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Viscous flow of two-component electron fluid in magnetic field
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In pure conductors with a low density of defects, frequent electron-electron collisions can lead to the formation
of a viscous fluid consisting of conduction electrons. In this work, is studied magnetotransport in a viscous fluid
consisting of two types of electrons, for which some of their parameters are different. The difference between such
system and the one-component electron fluid is as follows. The scattering of electrons with their transitions from
one component to another can lead to an imbalance in flows and concentrations, which affects the flow as a whole.
In this work, the balance transport equations for such a system are constructed and solved for the case of a long
sample with rough edges. The equation for the flow of the unbalance value towards the edges contains the bulk
viscosity term. It is shown that in sufficiently wide samples, the transformation of particles into each other during
scattering leads to the formation of a single viscous fluid flowing as a whole, while in narrow samples the two
components flow as two independent fluids. The width of the sample at which this transition occurs is determined
by the internal parameters of the fluid and the magnitude of magnetic field. The distributions of the flow of the fluid
components over a sample cross section and the magnetoresistance of a sample are calculated. The latter turns out
to be positive and saturating, corresponding to the transition with increasing of magnetic field from independent

Poiseuille flows of the two components to the Poiseuille flow of a uniform fluid.
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1. Introduction

Electron—electron collisions in two- and three-dimensional
conductors with a low density of defects may induce
the formation of a viscous electron fluid and estab-
lish the hydrodynamic transport regime. Although the
theory of a viscous electron fluid in solids has been
developed extensively for a long period of time [1-3],
unambiguous experimental evidence of the formation of
such a fluid have been obtained only recently in high-
quality graphene, Weyl semimetals, and quantum wells
based on GaAs [4-27]. The conclusion regarding the
presence of hydrodynamic flow in these experiments was
made based on observations of the dependence of the
average resistance of a sample on its width [4]; nonlo-
cal negative resistance [5-7]; giant negative magnetore-
sistance [12-20]; and magnetic resonance at a doubled
cyclotron frequency [21-27]. The spatial distribution of
the current density and the Hall electric field in a flow of
two-dimensional electrons in graphene strips has recently
been measured directly in [10,11]. The experimental
observation of hydrodynamic transport facilitated the de-
velopment of its theory in various new directions (see,
eg., [28-42)).

Other types of hydrodynamic phenomena related to
nonuniform distributions of particle flows throughout a
sample may also be manifested in Ohmic samples, where
the scattering of carriers off defects produces the domi-
nant contribution to momentum relaxation. A consistent
microscopic calculation of shear and bulk viscosities for

650

two-dimensional electrons in a sample with defects of a
small radius was performed in [39,40]. Hydrodynamic
transport in two-component electron-hole systems was
studied both in Ohmic samples with defects and in pure
samples in [43-47]. Tt was demonstrated that near-edge
flow layers with active carrier diffusion and recombination
are formed in such systems. Specifically, the current through
the sample may flow primarily along these layers in two-
component systems with equal densities of electrons and
holes, inducing a strong linear magnetoresistance. Such
layers may form both in Ohmic samples with defects and
in pure samples [43,46,47]. In the latter case, balance
in near-edge layers is maintained by shear viscosity and
recombination effects.

It follows from the results of analysis of data on the
giant negative magnetoresistance that (see, e.g., [19,20]),
although viscous flows of a one-component electron fluid
are established in samples with a low defect density, the
hydrodynamic transport regime is retained at low tem-
peratures when electron—electron collisions become very
rare. Apparently, the interelectron interaction in this regime
remains important for the formation of a viscous fluid, but
the relaxation of shear stresses in it, which defines the shear
viscosity, proceeds [19,20] via the scattering of electron
fluid quasiparticles off defects. The viscosity coefficients
of electrons (or, in more exact terms, quasiparticles of an
electron Fermi fluid) due to their scattering off defects are
the quantities that govern hydrodynamic transport in this
regime. The authors of [19,20] obtained estimates of this
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»residual shear viscosity” by analyzing the experimental data
from [14-18].

In the present study, a theory of magnetotransport in
a viscous two-component fluid consisting of two types
of electrons, which differ in their parameters and may
transform into each other in the event of scattering,
is developed. Such systems are found, eg., in two-
dimensional conductors in a strong tilted magnetic field,
which induces spin splitting of the electron spectrum and
the formation of two Zeeman-split subbands with different
parameters. The intensity of scattering of electrons within
each subband off each other is significantly higher than
the intensity of scattering of electron pairs from different
subbands.

