
PHYSICAL REVIEW B, VOLUME 65, 132515
Spontaneous magnetic moments in clean normal-metal–superconductor proximity layers
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~Received 26 April 2001; published 26 March 2002!

We investigate the spontaneous paramagnetic moments in clean normal-metal–superconductor proximity
layers caused by thep-state currents that arise at the interface if a repulsive electron-electron interaction is
assumed in the normal metal. Accounting for the nonlocal current response characteristic of the clean limit, we
present a self-consistent numerical solution of the coupled Eilenberger and Maxwell equations in the limits of
small and large electron densities, the latter giving rise to an internal magnetic breakdown. Comparison with
experiment allows us to estimate the normal-metal coupling constant.
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The low-temperature magnetic screening in a thin norm
metal layer~N! in contact with a bulk superconductor~S! is
governed by the proximity effect: The Andreev reflection
the normal-metal quasiparticles at the NS interface allo
the superconductor to export its coherent state into the
tallic layer. At temperatures below the Andreev ener
kBTA5\vF /2pd (d denotes the thickness of the norma
metal layer!, the induced superconductivity produces a d
magnetic response: accounting for nonlocal screening in
clean limit, the quasiclassical Eilenberger theory predict
large diamagnetic susceptibility1 4px523/4 at T!TA .
This proximity-induced diamagnetism is quite susceptible
temperature and field:~i! at high temperaturesT@TA screen-
ing is exponentially suppressed,1 x(T@TA)}exp(22T/TA);
~ii ! at large applied fields the induced supercurrents bec
mutually dephased and the proximity effect breaks down
first-order phase transition at the breakdown field2,3 Hb(T
50)'F0/6dl. The theoretical results in the ballistic regim
with a mean free pathl;d are in good quantitative agree
ment with the measured susceptibility for superconduct
cylinders coated with a normal metal.4

At ultralow temperatures, however, a paramagnetic re
trance in the susceptibility has been observed,5 which dis-
agrees with the conventional understanding of the proxim
effect and has spurred much theoretical attention.6–8 Re-
cently, the implications on the transverse screening due
repulsive electron-electron interaction in the normal-me
have been investigated:9 In addition to the linear suppressio
N(E);N0Ed/\vF (N05mkF /\2p2) of the density of states
~DOS! close to the Fermi level due to the Andreev bou
states,10 a zero-energy DOS with macroscopic weight h
been shown to appear at the interface of the two metals
the presence of a magnetic field the DOS peak splits
induces, at sufficiently low temperatures, spontaneous p
magnetic currentsj paraalong the SN interface, superimpose
on the usual screening currentsj dia. Fauche`re et al.9 pro-
posed this sizable paramagnetic response as a possible e
nation of the reentrance effect observed in the experim
by Mota and co-workers.5 Formation of such zero-energ
states is known from other superconducting systems, suc
SNS Josephson junctions biased with a phase differencp
and ~110! d-wave superconductors producing spontane
surface currents.11,12

In the discussion presented in Ref. 9 the order param
D within the normal layer has been approximated by a c
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stant and the nonlocal character of proximity screening
been neglected. In this paper we improve upon this situa
and present a self-consistent numerical solution for
coupled Eilenberger and Maxwell equations describing
superconducting and nonlocal electromagnetic respons
the SN proximity system. We find that the non-local curre
response enhances the effect of a normal-metal elect
electron interaction on the proximity superconductivity
compared with the approximate local model.9 We discuss the
nontrivial current distribution resulting from overscreenin
and investigate the possibility of an internal magnetic bre
down triggered by a large spontaneous magnetic mom
Comparing our results with experiments, we arrive at an
timate for the repulsive couplingVN required to produce the
observed paramagnetic signal.

