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Superfluidity and quantum vortices in systems with pairing of spatially
separated electrons and holes in crossed magnetic and electric fields
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The low-temperature behavior of two-dimensional systems with pairing spatially separated electrons and
holes is studied. We predict a transition to a superfluid state of a dilute gas of electron-hole pairs in a strong
magnetic field normal to conducting layers. In the superfluid phase the crossed electric and magnetic fields are
shown to create planar vortices where the pairs rotate in the structure [$163-182@8)05420-4

About 20 years ago it was predicted that a rather un-  Herer=r,—r, is a three-dimensional vector of the dis-
usual superconductivity mechanism due to pairing of spatance between an electron and a hafes m;m, /(m;+ms,)
tially separated electrons and hol@3SSEH can exist. In s the reduced mass) =m; +m, the total mass of the pair,
this superconductivity mechanism an electron supercurrent ig the momentum of the pair as a wholthe strength of the

accompanied by a hole supercurrent, which is equal in valu P _ o n I
and opposite in direction to the former one. During the Iast'(%h%trIC field, andy=(m,—m;)/(m+m,). An electric field

5-7 years the ideas outlined in Refs. 1—3 have been devef COnsists of an external fielH, and the fieldE’ created
oped in a number of theoretical pap&r&jn which systems by all remaining pairs. In what follows, we shall disregard
with PSSEH have been studied in a strong magnetic fieldhe fieldE’, whose account in the limit of low pair density
perpendicular to the layers. Experimental papetseported  Yields only an inessential correction to the pair binding en-
the observation of phenomena that are assoctatedth the ~ ergy. | shall confine myself to the case where the external
superconductivity mechanism predicted. However, the electric fieIdEext and the pair momenturR are perpendicu-

conclusion about superconductivity is drawn on the groundgy to the magnetic fieldfi directed along the axis.
of some indirect results, rather than on measuring, say, the Taking into account that in a strong magnetic field the

electroresistance. Therefore the experimental observation @fistance between Landau levele H/mc considerably ex-

Zoiltj)?firlconducung phase in systems with PSSEH remains, . is the Coulomb energye’/e 22, at P=0 andl?ext=0

In this paper we will consider the behavior of SystemsEq. (1) can be solved in the framework of the perturbation

; 224
with PSSEH below the temperature of a superconductinéheory’ taking the valuenie’/s*i%)/(fieH/mc) as a small

transition in crossed electric and magnetic fields, and we wilParameter. 1fP#0 andEc.#0, then one needs at first to
show that this behavior resembles the one of ordinary supeff@ke a transformation which eliminates from the Hamil-
conductors in a magnetic field. Specifically, the crossedonian the term with the effective electric fieByz=Eqy
fields can lead to an effect similar to flux quantization in + P x H/Mec.
ordinary supercc.)nductors., and give rise to vortices in which /e seek\I'(F) in the form (cf. Ref. 13
electron-hole pairs rotate in the structure plane. The observa-
tion of these phenomena would be an unequivocal indication yp- B’
that a system with PSSEH experiences a transition to a su- WV (p,2)=D(p—pg,2)exp —i 7
perconducting state.
Consider a thr_ec_e—layer sandwlch consisting of.a. layer W'thwhere,; is a two-dimensional radius vector in thg plane,

electron conductivity, a layer with hole conductivity, and a
dielectric layer of thicknessl between them. Assume a c
strong magnetic fieldd to be applied perpendicular to the P'=P—Mu, U=—FExXH, py=—FZHXP". (3
structure plane. We will consider the low-density limit, when H eH
the size of a bound electron-hole pair is less than the average ; ;

. ) . ion(1) is r he form
distance between them. As is the case in the absence of thequato (1) s reduced to the fo
magnetic field, the low-density limit seems more favorable

