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Two-dimensional superconductivity with strong spin-orbit interaction
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We consider superconductivity confined at a two-dimensional interface with a strong surface spin-orbit
(Rashba interaction. Some peculiar properties of this system are investigated. In particular, we show that an
in-plane Zeeman field can induce a supercurrent flow.
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Most superconductors have their underlying crystal struceven for a transition temperature100 K. Rashba splitting
tures and the normal states obeying inversion symmetry. Thisf this magnitude hence is expected to have dramatic effects
symmetry allows the classification of superconductots on the superconducting properties in these systems. Some
into singlet and triplet pairing, and correspondingly even ancbhysical consequences due to this spin-orbit coupling term
odd symmetry of the order parameter under sign change dfave been considered in Refs. 7 and 8, using Green’s func-
momentump— — p, .., the opposite sides of the Fermi sur- tion approach. Gor'kov and Rastfhzalculated the spin sus-
face. This classification has played an important role in ouf€PtiPility in this system. Edelstéirpointed out an interest-

current understanding of superconductors and their propef?9 Magnetoelectric effect, that a spin polarization can be
ties. Most “conventional” superconductors such as Nb anomduced by_a supercurrent flow. Here we shall reconsider
Pb are singles wave; oxide superconductors are likely to be these physical properties under the most probable case,

. 5 ) o 6 where
singletd wave® whereas superfluidHe is tripletp wave®

When inversion symmetry is absent in the normal state, P;Z:

such classification is no longer possible. The superconduct- %>apF>|A| 1)

ing pairing can thus be neither singlet nor tripleand the

order parameter neither even nor odd unges —p. The  using simple physical argumenfsiere pg is the Fermi mo-
superconductor can, therefore, have rather peculiar physicaientum andm is the effective mass. The definition pf
properties when compared with those where the abovewill be made more precise belown addition, we give a
mentioned classification can be made. This absence of invefiore complete description of the magnetoelectric effect in
sion symmetry may be relevant to some known superconﬂ“sl system. More .preusely, we shall show the; existence of
ductors(see also references cited in Ref. 8n examination ~ an inverse effect, i.e., a supercurrent can be induced by an
of the list of superconductors in Table 6.1 of Ref. 9 showsaPPlied Zeeman field. The relation of this effect to that pro-
that, e.g., MAI,C (symmetryP4,32), La,B,C, (Symmetry posed by E(_:iels_tem and the possibility of its experimental
— . . . observation is discussed.
P4), and MQ,P(symmetryl 4) are all without inversion cen- We shall then consider a two-dimensional electronic sys-
ters. I_:t_thhermore, two.—d|men3|onalc()23urfacg supercon- ey lying in the x-y plane. The one-body part of the Hamil-
ductivities have been induced by gate electric potentials Ronian is given by
Cgo and some molecular crystals in the field-effect-transistor
geometry'®!! There is no inversion symmetry in these cases N
since “up” and “down” are different due to the electric H(l)zﬁ—anx p-o 2)
gates, substrates, etc.

Some properties of superconductors without inversionyith n—2. We shall first summarize some consequences of

centers have already been studied theoretically befs®e  £q (2) that we shall need below. As mentioned, the effect of
Refs. 7 and 8, and references theyelror definiteness and . . A s
the Rashba term is like a Zeeman field alomg p. The

motivated by the last mentioned examples above, we here. . X S
consider. as in Refs. 7 and 8. al Zuperconductor at an €igenstates of this spin-dependent part of the Hamiltonian
) C ' ' P ; thus correspond to states with spins along and opposite to
interface with no up-down symmetry. As pointed out there,

one potentially important effect due to the lack of inversionthis direction. We shall label these spin states joy+ ) and

>

symmetry in such a geometry is the existence of a surfackd,—), respectively. The spinors for these states can be cho-
spin-orbit coupling or Rashbaterm in the Hamiltonian of ~sen to be(by rotating those for an up and down spin by

the form— anx p- o. Heren is the surface normal andare ~ — /2 alongp),

the Pauli spin matrices. This term acts like an effective mag- o

netic field alongnx p and thus splits the spin degeneracy of i( 1 ) q i( 'e_l¢p) 3
the electrons at a given momenttfmThe energy difference V2 ie'?p NZAR

near the Fermi level can be large: in some systems it is ) . -
known to be of order 0.1 eVRef. 13, and is, therefore, Wheregy is the angle betweep and thex axis n the plane.
expected to be much larger than the superconductinghgap The energy of these states at a given momenueme given
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by €,.=p%2m= a|p|. For chemical potentiaj, the |+) B
and |—) bands are filled up to Fermi momenta..
=[(2mu) + m?a?]Y?*+ma. The velocities of the particles 4

arede,. /dp=p/m= « and different for thep,+) and|p,
—) particles. However, at their respective Fermi momenta <.
the Fermi velocitiesvg, and vg_ are equal and

given by[2u/m+ a?]¥2 The density of states at for the
bands are

N-.(0)=(1/2n#:%)[p/(dep=/dp)]

=(m2ah?) {1+ al[(2p/m) + a?]V3.
They differ slightly [under condition(1)] by a relative

amount of ordefa/ w. In the absence of spin-orbit coupling
(a=0) they are both given bj°(0)=m/27%2.

