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Paramagnetic Instability at Normal-Metal—Superconductor Interfaces
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We study the proximity coherence in a mesoscopic normal-metal film in contact with a
superconductor. Accounting for a repulsive interaction between the electrons in the normal metal,
we find an enhanced local density of states close to the normal-metal—superconductor interface. The
sharp peak in the density is pinned to the Fermi energy and leads to spontaneous paramagnetic interface
currents. The induced orbital magnetic moments exhibit the characteristic features of the paramagnetic
reentrance observed in normal-metal coated superconducting cylinders [P. Visani, A.C. Mota, and
A. Pollini, Phys. Rev. Lett65, 1514 (1990)]. [S0031-9007(99)08939-5]

PACS numbers: 74.50.+r, 75.20.—g

A normal metal in contact with a superconductor ex-to Ag in the superconductor; see Ref. [5]. The NS
hibits the phenomenon of proximity—the superconducqjunction then behaves like a Josephson junction with
tor exports its coherent state across the interface inta phase differencer, trapping quasiparticle states at
the metal. On a microscopic level, this phenomenon ishe Fermi energy close to the NS interface. The local
described through the Andreev reflection of the normalDOS N(E,x) exhibits a peak at zero energy on top
metal quasiparticles at the normal-metal—superconductaf the Andreev density of states, as shown in Fig. 1.
(NS) interface, converting normal current to supercurrentThis peak involves a macroscopic number of states with
Proximity superconductivity exhibits a rich phenomenol-densityn, ~ k#/d, which in the following we call the
ogy and has attracted considerable interest recently [1]. Ar-states.
particularly puzzling finding is the ultra-low-temperature The change in the DOS crucially affects the response
reentrance observed in normal-metal coated superconduaif the proximity metal. The linear current resporna |
ing cylinders [2], where, contrary to expectation, the fully can be divided into two contributiong = jaia + Jjpara.
diamagnetic cylinder develops a paramagnetic respongbe diamagnetic currenfy, = —(e?n/mc)A giving the
on top of the Meissner susceptibility. Recently, it hasrigid response of the bulk density = kj /372 and the
been speculated that some novel kind of persistent curreparamagnetic currenif,, following from the deformation
states might be responsible for this phenomenon [3], but
closer inspection of the experimentally measurable quan-
tities reveals that the predicted effect is too small [4].
In this Letter, we demonstrate that a repulsive electron- 1
electron interaction in the normal metal naturally leads to --- N(E=0,x)
the appearance of a paramagnetic instability at very low
temperature, offering a possible explanation of the reen- 4
trance effect in the NS cylinders.

To be specific, we shall consider a clean normal-metal 5 0
slab of thicknesd (0 < x < d), in perfect contact with a @
bulk, conventional superconductor. The proximity effect =
is mediated by the Andreev reflection at the interface with 2t
the superconductor, which transforms incident electrons
into back-reflected holes, thus binding the quasiparticle
states to the normal layer f& < Ag. In the usual free
electron gas description, the Andreev bound states are e
found at E, = hiv,(2n + D)7 /4d (n = 0,1,...;v, = 00 05
vy cosd) producing a linear suppression of the density of ' E/E '
states (DOS) [5IV(E) ~ NoEd/hvr close to the Fermi A
level E =0 (Ng = mkp/B*7?). In the following we FIG. 1. Local DOSN(E,x) at the NS interfacex = 0 and
assume that the electron-electron interaction in the normalt the metal boundary = d (E, = hvr/d), as it follows
layer, which follows from the delicate balance betweenfrom the self-consistent solution of the Eilenberger equations,

the phonon-mediated and the Coulomb interaction, |%Egjp|fr2‘é gggsggt’g,f:r:a_(tgcgﬁsgjvzzlgﬁl_” /lﬁsfet?nsdp;g;

repulsive. As a consequence, a finite order parametfependence of the order parameiéx) and local DOSN (E =
A(x) is induced in the metal, opposite in sign as compared, x) at the peak energys( x < 0, N: x > 0).