@

2

2 2 H
for pairing and for a transition of pairs into a superfluid state. — ﬁ_ &T ﬂ vH - ( EXT n e H2p?
The behavior of a single pair is described by the Schro 2m pr2  2mc dp| 8mc
dinger equatior(see, e.g., Ref. 12
e2 P2_ P!Z . R
- — + O(r)y=ED(r).
52 2 ieh P e? e[(p+po)?+22]H? 2M
T T h  ix= I )2
>m 3F2+2mC7H I’Xal:, +8m(;2(H><r) (4)
B 2 p2 The new Hamiltonian does not contain the term with the
+e +E|r— — o W(r)=&V(r). (1)  field Eo¢. For this, one has to pay with a shift pfby p, in
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the potential energy, which seems to be a smaller nuisanceshere ®(x) = (2/\/7) [§exp(—t?)dt. This energy does not
since the potential energy is accounted for in the frameworkiepend on the masses of an electron and a hole. Below, we

of the perturbation theory. will be interested in the case wheh< /.
As Elliot and Loudon have showt,in the case when an With d< /', from Eq.(10), it follows that
2

electron and a hole belong to the lowest Landau level, the
2 2 2
e p p
— Iy —02 expy — —9 . (12
e/ T\ 4/ 2 4/
P

wave function®(r) from Eq. (4) can be written in the first -
approximation as 6E=— (E
2 ex 2,2 W(2)=o¢(p)P(2), wher.elo is the Bessel function. o
With small momentaP and electric field€,,, (more pre-
where/y=+/chi/eH is the magnetic length. The wave func- cisely, with py</) the part of the pair energy depending
tion ¢(2) must obey the equation obtained by averaging Edon the momentun® and velocityu is given by the previous
(4) with the help ofp(p). expression8); however, the masd from Eq. (9) should
We consider two cases separately. First, we will assumee (atd</y) changed for
the thickness of conducting layers to be slightly above the

1/2

d(r)=

Bohr radius, ap=¢#%/me’. Because of the relation 4682 1 4 a
heH/me>mé'/ %42, the inequalityay,>/y holds. If the My=——=5 /fsm—fo. (13
dielectric thickness is smalbs /), then one proves easily V2me® 7 H V2m

that the functiony(z) obeys the equation
Thus in the both cases in a strong magnetic field and
h? d? P2—P'2 #eH electric field perpendicular to it, the energy of an electron-
- 2mg2 tU@)y=| - “2M  mc ¥ (8 hole pair is given by expressidgs). It follows from this that
due to the Coulomb interaction a pair acquires a fieted
where not infinite) transverse madel,; when it moves in the struc-
ture plane. It is useful to note that for conducting layers of

2
B e? e P12 ) small thickness the mad4d, as well as the energ§€ from
U(2)=- 2mes/ 2 [(p+p )2+Zz]1/zd p- (7 Eqg. (11) do not depend on the masses of an electron and a
o 0 hole.
The consideration of Ed6) with the potentiall(z) from Now | would like to discuss a question which has a fun-

Eqg. (7) shows that the binding energy of an electron-holedamental significance for the problem of the superfluidity of

pair at rest is equal to aﬁzlmacz))mz(ao//H) whereas the €lectron-hole pairs. As was first shown by Guseinov and
¢ of th . d di th ’ #rand Keldyshl® interband transitions always occurring in real sys-
za:‘t ° | ?t palrhenezgy fef{;n INg on the momentairan tems lead to the appearance in the Hamiltonian of the terms
rift velocity u, has the for