Let us first consider the spin susceptibility of this system
in the normal state. For comparison, we note that the spin
susceptibility x° in the absence of spin-orbit interaction is
isotropic and given byr(/ 7%2) u?, hereu is the magnetic
moment. This result can be obtained by elementary consid-
erations, which, however, we shall summarize since we shall
use this type of argument repeatedly below. Under a mags,
netic field B, the energy of spins aligne@ntialigned with
the field is loweredincreaseglby uB. Since the density of
states ism/27r72, the number of particleger unit areafor
these two species are changed bym/27#2) uB, respec-
tively, giving a total magnetic moment ofr{ 7%2) u?B and
hence the Pauli susceptibility given above.

Now we return to the case with#0. Consider first a
magnetic fieldB perpendicular to the plar(alongi). Since
the spins are originally in the plane, there are no Zeema
energy and thus population changes for either species. Tq
Pauli part of the spin susceptibilil;yf, therefore, vanishes.

FIG. 1. (1) Spin directions(thick arrows on the|+) fermi
face at two representatiyequal and oppositenomenta. These
two electrons form a pair in the superconducting sté2gAn ap-
plied magnetic fieldB is resolved into components parallel and
perpendicular to the spin direction. The ) spins are not shown in
this figure.

The former (latten) field is perpendicularparalle) to the
original spin direction, and can only give rise to a Van Vleck
Paul) contribution to the net magnetic moment. One
asily finds, using arguments as in the last two paragraphs,
fie results

However, there is also a Van Vleck contributigri . Under X[ =IN.(0)+N_(0)]u?2=x%2 (6)
the z Zeeman field, thé+) state is modified to become and
| =Xl +)uB V_ .0
"= =x"12. 7
|+) =]+)+ 2ap (4) X| =X (7)

. . . he 1/2 in Eqs(6) and(7) are due to angular averages. We
according to perturbation theory. The expectation value Ogbtain ﬁna”yX||=Xﬂ/+X|T=X0- Hence the spin susceptibility

7 i is qi — (2
the z magnetic moment is given byt o[ +)=(u"B/ap) s not affected at all by the Rashba term. This result has been
[using the spinors in Eq.3)]. Similar expressions apply to obtained also in Ref. 7.

| =) A net magnetic moment is present at momen_t}ﬁrii Now we consider the superconducting state. We shall con-
|+) is occupied whereds-) is not. The total magnetic mo- sider the case where the Cooper pairing occurs between the
ment of the system is, therefore, given by +p particles from the same band, i.e., betwépnt) and

v 1 (ees  u®B |—p,+), on the one handsee Fig. 1 and betweenp,—)
Mz_zwﬁz Be_ PP ap and|—p,—), on the other. We shall also limit ourselves to
the case where the energy gaps may be different for the
12 Pei—Pr- two bands but isotropic in momentum space. That the pairing
“omh2 T o B. ©) occurs only within the same band is reasonable since we

) . ) y  assume that the energies associated with the pakingre
Using t2he , expressions forpe., we obtain x|  much less than the energy separation between the two bands
=(m/mh°)u°=x", the same spin susceptibility in the ab- 2ape.. for a given momenturﬁ nearpe.. [see Eq(1)]. The

sence of spir_l—orbit couplin.g. L assumption of this pairing is consistent with that in Ref. 7.
Now consider a magnetic field in the plane, e.g., along thgy,

. - o ) e shall not justify it here and shall simply consider its
y axis. To calculate the spin susceptibility it is Conven'em*physical consequences. Situations wherearep dependent

for each momenturp, to resolveB into components parallel  seem also possible and the following results can be general-
and perpendicular to the momentum directpisee Fig. L ized to these cases by simple arguments.
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Consider now the spin susceptibility in the superconductspin susceptibility. We shall then show that the cancellation
ing state, first for a magnetic field perpendicular to the planeno longer holds in the superconducting state, giving rise to
In this case argument as in the normal state shows that titee mentioned net supercurrent.