xX‘0=3)N

0

N(E,x=0)
———- N(E,x=d)
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of the wave function at the Fermi surface [6], at the outer boundary. Close to the NS interface, the
2n af \ N(E) local DOSN(E, x) = NoRd{g—;e+5(x,vy))] exhibits a
Jpara = Af dE <_8—E> N (1)  pronounced peak at zero energy, as shown in Fig. 1. We
0

] ] i i note that this result is possibly related to the DOS peak
for slowly varying fieldsA (f is the Fermi occupa- found for a Luttinger liquid [11]. While the accumulation
tion number). While in a bulk superconductor the para-of pos at small energies is robust towards a finite
magnetic current is quenched by the energy gap at lowhierface transparency, the peak structure depends on the
temperatures producing a net diamagnetic response, thgod quality of the NS interface, and would be broadened
paramagnetic current of a bulk normal metal cancels thg,q shifted to finite energy by a barrier. In order to

diamagnetic current exactly. - In the noninteracting metajrgceed with analytical results, we approximate the order
under proximity, the linear density of states suppressiomarameter by a step function

N(E) « E is still sufficient to suppress the paramagnetic
current at zero temperature [7]. Including a repulsive in- Alx) = {AS, x <0,
teraction places the system in the opposite limit: The —Ay, 0<x<d,

sharp DOS peak at the Fermi level produces a paramag., Ay o Vy enters as a parameter. The Green's

netic signal Whlchovercompensa_teme diamagnetic re- fynction in the normal layer > 0 can be determined
sponse. Such a net paramagnetic response naturally lea >§actly and takes the form

to an instability: The free energyF = —cj6A < 0 can

be lowered via a nonzero magnetic induction induced by ho sin xy(d) — y] + Ay coshy(d — x)]
spontaneous currents along the NS interface. The inter8e (¥: vx) = 7Q costiy (d) — v] ’
face currents are associated with an orbital magnetization (4)
M(T) producing a low-temperature reentrance in the mag-

netic susceptibility. where  y(x) = 2Qx/v,, R2Q% = Ay + RPo?,

In the following we present a quantitative analysis ofand tanhy = Ay/iQ  (we consider the limit
the paramagnetic instability induced by thestates. The As > Ay,kpT). The second term in (4) describes
magnetic inductiorB. (x) is described by the vector poten- the 7-states at the NS interface. The poles of the
tial A, (x) which drives the currentg,(x). The electron- Green’s function atiw = —iE + 0 yield the bound
electron interaction in the superconductor is accounted fostate energies. While forE > Ay the Andreev
by an effective coupling constants < 0 and similarly ~ states of the free electron gas are down-shifted by

Vy > 0 in the normal metal; see also Refs. [8,9]. Two dE, = —2Ay/(2n + D)7 (n = 0,1,...), below the gap
self-consistency problems have to be solved: First, wd < Ay we find ther-states at

evaluate the order parameti(x) accounting for the dif- WAL — E2d

ferent coupling constants in the superconductor and the E = Ay/cosh———— ~ Aye 22vd/Mve - (5)

normal metal, and obtain the local DOSE, x). Second, hvy
we determine the current functionglA] which we solve  exponentially close to Fermi energy. The trajectories with
together with Maxwell's equation to find the spontaneousv, = vy cosd <« Ayd/#h contribute to the weight of the

interface currents. zero energy DOS peak: Fdry > hvr/d the number of

We use the quasiclassical description following froms-states per unit surfacl,s is equal to the number of
the Eilenberger equation fgy, transverse level®Vy,¢ = k%, while for Ay < Avrp/d it

. 5 .
Chu,0,8 = [{iw + ievyA,(x)/c}s + A3 2], is reduced taVy,r ~ kr(Ayd/hvr)* via the reduction of
vid:g = [tho + iev, A, (x)/cts ()71, 8] the available solid angle cas < Ayd/hvy.
(2 We derive the current-field relations at low tempera-

where the2 X 2 matrix ¢ contains the Green’s functions tUre, assumingksT < fivy/d,Ay. This implies a
¢ (x,v,) and f, (x,v,) (o Matsubara frequencyy, — thermal length &y (T) = hvp/27kgT larger than the

vr cosd, #; Pauli matrices; see Ref. [10]). Equation (2) thicknessd and no thermal smearing on the scag.
is completed by the self-consistency relation for the paiNly the trajectories with co8 < Ayd/hvr contribute

potential (.. .) is the angular average), to the current at low temperature. We describe them in
the limit iv,/Ayd — 0 by
A(x) = —VNomT D { fu(x, v))). 3)
& flrv) = 2+ SO (g)