Transport phenomena in such systems may be assigned
to the spin Hall effect group. Related effects of the
group of the spin Hall effect in a viscous electron
fluid have been studied recently in [41,42] in zero and
weak magnetic fields. In contrast to these studies, the
parameters of two types of electrons (e.g., electrons in
two strongly split Zeeman subbands) are assumed to
differ greatly in the present research; therefore, these
electrons have almost independent dynamics, with rare
transformations into each other in the event of scatte-
ring.

The flow of a two-component electron fluid in a long
sample with rough edges, where the momentum relaxation
is effected via particle scattering off edge irregularities,
is considered. Following [43-47], we construct balance
equations with allowance for the emergence of a Hall
electric field, shear viscosity, and weak scattering with
particle type change (e.g., spin-flip transitions). It is
demonstrated that independent Poiseuille flows of each fluid
component form in sufficiently narrow samples. Owing
to the transformation of fluid component flows into each
other, the flow along a sufficiently wide sample is ac-
companied by emerging flows of particles of each type
toward opposite sample edges. A deficiency or excess
of fluid components is established near opposite edges,
and the Poiseuille flow of a uniform two-component fluid
forms in the bulk of a sample. The near-edge flow
is governed by the balance between, on one side, the
shear viscosity effect and, on the other side, transitions
with particle type change and diffusion toward the edges.
The obtained hydrodynamic equations demonstrate that
the last two effects constitute a microscopic bulk viscosity
mechanism for transport of a density imbalance of two fluid
components.

Analytical formulae for the distributions of flows of
fluid components and the net current are derived. The
obtained formula for current yields a positive saturating
magnetoresistance in the region of small fields where
the dependence of viscosity coefficients on the magnetic
field is insignificant. It is noted that the predicted
positive magnetoresistance may constitute a mechanism
(or one element of a mechanism) of suppression of
the giant negative magnetoresistance by a tilted magnetic
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field and thus provide an explanation for the observations
made in [14,23,27] in experiments with pure GaAs quan-
tum wells.

2. Model

Let us consider the flow of a two-dimensional two-
component electron fluid in a sufficiently narrow sample
where the disorder scattering of electrons is relatively in-
significant. Two types of electrons, a = 1, 2, have different
parameters: viscosity coefficients n,, Fermi velocities vF,q,
and concentrations Ng,. Magnetic field B is applied
perpendicularly to the fluid layer, and electric field Eg is
applied along the sample (see Fig. 1).

Such a system may be implemented, e.g., in a two-
dimensional electron Fermi liquid of Fermi gas in a quantum
well, which has both perpendicular magnetic field B and
strong magnetic field B in the layer plane applied to it.
The latter filed splits the electron spectrum in spin by
A>T, where T < &r is temperature. The value of A may
be much lower than Fermi energy er or comparable to it.
Therefore, index a =T, | here characterizes electrons with
opposite spin directions (oriented along the quantization
axis aligned with field B or in the opposite direction).
At low temperatures, electrons on two emerging Fermi
surfaces have different Fermi velocities and, consequently,
different concentrations, rates of electron-electron collisions,
and viscosity coefficients. A quantum well with two filled
size quantization levels or a double quantum well with a
filled split ground level are another examples of a two-
component electron system with rare scattering of two types
of electrons off each other.

The fluid flow is characterized by flows j,(r,t). Tran-
sitions with particle type change induce perturbations of
densities of two types of particles én(r,t) in this flow.
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Figure 1. Long sample in magnetic field B with a two-component
electron fluid. Current flow lines of fluid components el and e2
are shown. Longitudinal electric field Eq is applied, and Hall
field Eu(y) emerges due to the redistribution of densities 6Ny 2(y)
of two fluid components. Electric current I and its constituent
flows Js and Ja are directed along the sample, while flow J,
which characterizes the transport of imbalance of densities of
electrons el and €2, is perpendicular to the sample. An excess
or deficient concentration of components el and €2 is established
at longitudinal edges; therefore, intense particle diffusion and
scattering (with particle type change) proceed there. These
processes govern the bulk viscosity effect for flows along the
normal to edges.
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Following [43-47], we write the balance equations for the
number and momentum of particles in the following way:

06Ny
ot

0] en . .
% = n(?]'a E + wclja X €] — da VN, + nelje. (1)

Here, A = 3?/9x% + 32/9y? is the two-dimensional Laplace
operator in layer plane Xy; the bar over a denotes the oppo-
site type of a particle: € = h and h = €; m are the effective
masses of two types of electrons, which are considered to
be equal; w. =eB/(mc) are their cyclotron frequencies;
compressibility coefficients d, ~ v%’a define the amplitude
of hydrostatic force VP, expressed in terms of perturbation
of particle densities 6n, (P, are the contributions of fluid
components to pressure); and 7, = fjxx.o are the diagonal
viscosity coefficients that depend on magnetic field [19] in
accordance with formula 1, = 1o.o/[1 + (2wcT2.4)?], Where
Mo, are the viscosity coefficients in zero field and 7, , are
the times of relaxation of shear stresses die to electron—
electron collisions.

The rates of transitions with particle type change I,
in Egs. (1) are proportional to the equilibrium concentra-
tions of particles of the opposite type: I'y =yng g, and
coefficient p is defined by the microscopic mechanism
of such transitions. For example, scattering with ,,spin
flip*“ due to the spin-orbit interaction of electrons is such
a mechanism for spin-split states. The terms with Hall
viscosity coefficient 7xy,«[Aj X €;], which yields only minor
corrections in the Hall electric field in low-frequency
flows [47], are neglected in Eqs. (1). Electric field E in
Egs. (1) contains the contribution from external applied
field Ey and Hall contribution Ey(r, t), which emerges due
to the redistribution of densities én, for compensation of
the magnetic Lorentz force.

The criterion of applicability of Egs. (1) is the small-
ness of spatial variation of all quantities relative to mi-
croscopic lengths |, 4 = U oT2, and (or) cyclotron radii
Rc.o = Upa/w2,a (hydrodynamic approximation) and the
slowness of collisions with particle type change. Specifically,
times 7s ~ 1/Iy should be much longer than times 7,
characterizing the shear viscosity [44].

It is also assumed that the scattering of one type of
electrons off the other type is very weak. Therefore, the
momentum relaxation in the bulk of the sample in collisions
of electrons of different types, which leads to relaxation
of flow difference j;—js, in neglected in Egs. (1). It was
demonstrated in [47] for an electron-hole system that, in
order for the latter processes to be negligible in transport
equations similar to (1), the following conditions regarding
characteristic time 7; of these processes and the sample
width need to be satisfied:

+divjy = —(Teén, — Izoéng),

Do K Ts K 18/ T0 W < loo, (2)

where lgp ~ /No71 is the Gurzhi length that characterizes
the relative intensities of momentum relaxation in collisions

of different types of particles and in momentum diffusion
due to shear viscosity and scattering off rough sample
edges. Apparently, similar criteria apply to a system of two
types of electrons with sufficiently different characteristics:
|n0,1—n0,2| ~ Ny, q, |T[0,1—T)0,2| ~ N0,a- Thus, only sufﬁciently
narrow samples (W < lgg) are considered below, and the
momentum relaxation in the bulk of the sample is neglected.
Note that the relaxation of quantity j;—j,, which is
the z component of the spin current tensor, for two-
dimensional electrons in zero field or a sufficiently weak in-
plane magnetic field (when Zeeman splitting A of subbands
is smaller than temperature T or the quantum width of
levels) is a fast process. Since characteristic time 7; of
such a process is in the last case close in the order of
magnitude to the quantum lifetime 7qeeoa < 72 [48-51],
inequality (2) cannot be satisfied. However, the electrons of
the types 1 and 2 interact only weakly with each other
in the system considered here, and their states are not
coherent. Therefore, the characteristic times of relaxation
of their momentum and transformation into each other may
be close in this system at rare collisions of these two types
of particles: 75 ~ 11 > 7 4, and inequality (2) is satisfied.
Let us consider the flow in a long sample with rough
edges (see Fig. 1). The applied electric field is directed along
the sample (Ex = Ep), while the Hall field is perpendicular
to it: Ey = Ex(y). Frequent interelectron collisions, which
define the shear viscosity effect, and rare events of scattering
of electrons off each other with change of a particle
type occur in the bulk of the sample. The scattering of
electrons at edges, y = £W/2, is assumed to be purely
diffusive: the momentum of reflected electrons is distributed
isotropically. Such scattering may be characterized roughly
by the following simplest boundary condition:
j“|y:iW/2 =0. (3)
Let us examine a sample with a metallic gate at
distance d from the layer with an electron fluid. The Hall
electric field in such a system is related to charge density
perturbation eén by a simple formula for a plane capacitor:

4rde 96n

Eu(y) = Ky (4)

Here, 6n = én; + 8, is the total perturbation of the elec-
tron concentration and « is the permittivity of a dielectric
between the gate and the layer with an electron fluid.
The derivative with respect to coordinate y is denoted
hereinafter by a prime mark.

The balance equations for a steady-state flow in this
geometry take the form

j)//,a = —V(no,a5na - nO,aSnE),

€No,q
m

Eo — wcjy.a +naj>/</,a =0,

€No,q

Eu(y) + @cixa — dadNy +1ajye = 0. (5)
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In the case of degenerate electron statistics with a quadratic
dispersion law, e, = p?/(2m), the coefficients in Egs. (5)
have the normal form: do =v§,/2, Noq =K}/ (47),
Vrq = hKpo/M  Relaxation time 7, of shear stresses,
which enters the formulae for viscosity coefficients
Ne = (V} o72.0/4)/[1 + (20cT2.0)?], depends on tempera-
ture and the Fermi energy in the following way if
the electron gas (or the electron liquid) are degenerate:
To.a = Agro/T?, where epq =M} ,/2 — are the Fermi
energies of components and A = A(ep 4, T) is a function of
temperature and interelectron interaction strength parameter
rs =rs(érq). This function takes values on the order
of unity in typical GaAs quantum wells at temperatures
T < erq [20].

3. Flow controlled by shear and bulk
viscosities

Let us solve Egs. (5) describing viscous flows of a two-
component electron fluid in a long sample.

It follows from the balance equations for the particle
number (the first line of (5)) that derivatives of flows jy ,
and jy , are opposite. In view of boundary conditions (3),
we find that the following condition is satisfied within the
entire sample:

Jy.a(y) = —lya(y). (6)

The physical meaning of this relation comes down to the
assertion that electric current e(jy 1 + jy2) cannot flow in
the cross section of the sample (along axis y). However, the
wmbalance flow* J = jy 1(y)—jy.2(y), which amounts to
transport of perturbed concentrations of fluid components,
may be directed this way. This flow J relaxes in the vicinity
of sample edges y = +W/2 due to the transition of particles
from one type to the other (see Fig. 1). The imbalance flow
for a two-component electron system formed by spin-split
subbands is a component of the spin current of particles
that corresponds to the spin component along field B in
the well plane in direction y. A detailed description of
processes of this type for a two-component electron-hole
system was given in [43-47].

To simplify Egs. (5), we introduce the following quanti-
ties: 8o = (Np26N1—Ng 16M)/Ng is a quantity characterizing
the imbalance of density perturbation; 1/75 = 2yng is the
averaged rate of transitions between two fluid components;
Np = No.1 + No.2 is the overall equilibrium electron concen-
tration; and pg = Ny, 1—Np2 is the equilibrium difference
between the concentrations of two types of electrons.

Condition d > ag, where ag is the Bohr radius of two-
dimensional electrons, needs to be satisfied in order for
electrostatic relation (4) (,,smooth channel approximation®)
to be applicable. It is easy to demonstrate (see, e.g., [20])
that this condition yields the following relation between
the coefficients of Eq. (5): €’ny.d/(mk) < d,. Using
this inequality and the notation introduced in the previous
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paragraph, we may rewrite Egs. (5) in the following from:
J = —bp/s,

enoEo/m+n1jy 1 +m2jx, =0,
egoEo/Mm—wc +nijy | —Mi2iy, =0,

M(%+M>5n/+wc<%+ﬁ> =0,
1

m n2 2
M(%_@)gn/+wc<11,x_b,x>
m n2 m m
d; d, >
=(=8n) —=48n, | +J". 7
<771 ! Uy, 2 @

Here, M = 47€’d/(mk).