Pauli susceptibility vanishes. The Van Vleck susceptibility, Consider now a magnetic field alongy in the normal
being generated by virtual processes to states with energytate. The physical situation is as shown in Fig 1. Let us first
separations much larger than, [if Eq. (1) applied, is little consider the Pauli contribution from tHe-) band. They

. VM =x (T>T)=x° . >
affected. We get, thereforey;(T)=x (T>Tc)=x" and magnetic moment of the electron @tis given by i cos¢;.

thus x, = x° independent of the superconducting transition. / .
Now consider a magnetic field in the plane. For the Con_Hence the extra number of occupied stafesr unit area and

L LT . per unit angl¢ due to the magnetic field with momentum
tribution from the pair+ p, we argue as in the normal state eard is given byN (0)[ B cos(by)]. These electrons have
and resolve the magnetic field into components parallel an{®aP 1S9 YN+ K pld

perpendicular tg. The former again gives only a Van Vleck }[ﬁloch Uglgrak;r\]/%fa' I—éen(c):;\lth(%)c(l:)rrenté\)l(;gg?&?qu?leto
contribution unaffected by the superconducting transition g g * F+ it o

. - o .
LG ; (/42 pe(uB), using N, (0)vg.,=pg./2mh?. [This
thus the total Van Vleck susceptibility(T)=x"/2 asinthe  p i contribution is, therefore, due to the fact that states

normal state. The field component perpendiculaptagain  with p,)0 are more likely to be occupied thgp<<O under
gives only a Pauli contribution, which can be evaluated bythe fieldB, .] The reverse situation applies for the) band.
arguments as in the case of superfliide® Consider first The total (numbe¥ current density from both bands due to
the|+) band. In the absence of the magnetic field the Hilberthese population changes is given by

space foriﬁ consists of four possible states: ground pair 1
with energy 0, (two) broken pair with energyE,. JSZW(pF+—pF,)MBy. 9

= \/gfw +|AL|? [hereé, =€, —;is the normal state qua- ) o ] o
siparticle energy relative to the chemical potedtiabrre- The superscripP denotes that this is the Pauli contribution.

. . - . In addition to this, there is also a Van Vleck contribution.
sponding to occupiedempty |p,+) and empty(occupied : S ~ >
- . T The velocity of an electron ai, given byv = de/dp, is ac-
|—p,+), and excited pair with energyE,, . Under the v B/mit alrnx o d th tor i .
magnetic field, these energies are modified to become Eap)grt?cmarv a_(g /%)_ac?a Bi;‘enr ?h%e:r?a%rngticszeilglﬁspace.
— = - g x~ Px y: y)
Ep hp’_ Epthp, ZEJ’ where hy, '“_B cqs¢p, since the the|+) state is modified as in E¢4) with o,— o, . Hence
magnetic moment ofp, +) along the field isu cosp;. (We  the expectation value of, is given by @/m— a)cos@)
are leaving out thet+ subscripts for the moment for easier —(MB/p)|<—|Uy|+>|2- The first term is the velocity of the
writing.) The net magnetization along the field direction is,|+) particle in the absence & and its contribution to the
therefore, current was taken into account by the Pauli term evaluated
; e _ _ before. The second term, equals(MB/p)sinz(qu;), is
(u cosgp){ex — (Bp—hp)/T]—exd = (Ep+hy)/T]HZ, present due to the modification of the state under the Zeeman
field. We shall call its contribution to the current a Van Vleck
whereZ=1+exf —(E,—h,)/T]+exfd — (E,+h,)/T]+e %'T  contribution analogous to the case for the spin susceptibility.
is the partition function. For small magnetiC fleld, this re- A net Van Vleck contribution aﬁ is present on|y |f|+> is
duces tou”B cos'¢;(1/4T) secR(E,/2T). The total magneti- - occupied whereals-) is empty. The total Van Vleck current
zation of the|+) band is given by summing ovey, whichis  is thusJ) = %(1/27rh2)fszdp p(— wB/p) where the factor
the same as multiplying byN., (0), integrate over, and 15 arises from angular average. We hence obtain
average overp;. (the 1/2 factor is to avoid counting the
same pair twice The angular average gives a factor of 1/2. v_ 1
We obtain the contribution to the Pauli susceptibility Jx=- 4Wﬁ2(pF+_pr)r“By
2 .
uN,(0)Y(T,A)/4 from this band. Here Y(T,A) . P VA .
Efd§(1/4T)sect"r(Ep/2T) is the Yosida function. The total 9'V'"9 ‘],X_‘]X =0 Ln the n\(/)rmal statg as claimedt can
Pauli susceptibility from both bands is thugHP(T) be easily shown thal, andJ, both vanish due to angular

~ N (O)Y(T,A )0+ (4= =) 1/4. The full susceptibity - 81oa8E 0 0 e eaination 1s expected
is given by x)(T)=x)/+ x[(T). If A, =A_, we gety(T) P P