_P2 L M
= -

o€ M,

+

G B ;( - Mﬂ)w, ® 3 [Tasd(RB(—K)+ T2, BRAT-K), (19
H

where the masM, is equal to wherea, a' and b, b' are operators of electron and hole
2 creation and annihilation. These terms lift the phase degen-
32 In( a ) 9) eration of the order parameter, and lead to the appearance of
/j \/E/H ' a gap in the perturbation spectrum, which, in contrast to the
case of superconductors, is rigidly linked with the lattice but
If the thicknesses of the conducting layers are much lesaot with current carriers. As a result, the current state be-
than 7, and d, one can regard the layers as purely twocomes impossible, and, with account taken of interband tran-
dimensional. This permits one to omit the derivative ozer sitions, the system transfers to a dielectric, but not a super-
in Eq. (6), and to substitute the coordinatén expression7) fluid state.
with the dielectric thicknesd. As a result, the correction to For systems without spatially separated carriers the matrix
the energy of an electron-hole pair due to the Coulomb inelementsT,, are determined by the potential of the atom
teraction between an electron and a hole will amount to interaction in the lattice, and they cannot be varied by the
experimenter’'s wish. If electrons and holes are spatially
e? e*f’z’Z/H2 5 separated, then the interband transitions coincide with the
- 27rs/"2f (s )2+d2]1’2d p- (100 interlayer ones, and the matrix elemefitg, depend expo-

“H P Po nentially on the thickness of the dielectric layek, which
separates the layers with the electron and hole conductivity.
Since the Coulomb interaction of electrons and holes de-
creases with the growth af according to a power law, it is

a2 g2 d2 d2 easy to find such a thicknesisto leave the binding energy
6E= —(—) —exp — || 1—- . (11 sufficiently large while the interband transitions become neg-
2] e/n p(Z/El) { ( ) ] ligibly small. Thus the genuine superfluidity of electron-hole

MH:m

Puttingpg=0, we find the pair binding energy as a func-
tion of /' andd:

7
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pairs can occur only in systems with PSSEH. In what followsBelow we will consider it in the case where the-n struc-
we shall assume that interband transitions are completeliire under study is a disc of radifs
absent. First, let us assume a potential differendeo be applied

In the absence of interband transitions, the lifetime ofpetween the disc center and its edge. Then a radial electric
electron-hole pairs is unlimited, and, since the pairs argield will appear in the disc related to the potential difference
bosons, they can pass to a superfluid state on lowering thg, the expressiol, = U/p In(RIr), wherer is the size of the
temperature. Due to the two-dimensional nature of the Syselectric contact at the disc center. The filgitogether with
tem considered this transition will occur via the Berezinskii-the magnetic fielH, leads to a gradien¥ ¢ with only the
Kosterlitz-Thouless mechanism. The transition temperaturgangent component nonvanishiri¢) ... On going along the
T, obeys the equation closed contour, the phagecan experience changes only by
2s, wheres is an integer including zero; therefore we have

2
CZZM, (15) (Vo) ,=slp. As a result, the energy of the system of pairs
2 My will be equal to(at T=0)
where ng(T.) is the superfluid density of pairs. The mass 2
My, not M, enters into this expression, since, as follows &= n ﬁs+(MH_M)£ v }
from the dispersion law8), it is the former mass that deter- My H In R/t
mines the dynamic of electron-hole pairs in the structure c U \2 R
plane. That is why the planar vortex energyd, henceT ) — ( My— _) }m__ (19
depend on the quantityl, . In the low density limit consid- H In R/r r

ered to estimatd ., one can change the superfluid density

ny(T.) in Eq. (15) for the total density of pairs. The integers in this expression is determined from the

A crystallization of pairs with the formation of a dipole €duirement of the minimum for the energywith fixed U
crystal can compete with a transition of electron-hole pairs tgnd H. If U changes, thers remains unchanged within a
a superfluid state. The crystallization polfy, is determined ~ C€ain range ol values, and then it becomes equalsto
by an interaction of pairs between themselves that is thg 1 (Or s—1). This transition is associated with the appear-
dipole-dipole one for a low density of pairs/(Fy—r) ance or dls.appearance of a quantlzgd vortex Wlt_h a center at
o2 =3 172 the disc axis. One sees théais a continuous function df;
=e“d“/e|r;—r,|*. If one neglects quantum effects, then for however, the derivativel&/dU possesses discontinuities at
the crystallization poinfT, one can apply the estimal&,  the points where Ny—M)cU/AH InRr=s+2. In the