The first of these equations characterizes the relation
between imbalance current J and concentration perturba-
tion §p imbalance. The second and the third equations
characterize the transport of momentum of two fluid
components along the sample (in direction X) due to the
shear viscosity effect and the contribution of imbalance
current J (in direction y) to this transport. The latter
contribution emerges due to the magnetic Lorentz force and
the difference in parameters of two fluid components. The
fourth equation in (7) characterizes the balance of the mag-
netic Lorentz force and the electric force from the Hall field
in direction y. The last equation in (7) defines the balance
of flows in direction y driven by the electric, ~ én’, and
magnetic, ~ jq.x, forces; spatially nonuniform perturbations
of concentrations 8n,(y), which lead to diffusion; and the
influence of shear viscosity on the flows along y.

Let us derive the expressions for overall density pertur-
bation én and asymmetrized density perturbation dp from
the fourth and the first equations in (7), respectively, and
insert the obtained quantities into the last (fifth) equation.
The resulting equation characterizes the balance of the
asymmetrized magnetic Lorentz force and the friction force
for flow J from the bulk viscosity effect:

No2j1.x — No.1j
o0 0,2 1,x - 0,1)2,x L EI =0 (8)

It was taken into account here that 75 > 1p,, and the
woverall“ coefficient of bulk viscosity of a two-component
fluid, which is controlled by the scattering with particle type
change and the diffusion of concentration perturbation, was
introduced:

Sim — &np o1z — No 2t
¢ = , 9)
mnz No

where ,,partial coefficients of bulk viscosity of each particle
type take the form of £, = d,7s/2. Since the criterion of
applicability of the initial equations is 7s > 7 4, both &,
and overall bulk viscosity ¢ are large comparted to shear
viscosities 7.

It follows directly from the second equation in (7)
that the symmetrized density of flow along the sample
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Js = (MJx.1 +Mmix.2)/n is calculated independently of the
other quantities and has the Poiseuille profile:

sy -2 [(ng)z -y (10)

where n = n; + n.

The obtained Eq. (8) and the third equation in (7) need to
be used to find some asymmetric linear combination, Ja, of
flows j; and j, and imbalance current J. It is convenient to
choose Ja = (N1 jx.1—M2)x.2)/n, which appears in the third
equation in (7), as such a combination. The third equation
in (7) and Egs. (8) and (10) then yield the following final
equation for the imbalance current:

eAng 5°77 "
—FE —wJ———J" =0, 11
m S Aswe (1)
and boundary conditions J]y: tw = 0 and J” ‘y: twr = 0.

Additional notation was introduced here:

2np.1N — n n
Ang = 201 0.2(n2 — M) a. — ”( 0’24_&). (12)

m m

B S
No, 1711 + No,21m2 No

The solution of the formulated boundary problem for
function J(y) takes the form

A=
T Mo

cosh(v/ily) cosh(v/—i1y)
" 2cosh(viAW/2)  2cosh(v/—i1AW/2)

Number A in this formula is the modulus of eigenvalues of
Eq. (11). It depends on the magnetic field and the overall
coefficients of bulk and shear viscosities:

A=y 2 (14)

J(y)

. a3

This number specifies the widths of the near-edge regions,
lc = 1/, where intense diffusion and particle type trans-
formations, which define the bulk viscosity, and diffuse
transport of X-components of momenta of fluid components
in direction y due to the shear viscosity effect occur.

Note that intrinsic length |I. is estimated as
VRe.a V/ls.al2.q in @ weak magnetic field, when R ¢ > 12,4,
at the parameters of two types of particles being of
the same order of magnitude (here, |, = V472, and
ls.« = VF.oTs are the relaxation length of shear stress and the
relaxation length with respect to transitions 1 < 2). Since
Ts >> T g, length ¢ is much greater than length |, 4; this is
exactly the relation needed for the hydrodynamic equations
of the model to be applicable.

Asymmetric combination of longitudinal flows J, is
expressed in terms of symmetric combination Js and
imbalance flow J in the following way:

Ja = —(aa/as)Js — [£/(aswe) V", (15)

where  aa =n/no[(No.2/m)—(No.1/m2)].  The maximum
amplitude of flow Js at the channel center and the

c
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Figure 2. Distributions of imbalance flow J (a, b), symmet-

ric Js (¢) and asymmetric Ja (d) flow components over the
sample cross section for several values of magnetic field B
corresponding to different ratios between the width |c of the
near-wall layers and the sample width W. These quantities
are plotted in characteristic scales of flows ju = enyEy/(mwy)
(panels (a),(c),(d)) and jc(B) = juwu/wc (panel (b)). Here,
wy = 1u/W?, ny, and ny are the units of measurement of frequency,
concentration, and viscosity, the specific values of which do not
affect the profile shape. The curves are plotted for the following
parameters of two components of an electron fluid: n;/ny =1,
n/ng=3, m/nu=0.4 m/nu=4, £/nu=29. Curves I—7 in
each panel correspond to the following ratios w¢/wy, which set the
magnitudes of magnetic field: wc/wy = 2.5, 9, 19, 50, 210, 700,
2700. The following widths of the near-edge layers correspond to
these field values: Ic/W = 1.2, 0.66, 0.45, 0.28, 0,14, 0.074, 0.038.
Curves /—7 in panel (c) are all matching.

amplitudes of flows J and J,; near the channel center
are related each to others (in order of magnitude) as the
following quantities: W?/n, 1/wc, \/7s/T2.a/®c (under the
condition that Any ~ ny and a5 ~ as).

In what follows, we consider the range of magnetic
fields where the field dependence of coefficients of shear
viscosity 7, is insignificant, which corresponds to the
condition wen o K 1.

Figure 2 shows the distributions of flows J, Js, J4 over
the sample profile at several values of magnetic field B and
certain values of shear viscosities 7y, concentrations Np 4,
and the overall bulk viscosity . It can be seen that the
imbalance flow for narrow samples and weak fields, W < I,
has a parabolic profile and increases with magnetic field.

Semiconductors, 2022, Vol. 56, No. 9
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The imbalance current for wide samples and sufficiently
strong fields, W >> |, decreases with increasing field and
assumes a flat profile in the bulk of the sample; at the
same time, it oscillates in near-edge layers with a thickness
on the order of | and turns to zero at y = +W/2 (see
Figs. 2,a,b). Thus, there exists a sample width W ~ | at
which amplitude J reaches its maximum (see the inset of
Fig. 3). The profiles of flow Js are exactly parabolic and
independent of the magnetic field. The profile of J; are
almost parabolic, and their amplitude depends strongly on
the magnetic field (see Figs. 2, ¢, d).

With the flows J, Js, Jo determined, one may calculate
the contributions of each fluid component to the flow den-
sity: 1 = (n/m)(Js +Ja)/2 and jz = (n/m)(Js—Ja)/2.
These values were, in turn, used to calculate the net electric
current, | = eﬂvvcz/z dy[j1(y) + j2(y)], and the sample
resistance per unit width, R=EyW/l. The following
expression was obtained:

engEy/m
~ (No,1/No)m1+(Ng.2/No )2

127w

{w3 2%

Mo 10,211 _nz)z) Re [\/i_tanh(\/i_ %)} } (16)

No(No.111 + No. 272

It can be seen that the term with hyperbolic tangent is small
compared to the first term in curly brackets in samples with
their width being much greater than the characteristic near-
edge layer width: W > I, I = 1/A. Formula (16) thus
yields the following expression:

eE, W3 No
I, = o0 . (17
M 12 (ng,1/no)m + (No,2/No)m2

which corresponds to the Poiseuille flow of a fluid with
shear viscosity ot = (No,1/No)n1 + (No.2/No )12 (viscosity of
a uniform two-component fluid with partial contributions
from two components). Frequent transformations of parti-
cles type 1 and 2 into each other occur in this regime near
the sample edges, and imbalance flux J(y) ~ const emerges
in the bulk: particles of the first type move toward one edge,
while particles of the second type move toward the opposite
edge (see Egs. (6) and (13) and Figs. 1 and 2).

It has been demonstrated that formula (16) for narrow
samples, W < I, yields the following expression for cur-
rent |, which consists of a sum of contributions from two
independent Poiseuille flows of particles type 1 and 2:

eEy W3 (nO,l +n0,2>
M 12\ m m )