S
The numerical solution of Egs. (2) and (3) is shown in Q Q(r0 — Ay)
the inset of Fig. 1. The course of the order parametefhe current in the presence of a slowly varying vector
in the normal layer is asymptotically given b¥(x) ~  potential A follows from Eq. (6) after replacingo by
—VnNohvr/x, as expected from th¢ function in the o + iev,A/hic and inserting it into the current expres-
noninteracting cas&y = 0. A(x) decays from a value sion j,(x) = ieNo2@wT Y. ,~o(vyg(x, vy, vy)). In addi-
~—|Vy/Vs|As at the NS interface, te-—VyNohivr/d  tion to the usual diamagnetic currefgt, = —(c/4mA%)A
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[A = (mc?/4mne?)~'/2 denotes the London length], we
obtain the paramagnetic current

c _ o 3P evpA
Joua = 5 e x/aén g 2775(;)] arctanckaBT, 7)
in the limit evpA/c,kgT < Ay. Here, &y = whic/e
denotes the flux quantumf,(\), = hvp/2Ay gives the <
extent of thesr-states, and under the assumptity >
hvp/d we havea = 1. AttemperaturegzT > evrpA/c
the paramagnetic current., ~ (c/A%) (Ay/kgT)A is
linear in A and = 1/T, a signature of the thermally Y 1 2
smeared zero energy DOS peak, and competes with the
diamagnetic current on the scaj&. At T — 0, Eq. (7)
is nonlinear in the field and generates the spontaneous
paramagnetic current. This paramagnetic interface current 0 1 2
results from the energy splitting of the-states in the H ¢ 0)2/¢,
field, E = *evypA/c, allowing the system to gain energy N 0
by shifting the DOS below the Fermi surface [12]. ForFIG. 2. Magnetization (T, H) curve at various temperatures
Ay < hvp/d, the paramagnetic current is reduced by(in units of Ay/kg), for A = 0.3d and £y = d. The two
the factora = (Ayd/fivr) < 1 in Eq. (7). The surface _metastable brancheBt exh_ibit a spontaneous magnetization
current I = fjdx ~ a2c®y/A? is in agreement with |f_n Izdero fleld,t.th?. drll?lme;gnetlc branéhis unstable. Inset: Zero
the current estimaté, ~ Ny evr based on the number leld magnetization,(T).
of 7-states at zero energy. Equation (7) thus alwaysions are given byA(0) =0 and 9,A(d) = H. We
produces a net paramagnetic response at low temperatutencentrate on the most relevant limit whei, d > A.

o,

)

™ €,

and fields. At T = 0, according to Eg. (7), the paramagnetic inter-
The evaluation of the induced magnetization requiregace currentj ~ ac®,/A2£y remains unscreened until
the self-consistent solution of Maxwell's equation peing matched byjg, ~ —cA/A2, producing a vector

—07A(x) = 47 j(x)/c together with the current func- potential A ~ a®,/¢% on the scaleA. The vector
tional j[A(x)]. The solution of the screening problem potentialA saturates beyond, as the paramagnetic and
requires the full dispersive relation betwegfy) and  diamagnetic currents cancel each other. Assuming that
A(g), which in the proximity effect typically features a the -states extend up to the outer metal surfage<{ 1),

nonlocal current-field dependence on the sale[10].  the induced magnetizatiod = A(d)/4wd is given by
Equation (7) represents the long wavelength ligni= 0.

