thermovoltages that are easily identifiable are
the four quantum point contacts (QPC) defined by the
antidot and the surrounding channel walls. In the general
case of zero symmetry, each QPC thermovoltage would
be unique, resulting in all four terminals being at dif-
ferent potentials. We will return to this interpretation
below.

We can check the symmetry of our device by simply
reversing the sign of the applied temperature differen-
tial. Given the intended left-right geometric symmetry
of our antidot junction one may intuitively expect that
Va4(61,02) = V34(02,01); however, when the lateral tem-
perature differential is reversed, measurements show a
sign reversal in Va4 (Fig. H). Furthermore, when both
terminals are heated simultaneously, the response tends
toward zero.

We now aim to explain our results using the multi-



terminal thermoelectric scattering approach ﬂﬁ, @] ex-
tended to the weakly nonlinear transport regime HE] We
consider a four-terminal junction with a central scatterer,
as in Fig. [(b), but without assuming any particular
model for the scattering matrix. Based on the linear
temperature and quadratic voltage responses shown in
the experiment (see Figs. Bl and B]), we express the cur-
rent I, through lead « up to linear order in temperature
and quadratic order in voltage differences, Vg3 = Vo —V3:

In =Y [Gap(Vap) + Map(Vap)® + Lag(6a — 05)] -
B
(1)

Importantly, Eq. () is manifestly gauge invariant, a
property recently emphasized for mesoscopic rectifiers
[21).

In the low temperature limit, the linear transport co-
efficients read,

2

e
Gap = Ttaﬂ(EF) (2)
27726k239
Log = Ttéﬂ(@)' (3)

This approximation is valid provided the energy variation
of the transmission probability, t,g, between leads o and
£ is weak and the Fermi energy, ep, is larger than the
background temperature, . This amounts to neglecting
band edge effects. Hence, the transmission and its energy
derivative, tlozB’ are evaluated at ep.

The leading order rectification term M,z is a com-
plicated function of ¢, 5 and of the transmission deriva-
tive Otag(E, {Vi})/0Valeq evaluated at equilibrium 24].
Knowledge of the latter requires a self-consistent de-
termination of the screening potential, U({V;}), inside
the conductor. However, within a qualitative discussion
we can neglect this term since it is proportional to the
characteristic potential, uo = (OU/OV4)|eq [2d], whose
strength can be estimated within mean-field theory from
u~ C,/C, where C;' = (e?D)~' 4+ C~!, C'is a capac-
itance coefficient that measures interactions, and D de-
notes the density of states associated with the scattering
states. In widely open systems one has C' > 2D (non-
interacting limit), and the rectification term becomes

e,

Mas = S ths(er). (4)
To find V34 as a function of the lateral voltages (V; and
V4) and temperatures (6, and ) we recall that terminals
3 and 4 act as voltage probes. We then solve the two
conditions I3 = Iy = 0 with the aid of Eq. () in the
cold isothermal case (65 = 04 = 0). For definiteness, we
neglect the products V;V(3 4 since in our experiment, V34

is much smaller than Vi5. Then,

Vas = AVi = Va) + Y Bjlget; — gcV7),  (5)
j=1,2
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FIG. 4. 2w transverse response due to heating both side chan-
nels simultaneously and individually.

where we have defined,

t31t42 t41t32
A—— 6
D ! ©)

(tar + taz)ty; — (ta1 + ta2)ty;
lgj = D ) (7)

with D = (t31+t32)(ta1+taz)+ts4(ta1+taz)+tas(ts1+132).
Here g. = ¢/2 and go = n°k%0/3e.

Interestingly, Eq. [l predicts that the coefficients B;
that describe the transverse response to an applied tem-
perature differential also describe its response to the
square of an applied voltage.

In an ideal device with perfect left-right symmetry,
Eq. @) predicts A = 0, leaving the quadratic terms de-
scribed by Bj to be the leading order response. Any non-
zero value of A, therefore, can indicate left-right asym-
metries in the junction. We can determine A and B for
our system by fitting Eq. (@) to the applied voltage data,
for V12 < 100 pV, in Fig. Bl Fitting these measurements
yields A = —1.43 x 1072 and B; = 2.07 x 10%° J—1.