~V(n~'9), ie., neighborhoods of these points the second derivative
02d2n32 d?£/dU? must possess spikes.
Tm= ) (16) Assume now that thp-i-n structure considered is placed
€ into an electric field created by a charged round disc of ra-

We could obtain the same estimate using the Kosterlitzdiusa with a>R. If the distancen from thep-i-n structure
Thouless melting criterion for two-dimensional systems.  to the charged disc satisfies the inequdlity- a|<a, and its

Taking into account that the density of pairs is  Center qoincides with the center of t_pei?n st(ucture, then
=vI2w/ %, wherev is the filling factor of the layers, one the rad|%l component of the electric field is equal Hg
can easily find from the inequalify,,<T. the condition for = Qp/4a>, whereQ is the total charge of the didsee, e.g.,
the existence of the temperature range where the pairs a%e‘c- 16. In this case the energy of a system of pairs is equal
superfluid:

27-rm2771’2/ 1 g_f Ns oo 2 1MHCA
2 MH aowH. ( 7) - 2MH( QD) nS Wﬁz
One should keep in mind that the quantum effects omitted Q
may lower the temperatur€, considerably, and therefore X| ——pX ﬁVq;) d?p. (20
the condition for the existence of a superfluid phase actually 4a3

may not be so strict.

Below the temperature of a superfluid transition, one can Energy(20) coincides exactly with the energy of the su-
describe the behavior of a superfluid component with an orperfluid liquid in a vessel rotating with the angular velocity
der parameter. From the dispersion law of g8t it follows ~ ©=Q(1—M/M)c/4Ha. But it is well known that if the
that the part of the energy depending on the phase of thangular velocity exceeds a critical value)>Q,
order parametep has the form =4 In(RI§/M4R?, then quantized vortices arise in the liquid.

Therefore, under the condition
|

It follows from this expression that for the corresponding

magnitude and direction of the vectar-E.,xH, the ap- the planar vortices will arise in the system considered. In
pearance of flows of pairs is advantageous. This question ihese vortices every electron-hole pair rotates as a whole in
not quite trivial, and it deserves a more detailed treatmentthe structure plane, so that an electron supercurrent is accom-

Ng ) M -1
m(ﬁV(p) +nNg 1—M—H AVe-ul|dop. (18 4% Has3

R
In—,
MyR? (1=M/My)c " &

Q>Qc= (21)
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panied by a hole supercurrent that is equal in value and opx10 ?° g [see Eq(13)] and the temperature of a superfluid
posite in direction to the former one. At the angular veloci-transition isT,~33v K. For »=£ the temperaturd ~7. If

ties (1>() the vortices will be distributed uniformly, and the radius of the charged discas=10 cm, then the critical
their density will be equal to,=MyQ/ 7. Here we de- charge on the disc above which the quantized vortices arise
scribe vortices at the macroscopic level. A microscopic deis Q.~%x107° C. This charge creates the electric-field

scription is not a simple task because in an electrically neustrength perpendicular to the disc and equalEfy~24
tral system the velocity field of a vortex decreases according//cm. The density of vortices is,~Q/Q.
to a power law rather than exponentially and one should take | conclusion, we point out that, similar to the situation in

into account the specimen boundaries. superfluid“He, the most efficient tool for studying predicted

Quantized vortices can also arise in the system with agyantum vortices is the second sound. It is in order to note a
arbitrary dependence of the electric field on coordinates, angscent papéf in which a method of detection and measure-

one can show that for continuously distributed vortices theitnent of quantum vorticity by scattering second sound off

density is equal to quantized vortices in superfluid helium has been suggested.
c(My—M)|dE, JE We hope to consider this circle of problems in more details
n=—_" "/7=x, 7 (22) soon.
v 2mhH | 9X ay
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