A st Petersburg Polytechnic University Journal. Physics and Mathematics. 2024 Vol. 17. No. 1.1
HayuyHo-TexHunyeckne Begomoctun CM6IrMy. dusmnko-matematmyeckme Hayku. 17 (1.1) 2024

Conference paper
UDC 538.9
DOI: https://doi.org/10.18721/IPM.171.114

Gurzhi effect in point contacts in GaAs

D.l. Sarypov "2®, D.A. Pokhabov ' 2, A.G. Pogosov "2,
D.A. Egorov -2, E.Yu. Zhdanov ' 2, A.K. Bakarov ' 2

! Rzhanov Institute of Semiconductor Physics, SB RAS, Novosibirsk, Russia;
2Novosibirsk State University, Novosibirsk, Russia
™ d.sarypov@g.nsu.ru

Abstract. Hydrodynamic electron transport through point contacts of different widths in
two-dimensional electron gas in GaAs/AlGaAs heterostructure is studied. Effect Gurzhi, i.e.,
minimum in the temperature dependence of the point contact resistance, corresponding to the
conductance exceeding the ballistic limit, is experimentally observed. The minimum is shown
to be observed in case when electron-electron scattering length is comparable with the point
contact width. Under this condition, electrons act as viscous fluid, that leads to the resistance
reduction. The experimental data including the width dependence are consistent with the the-
oretical prediction of the viscous contribution to the point contact conductance.
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SdrhekT N'yp)>Ku B TOUEUHDbIX KOHTAKTaxX B apCceHuae rajaius
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Annoranus. VMccnenoBaH ruipoquHaMUYECKU 2JIEKTPOHHBIN TPAaHCIOPT Yepe3 TOYeUHbIe
KOHTAKThl Pa3jiMYyHOM IUMPUHBI B JIBYMEPDHOM 3JIEKTPOHHOM Tra3e B TI€TePOCTPYKTYpe
GaAs/AlGaAs. B TemriepaTypHOil 3aBHCUMOCTH COIPOTHBJICHUS TOYEYHOTO KOHTaKTa
Ha0II0JaeTCI MUHUMYM, COOTBETCTBYIOLIMI KOHAAKTAHCY, MPEBBIIIAIONIEMY OaUTMCTUYECKUN
npenen. OKCMepUMEHTAIbHbIE [TaHHBIE COTJIACYIOTCS C TEOPETUYECKMM TpelcKa3aHueM
BSI3KOCTHOI'O BKJIaZa B KOHAAKTAHC TOYEYHOI'O CYXEHUS.

KiroueBbie clioBa: 3JIEKTPOH-3JIEKTPOHHOE paccesiHue, TUAPOIMHAMUKA BJICKTPOHOB,
BSI3KAasl DJIEKTPOHHAS XUIKOCTh
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Introduction

Electron-electron (e—e) interaction is shown to have significant impact on mesoscopic electron
transport in case when e—e scattering length lee is comparable with characteristic size of the
system w [1—12]. At the same time, the effects associated with e—e interaction, because of
their many-body origin, are difficult to describe. Hydrodynamic approach can simplify the e—e
interaction description by considering electrons as viscous fluid [13—15]. Hydrodynamic electron
transport is overviewed in details in [16,17].

Due to total momentum conservation during e—e collisions, specific conditions are required for
the hydrodynamic effects to be observed. Gurzhi showed [18] that, in case of ballistic conductors
with long momentum relaxing length />> w, when [, < w correlations in the electrons motion act
as a lubricant and prevent the momentum loss on the boundary roughness — the main momentum
dissipation place. This effect leads to the resistance reduction, which has been experimentally
proven in graphene [19] and GaAs [20].

In this work we present the experimental study of the hydrodynamic electron transport in
the point contacts (PCs) based on the GaAs/AlGaAs heterostructure with an emphasis on the
width dependence. We studied the temperature dependence of the resistance of 7 PC of different
width. In the experiment we observe the PC resistance reduction below the ballistic limit with
increasing temperature up to a certain value of about 20 K. For quantitative description of this
effect, we employ the recent theory [21] predicting that the PC conductance enhancement due
to the lubricant effect AG = G, is defined by the formula:
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where n = k.?/2n is the electrons density, k is Fermi quasiwavevector, e, & are the elementary
charge and Planck’s constant, respectively and the electron liquid viscosity expressed as
n = hk.nl, /8n [21]. The result of the measurements confirms this prediction.

Materials and Methods

Experimental samples are created from GaAs/AlGaAs heterostructure grown by molecular beam
epitaxy on a GaAs substrate (Fig. 1, a). Doping the heterostructure with Si §-layers allow electrons
to fill the quantum well at the heterointerface and form two-dimensional electron gas (2DEG). The
mobility and concentration of electrons at 7= 4.2 K are u = 0.8-10° cm?/(V-s) and n = 2-10" cm2,
respectively. Momentum relaxing length at this temperature is / = 5.9 um. The quality of 2DEG in
this structure is also confirmed by the observation of the quantum Hall effect [24].