.0 . ._in the presence of disorder.
R(;‘ (;I%(;’aglférgﬁgo?ﬂgove results agree with those in In the superconducting state the calculatiord &g similar

N . to that of the susceptibility. The Van Vleck contributidt is
ow we turn to the electromagnetic effects. We shall . ) S >

_ o N unaffected, while the Pauli contribution has to be multiplied
show that an applied Zeeman field in the plane, say ajgng by the Yosida functions. We, therefore, get
can produce a supercurrent flow along the superconduct-
ing state. To demonstrate this we shall first consider the nor- J(T)=—«By, 1D
mal state and show that the net current vanishes due to thghere
cancellation of two contributions that can be identified as
“Pauli” and “Van Vleck.” These two contributions are due, M
respectively, to the change in occupation and the quantum—K(T)_ 22 PEAL=Y(TA O} =pe {1=Y(T.A ).
mechanical wave function of the particles as in the case of (12

(10
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We can similarly investigate the effect pointed out by m
Edelsteirf i.e., the generation of a magnetic moment by a My(T) =g —2[Pe {1 - Y(T,A)}—pe-{1-Y(T,A_}]q
phase gradient. Under a phase gradedt, say alongx, the
Cooper pairing is no longer betweenﬁ but rather between =£q (14)
p+q/2 and—p+q/2, whereq=#(V®). Let us first calcu- 27
late the net magnetic moment®t0. In this case the mag- with «(T) already defined in Eq12). For T nearT,, we can
netic moment is the same as that of a Fermi splieirele)  perform an expansion iA. [1—Y—[7£(3)/472](A%T2)].
shifted in momentum space loy2. The total moment can be Our expression then agrees with that given by Edel$tein,

found by summing over all the exceseverq=0) moments ~Who investigated the effect only ne@g.

over the fermi surfade). For the|+) particles, the number ~ The two magnetoelectric effects above are related. They
of extra particles along5 is given by N+(O)[e(5+a/2) are connected by the fact that there is a cross term in the free

N . i energy densityF(T;q,,B,) given by —(«(T)/2)q,B,.
—€(p)]1=N(0)ve. qcosihy)/2 since the quantity between Equations(14) and (11) can be reproduced by using the re-
the square bracket is the difference in energy between thl%tionsMyz—<9FlﬁBy andJ,=2dF/dqy.

particles on the new and old fermi surfaces. These particles Generally, the current, and magnetizatioM are given
carry ay magnetic moment of. cos(gy) per particle. Hence by the constitutive equations,
the total§/ magnetic moment from thet+ ) band is given by q

X

uN, (0)ve,g/4. Therefore the total contribution from the J=ps5-— KBy, (15
two bands is 2m

K M, == g, + B 16

My(T=0)= 5 (Pr+ —Pr )0 (13 y=5 %t X By, (16

w
cm|’

— 2

(17)

. ~ . . wherepg is the superfluidnumbej density.

It can be easily seen that Athemagneuc moment vanishes 114 supercurrent induced by the in plane Zeeman field

due to angular average ovpr given in Eq.(11) can be sizeable and should be experimen-
The above result, Eq13), is when all electrons remained tally observable. The order of magnitude of the electric cur-

paired. At finite temperatures, we need to take into accountent| at T<A for a sample of widthw induced by the mag-

the contribution from broken pairs. For this it is essential tonetic field is given by

note that, under the phase gradient, the energies for a broken

pair with particles occupied ap is given by E;+uv(p) ape EHL

-q/2, whereEj is the energy given before for no phase gra- A w |LGJ[I/A

dient. The thermal-averaged magnetic moment for #fg  \here we have defined a lengtrof order of interparticle

states is given by an expression similar to E§). in the  gistance through the two-dimensional number densityy

susceptibility calculation  with  —hpy—ve(p)-a/2 n=1-2 |f ap./u is not too small, say-0.1, a current of

=ve.QCos@p)/2, giving the final result —(u/87h%)  order of milliampere seems easily achievable for samples of

X(Pe+@)Y(T,AL). [This negative contribution from the mjjlimeter size under a magnetic field of order 100 @ if

quasiparticles is, therefore physically due to the “backflow,” _ 19 A say. Measurement of this current seems much

that it is easier to thermally excite quasiparticles with mo-gasier than the induced magnetization predicted by

mentum opposite to the superfluid flow. These particles havege|steirf

a net magnetic moment anngi/ for the|+) band] A simi- | thank John C. C. Chi for a useful correspondence. This
lar expression applies for the-) band. Combining these research was supported by the National Science Council of
with Eq. (13), we, therefore, have finally Taiwan under Grant No. 89-2112-M-001-105.
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