lsh (18)
It follows from analysis that the value of |, is always
lower than the value of |g. Therefore, the averaged
sample resistivity R increases from EgW/I¢, to EgW/I,, as
magnetic field B grows stronger and width I¢(B) ~ 1/B'/?
of the near-edge region decreases from the case of
W<l to W>>I.. We remind that only the limit of
weak magnetic fields, w¢72,, < 1, with small variations of
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Figure 3. Dependence of averaged sample reistivity R on
magnetic field B for several values of bulk viscosity . Magnetic
field By of transition from the flow regime with independent fluid
components / and 2 to the regime of unification of components
due to scattering with particle type change is characterized by
equality Ic(B, ) =W and formula (19). Resistance R is plotted
in units of Ry = EgW/I¢. The magnetic field is plotted in units
of By = mcwy/e. Curves I—3 correspond to the values of the
bulk viscosity £/ny = 8.7, 58, 203; the values of other parameters
are the same as in Fig. 2. The field dependence of imbalance
current J|y—o at the sample center is shown in the inset. This
plot demonstrates that the absolute value of the imbalance current
induced by scattering with electron type change is small in the
limit of both strong, B > By, and weak, B < By, magnetic fields.

the diagonal shear viscosity coefficient 7; are considered
here. It can be demonstrated that the latter condition
is congruent with inequality W > | at sample width
T4 < W/vpe < 1,77/ (it is assumed here that
the difference between the parameters of two types of
electrons is on the order of these parameters themselves:
[m—mna| ~n1 ~ny and [Ng1—No2| ~ No,1 ~ Np2).

Thus, a transition between the regimes described above
(the regime of the independent flows of two fluid compo-
nents and the regime with the imbalance flow J between the
near-edge regions where 1 < 2 transformations proceed)
occurs near the magnetic field at which the quantity
lc =1c(B) assumes a value of W with the increase of
magnetic field. Figure 3 presents the dependences of
the averaged resistivity R on magnetic field B at several
values of the bulk viscosity {. The transition between the
mentioned regimes is a smooth crossover that occurs at
the magnetic field Bo(W) = mcwc /€ corresponding to the
borderline cyclotron frequency:

in 1

W (19)

We,0 =

The obtained magnetoresistance is similar in nature to
the positive saturating magnetoresistance of two-component
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systems in bulk Ohmic samples with defects (see discussion
in [44]). A transition from independent uniform Ohmic
flows of two carrier types (e.g., electrons and holes) to
the flow of two types of recombinating carries occurs in
such systems as the magnetic field intensifies. Owing to
recombination and diffusion, the magnetic field affects flows
in the central part of a wide sample and in the near-
edge layers in different ways; this induces spatial flow
nonuniformity and a positive saturating magnetoresistance
in wide samples.

4. Discussion of results

Let us, first of all, point out the following uncommon
feature of the obtained result. As magnetic field B grows
from values being much lower than transition field By to
values much higher than it, longitudinal current | undergoes
a significant variation from |y, to I, although transverse
imbalance current J and the scattering with electron type
change in the central part of a sample, which produces
the dominant contribution to the change of the longitudinal
current, are relatively weak within the indicated range. The
reasons behind this are as follows.

The scattering with electron type change in zero magnetic
field is much less probable than collisions of electrons
of one and the same type (it is worth reminding that
sufficiently narrow samples, W < lgg, with insignificant
momentum relaxation in collisions of electrons of different
types are considered here). Therefore, the processes
of shear momentum transport of two types of electrons
do not merge into a single process at B =0, and each
component forms an independent Poiseuille flow with its
own Viscosity 7q.

The characteristic distance traveled by an electron of a
certain type before transforming into another particle in
diffusion due to collisions with electrons of the same type
is estimated in zero field as vr./727s (here and elsewhere in
the text below, index « is omitted for brevity).

A magnetic field is needed to mix longitudinal and
transverse flow components. The above analysis and the
solution of hydrodynamic equations (7) suggest that the
characteristic distance sufficient to complete all processes
(including field-induced flow turning) needed to obtain a
strong effect of scattering with type change on the net
current is estimated as lc ~ /Rcvp /727s. If length I is
comparable to (or smaller than) sample width W, the time
interval of electron diffusion between edges is sufficiently
long for electrons to undergo scattering with type change.
Herewith longitudinal and transverse flows also are mixed
under the influence of the magnetic Lorentz force.