For simplicity, here we use Eg. (7) under the assumption My ~ «a % ~ q;o . (8)
of local response (accounting for the full nonlocality does évd  (éy)?
not affect the qualitative nature of the final results). We note that although the spontaneous currents increase

The magnetization curvesV(T,H), which follow asAy > fivp/d (o = 1) they are screened exponentially
from Eq. (7) are shown in Fig. 2. Approaching from beyond the extent of ther-states in this limit, giving a
large fields, Fig. 2 shows two paramagnetic brandhes magnetization/, ~ ((Do/fl%d) exfd—(d — g})v)/,\]_ We
with a linear diamagnetic slope exhibiting a spontaneougssumer < 1 in the following.
magnetization in zero field. They result from the super- At finite temperature, the spontaneous magnetization is
position of the paramagnetic magnetizatidp(7') and the  suppressed by the factor arctanyA/c7ksT), which it-
Meissner response to the applied fiéld As the field is  self depends on the magnetization Mia~ Md, implying
decreased (increased) pdst= 0, the branchP. (P-)  the implicit equation
becomes metastable. The spontaneous magnetization
M,(T) appears below a second order transition p@itt Mo(T) ~ arctanw. (9)
and saturates at low temperatures, as shown in the inset of My MokpT
Fig. 2. The magnetization curve includes a diamagneti@he spontaneous magnetization appears below a second
branchD, which arises from the competition between theorder transition akBTg‘l ~ aAy, saturating at low tem-
paramagnetic instability and the thermal smearing and iperatures, as shown in the inset of Fig. 2. The transition

thermodynamically unstable. temperature is equal in magnitude to the energy splitting
In the following we give a semiquantitative analysis of the DOS peaf ~ evrA/c ~ alAy.
of the magnetizationM = [dx M(x)/d, first at zero Under an applied magnetic field, the Meissner

temperature and fieldy], proceeding to finite tempera- currentjy;, screens both the spontaneous interface current
tures Mo(T)], and finally including an applied and the applied field. At zero temperature we deal
magnetic field H [M(T,H)]. The boundary condi- with a linear problem and the magnetization is given by
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the superpositioM (H) = M, + yH of the spontaneous  In conclusion, we have demonstrated that the inclusion
magnetic momentM, and the Meissner respongeH. of a finite electron-electron repulsion in a proximity cou-
As the temperature increasel(7) decreases and the pled normal-metal layer naturally produces spontaneous
metastable regime shrinks. At > TM the spontaneous interface currents, leading to a paramagnetic reentrance in
magnetization in zero field has disappeared; the signatuthe magnetic response. The sign change in the coupling
of the paramagnetic currents remains, however, reducingcross the NS interface leads to the trapping eftates at
the diamagnetic susceptibilityy at small fields. At the Fermi energy—the DOS peak should be accessible to
large temperatur® > TM we recover the pure Meissner a spectroscopic experiment with a tunneling microscope.
response. The frustrated NS junction relaxes through the genera-
The two metastable branch@&s. and P_ in the mag- tion of spontaneous interface currents, inducing a para-
netization curve, see Fig. 2, imply a first order transi-magnetic moment. A nontrivial issue that remains is the
tion at H = 0. The transition is similar to the magnetic requirement that the electron-electron interaction be repul-
breakdown occurring in the same system at large fieldsive at the low energy scales involved. Interesting con-
between the fully diamagnetic phase and the field penesequences of this assumption have been discussed in the
tration phase [13]. The rotation of the magnetic momentgontext of the proximity effect [5] and most recently in re-
to the energetically more favorable polarization will showlation to the low-temperature transport in mesoscopic NS
the hysteretic behavior typical for a first order transition.structures [8,17]. In fact, the noble metal coatings used
The transition fromP, to P_ implies a paramagnetic in the experiments of Mota and co-workers [2] appear to
slope in the thermodynamic dc magnetizatidf(7, H)),  be the most plausible candidates for a repulsive electron-
which will link the metastable solution®. in Fig. 2  electron interaction. Turning the argument around, in the
and cross the origin aM(H = 0) = 0. In summary, light of our findings the experimental observation of a
we find that on approaching™ from above, the dia- paramagnetic reentrance indicates the presence of a re-
magnetic susceptibilityyq. = (M(T, H))/H is reduced, pulsive interaction in these materials.
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