Seven PCs of different lithographic width wlith, changing from 0.7 to 1.3 um with the step
of 0.1 um, are created using e-beam lithography. The effective PC width w = w, — w,, with the
depletion layer thickness w, considered, is lower than wlith. We defined w, for all PCs from the
resistance measurements at low temperature and relations (2—3) in the “Discussion” section. It
was found out, that w, is universal for all PCs and equal 0.4 um. Hereby, the PC effective width
w = w,, — w, varies from 0.3 to 0.9 um. PCs are located on the Hall bar in series (Fig. 1, 5). All
PCs have a length of 0.6 um. Both width and length of PCs are smaller than /, so all PCs can be
considered ballistic.

Resistance measurements were performed in the cryostat in the temperature range from 4 to
65 K by means of lock-in technique at frequency of 7 Hz and the excitation current amplitude
of 100 nA (Fig. 1, b).
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Fig. 1. Schematic images of heterostructure with 2DEG doped with Si §-layers (a) and experimental
sample with point contacts (b). Point contact lithographic width wlith varies from 0.7 to 1.3 pm

Results

Fig. 2, a shows the temperature dependence of the PC resistance. It is clearly seen, that,
for all PCs, the resistance first falls at temperatures < 20 K and then monotonically increases,
demonstrating the minimum. We attribute the observed resistance reduction to Gurzhi effect
[18]. The minimal resistance is lower than the low-temperature ballistic PC resistance due to
the momentum loss suppression at the PC boundary, induced by the lubricant effect [21]. This
effect is expected under the condition [, s w << /[18]. As will be shown below, this condition is
fulfilled for studied PCs in the resistance minimum.

Dotted line in Fig. 2, a shows that the resistance minimum position depends on the PC width w.
The minimum shifts to the higher temperatures for smaller w. This trend is shown in details on
the dependence of the resistance minimum position 7' . on the w on a quadratic scale (Fig. 2, b).
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Fig. 2. Temperature dependence of PC resistance of different width w (a). Solid lines show experimental
data and dashed lines show approximation by model (4). Dotted line shows that resistance minimum
shifts to lower temperature as w increases. Resistance minimum point Tmin in quadratic scale as
function of w (b). Experimental data are shown by circles. Linear approximation is shown by line

Discussion

A solid line in Fig. 2, b points to the linear relation between 7> . and w that can be explained
by the temperature dependence of / . The minimal resistance is achieved when the e—e scattering
rate is comparable with the rate of the momentum relaxation scattering [18]. In our case it means
that [~ w. Since [ oo T2 [22, 23] we have the dependence w o T2 . .
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The resistance measurements R(7) accounting viscous contribution Gvis can be presented as:

R(T) = Rypee (T) "’( ball T les) 2
where the first term R, . is the resistance of the macrocsopic 2DEG regions adjacent to the
constrictions, and the second is the PC resistance including viscous G, and the ballistic G, PC
conductance at zero temperature. The additive form of G, , and G, in (2) is applicable for the
entire temperature range studied [21]. At low temperature, when electron transport is ballistic, the

PC conductance is defined by the formula:

2 2
Gball — 26 kF(Wlith _WO) = 26 kFW‘ (3)
h T h n
To describe the viscous contribution to the PC conductance, the formula (1) can be rewritten
with fitting parameter 7;:
2
2¢° T
Gvis = i(kFVV)2 | (4)
h T,
We use the following form of the temperature dependence of R2DEG:
T
Ry =Ry 14— |, (5)
T

where R, Tph are fitting parameters. Here R, . is defined by impurity scattering R and phonon
scattering R (7/ T ). Quadratic temperature dependence of G, follows from G, dependence on
[ G, ol 6*1 and l oo T72. The result of the approximation (4—5) is in acceptable agreement with
experlmental data (see dashed curves in Fig. 2, a).

Further, the results of the approximation (4) were used to obtain G, which is shown in
Fig. 3, a as the function of temperature. It is noteworthy, that in case when G_is divided by w? all
the curves corresponding to different w collapse into one. This means, that the fitting parameter
T, is universal for all PCs and G scales as G o w.

The experimentally obtained dependence G, (7) allowed us to extract /. As follows from (1)

and (4), [ equals:
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Fig. 3. (a) Temperature dependence of viscous contribution to conductance G, taken with weight
w? for different PCs widths w. (b) Electron-electron scattering length lee as function of temperature.
Circles correspond to experimentally studied w
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Fig. 3, b shows e—e scattering length lee as the function of temperature obtained by Eq. (6)
with T} as the fitting parameter. Vertical dotted lines in Fig. 3, b show the temperature range
(I5—25 K) in which [ lies in the actual range of w (0.3—0.9 um). Thus, at the temperature
range corresponding to the resistance minima (23—25 K) the condition /, < w is satisfied. This
inequality corresponds to the resistance minimum observation condition. Therefore, the Gurzhi
requirement for the resistance minimum observation is achieved in our case.

Conclusion

We study electron transport in hydrodynamic regime through PC in 2DEG in GaAs/AlGaAs
heterostructure. Gurzhi effect, consisting in the resistance reduction with increasing temperature
is experimentally observed. It corresponds to the conductance exceeding the ballistic limit. The
observed effect can be explained by the momentum loss suppression at the PC boundary due to the
lubricant effect caused by e—e interaction. Viscous contribution to the PC resistance, attributable
to the lubricant effect is extracted from the experiment. The obtained viscous contribution
confirms the theoretical prediction.
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