In moderate fields with | ~ W, the mixing of longitudinal
and transverse flows is significant within the entire sample,
and the contribution of the discussed processes to current |
is large. The case of strong magnetic fields with lc << W is
more complicated. The mixing of X and y flow components

and the bulk viscosity effect are significant only in near-
edge regions W/2—1y| < lc. Although in the central region,
W/2—]y| > I, electrons manage to undergo transitions
with type change before reaching the edges, these processes
do not contribute to flows Js and J, (owing to the spatial
uniformity of flow J). Indeed, the values of flows Js, Ja,
and J in this region are derived from the balance condition
for the Hall field force, for the Lorenz force, and for the
forces of shear friction and the longitudinal electric field
(this follows from Eqgs. (7) at J = const). Thus, Js, Ja,
and J in the central region are not related to transitions with
electron type change and the bulk viscosity. The amplitude
of J is finite, but small compared to those of Js and J, (see
formula (15) and explanation below it).

Thus, transitions with particle type change and the bulk
viscosity in this regime may be called a ,catalysts“ of the
unification of electrons into a uniform fluid in wide samples,
W > |.. The characterized nature of flow is reflected in
the fact that current | is independent of the bulk viscosity
coefficient in the limit of both weak and strong magnetic
fields. The discussed effect defines only the position and
the width of the transition region (see formulae (17), (18)
and Fig. 3). Note that catalysts in chemical reactions behave
in a similar way: they affect the reaction rate, but are not
present in the initial and final substances.

Let us now turn our attention to the probable experimen-
tal manifestations of the discussed effects.

Magnetotransport in high-purity GaAs quantum wells
with a magnetic field tilted by different angles applied to
them was examined experimentally in [14,23,27]. A strong
negative (,giant“) magnetoresistance in a moderate mag-
netic field perpendicular to the two-dimensional electron
plane was observed. This effect was attributed in [19] to
the formation of a viscous electron fluid of two-dimensional
electrons in a well and to the field dependence of their shear
viscosity. The application of a magnetic field component in
the well plane in experiments [14,23,27] resulted in a rather
fast suppression of the giant negative magnetoresistance
and the emergence of a positive magnetoresistance. This
suppression is considered to be an important characteristic
property of the giant negative magnetoresistance, but re-
mained unexplained (see, e.g., discussion in [52]).

Our hypothesis is that the emergence of Zeeman splitting
of states of two-dimensional electrons and the formation of
two weakly coupled components of an electron fluid with
opposite spins and differing parameters may contribute to
the observed suppression of the negative magnetoresistance
in the presence of an in-plane magnetic field component.

Indeed, the Fermi velocities, densities, relaxation times,
and viscosity coefficients of electrons in spin-split subbands
may differ considerably at low temperatures in sufficiently
strong in-plane fields. Thus, a one-component electron fluid
in quantum wells becomes a two-component one that may
sustain various types of flows (including the ones considered
in the present study).

The obtained results demonstrate that the magnetore-
sistance of a two-component fluid in sufficiently narrow
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samples, 7,”*7/* < W/vp < 7,">7]/%, and in relatively

weak magnetic fields, wc.7» < 1, becomes positive due to
the effect of shear viscosity and rare spin-flip scattering
events, which give rise to bulk viscosity for the imbalance
flow. The amplitude of this magnetoresistance is specified
by the difference in parameters of electrons in two Zeeman-
split subbands (thus, the strength of magnetoresistance
ultimately defined by the magnetic field component B in
the well plane).

In order to apply this reasoning to the experimental
results reported in [14,23,27], one needs to investigate the
issue of coexistence of the giant negative magnetoresistance
due to the dependence of shear viscosities 1, on perpen-
dicular field component B, [19] and the positive magne-
toresistance examined in the present study. Apparently, this
requires calculating the influence of Zeeman splitting and
rearrangement of the electron spectrum in a quantum well
with increasing By on relaxation times 7, and 7s. It appear
to be a promising avenue for further research to perform
such a calculation and compare its results with experimental
data [14,23,27).

5. Conclusion

Flows of a viscous two-component electron fluid in a
magnetic field in long samples with rough edges were
examined. It was demonstrated that the transition of
electrons from one fluid component to the other at scat-
tering results in the formation of a uniform viscous fluid,
which flows as a whole, in sufficiently wide samples. In
narrow samples, two fluid components flow independently.
The sample width corresponding to this transition is de-
fined by the magnetic field and internal fluid parameters
(specifically, bulk viscosity). The distributions of flows
of fluid components and the sample magnetoresistance
were calculated. The magnetoresistance was found to be
positive and saturating. The section of a rapid increase
in magnetoresistance corresponds to the transition between
two flow regimes characterized above.
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