We would like to extract the transverse thermopower
S34,12 from the measurements in Fig. Ideally we
would simply divide V34 by 61; however, our device
layout does not allow direct measurement of ;. In-
stead, we analyze the first and second harmonic mea-
surements of V34(Vy,) and Vi2(V) in Fig. 2] using A,
By, and Eq. (). We first approximate the tempera-
ture rise in terminal 1 as 6, = a1Vg + a2Vj, where
Vi = Vi cos(wt). Our goal is to estimate 67 by deter-
mining a; and ag. From the data in Fig. Bl we can also
write down fit equations for Vi2(Vy,) and Viq(V3): Vig =
(—3.63 x 1073)V}, cos(wt) + (—5.28V 1) V;2 cos(2wt) and
Vag = (—1.4 x 107V}, cos(wt) + (3.7V 1) V;2 cos(2wt).
Here we have limited our fits to Vj, < 150 pV. Inserting
these three equations into Eq. Bl using the values for A
and B determined above, and identifying the first and
second harmonic terms, gives two equations we can use




to determine a; and as. We find a1 = —320 K/V and
az = 1.2 x 10" K/V2. At V}, = 150 pV, these values give
a temperature rise of #; = 220 mK and a thermopower
of 534712 =0.36 ILLV/K

Based on our considerations above, and on Eq. (), we
interpret the transverse thermopower as the difference
between two QPC thermopowers. For comparison, the
difference between two QPC thermopowers is given by

kp1n(2) 1 1
AGRPC _ B _
s € NT —0.5 NB —0.5 ’ (8)

where N(p )y > 1 represent the integer number of con-
ductance modes in the effective top and bottom QPCs.
We can estimate the N values for our system from con-
ductance measurements of the junction.

If we assume that the junction is symmetric as in-
tended, t13 = t23 and t14 = t24, then Nle'fo = (NT +
Ng)/2, where N&J/ = Giy/gT is the effective num-
ber of modes between terminals 1 and 2. Here Gio =
8.73 x 107* Q71 is a two-terminal conductance measure-
ment between terminals 1 and 2, g = 2¢2/h is the con-
ductance quantum, and the fitting parameter T is the
transmission probability. One approximate solution to
ASQPC ~ S34 15 is Ny = 13, Ng = 14, and T = 0.83,
which gives AS®PC = 0.35 V. Therefore the observed
magnitude of Sz4 12 agrees well with what is expected
based on the model of two QPC thermopowers.

Finally, we discuss the sign reversal upon exchange of
the thermal shifts observed in Fig. 3. We focus on tem-
perature differences only and thus set V3 = Vo = 0 in Eq.
5. The 2w response can be decomposed into components
that are symmetric, S?i, and antisymmetric, S’?ﬁ, under
the transformation (61, 63) — (02, 61):

S91+92

0, —40
‘/34:‘5134 2 A Y1 2

+ 534 5

9)

where S3S4 = B; + By and Siﬁ = B; — By. When
both terminals are heated simultaneously and equally,
the main contribution stems from the symmetric compo-
nent, which is generally nonzero. When 6; and 6, are not
equal and exchanged, the symmetric component remains
unchanged while the antisymmetric component reverses
sign. Note that 53} exists only for scatterers showing
some kind of asymmetry in the transmission derivative
coefficients (th, # t5y or th; # t},). Based on the data
in Fig. @ we believe our junction has a strong antisym-
metric component and weak symmetric component. We
attribute this thermopower asymmetry to unintentional
scattering asymmetries of the junction channels between
terminal 3 or 4 and the side leads.

We have shown that a four-terminal junction with a
symmetry-breaking scatterer can be used to generate
a thermovoltage between two cold isothermal contacts.
We have put forward a simple noninteracting model for

multi-terminal thermoelectric transport that accounts for
most observed effects. Given the great control over de-
vice geometry and symmetry afforded by nanofabricated
devices, our approach can be used to explore advanced
thermoelectric functionalities — such as electronic ther-
mal rectifiers or more efficient thermoelectric energy con-
verters — due to the opportunity to separate heat and
charge flow in multi-terminal devices.
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