We briefly review the proximity-induced superconducti
ity in clean NS layers as presented in Refs. 2, 3, and 9.
first concentrate on the simpler situation with noninteract
electrons in the normal-metal layer, and discuss the fi
order-type diamagnetic to paramagnetic transition indu
by a large magnetic field. At low temperaturesT!TA an
applied magnetic fieldH is diamagnetically screened in th
linear response. Nonlocality, a characteristic of the cle
limit, manifests itself through a spatially constant screen
current within the normal-metal layerN, leading to an
overscreening1 of the applied fieldH with a reversed mag-
netic field2H/2 at the SN interface; as a consequence,
Meissner susceptibility is reduced to a value 4px523/4. At
large fields a magnetic breakdown3 occurs as the induced
supercurrents are mutually dephased by the large magn
field—as a result, the diamagnetic screening capability is
and the normal-metal layer turns paramagnetic. At low te
peratures the two resulting phases are thermodynamic
separated by a first-order phase transition2,3 exhibiting a
jump of the magnetization of the NS system at the bre
down field Hb;F0 /ld. The two phases coexist as met
stable solutions between the supercooled and the superh
spinodals,Hsc;F0 /d2, Hsh;F0 /l2, respectively.

Next, we include a repulsive electron-electron interact
in the normal-metal layerN; as shown in Ref. 9 this leads t
a paramagnetic instability at sufficiently low temperatur
The proximity-induced superconductivity originates fro
bound electron-hole states, where electrons and holes
transformed into each other via Andreev reflection at the
interface. In the usual interaction-free, i.e., free-electron g
©2002 The American Physical Society15-1
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BRIEF REPORTS PHYSICAL REVIEW B 65 132515
description, the Andreev bound states are found at ener
En5\vx(2n11)p/4d (n50,1, . . . ;vx5vFcosu), resulting
in a linear suppressionN(E);N0Ed/\vF of the DOS close
to the Fermi energyE50. A finite positive normal-meta
coupling constantVN.0 induces a finite order paramet
D(x) in the normal-metal layer with a sign opposite to t
value in the bulk superconductor. As a consequence, the
dreev energy levels are shifted and the local DOS at
interface exhibits an additional pronounced peak at zero
ergy. The magnetic behavior of the proximity layer is ve
susceptible to such a deformation of the DOS: besides
~nonlocal! diamagnetic responsej dia, an additional paramag
netic componentj para appears close to the NS interface d
to the finite DOS at the Fermi level; under suitable con
tions the peak in the DOS is strong enough to induce a p
magnetic instability as the free energydF52c jdA,0 can
be lowered by a nonzero magnetic induction evoked b
spontaneous current flow along the NS interface.

In a third step we can combine the two phenomena
cussed above: if the paramagnetic instability is weak,
resulting magnetic induction cannot dephase the Andr
states and the two phenomena of paramagnetic instab
and magnetic breakdown will remain well separated. On
other hand, the field of a strong paramagnetic instability m
join with the external magnetic field and induce an ‘‘inne
magnetic breakdown of the diamagnetic screening in thN
layer. In the following, we present a detailed description
our numerical calculation of the magnetic properties o
clean NS proximity system and discuss two situations
volving a weak and a strong paramagnetic instability.

The cylindrical samples produced by Mota a
coworkers5 and exhibiting the reentrant effect consist of a N
core of radius r'10 mm with a coherence lengthjS

0

5\vF /pDS'40 nm; the superconducting core is coated
a Ag layer of thicknessd'3 mm, with an interface of high
transparency,13 while the mean free pathl of the normal
metal is of the order of the normal-layer thicknessd. Given
the electron density of Ag, the London lengthl522 nm of
the normal metal is small compared to the geometrical
mensionsl/d'1/150.

Neglecting the cylindrical geometry, we describe t
proximity system by a clean normal-metal slab of thicknesd
(0,x,d) in contact with a bulk superconductor (x,0).
The SN-interface is assumed to be perfectly transparent
though the linear paramagnetic response is sensitive14 to a
finite interface reflectivityR, the nonlinear paramagnetic cu
rent survives a sufficiently small imperfection of orderR
;0.1, as shown numerically by Belzig.15

We express the magnetic inductionBz(x)@[B(x)# by the
potentialAy(x)@[A(x)# and solve the self-consistency loo
below. The 232 matrix Green’s functionĝ(x,vF) follows
from the Eilenberger equation

2\vx]xĝ5@$\v1~ ie/c!vyA~x!%t̂31D~x!t̂1 ,ĝ#, ~1!

together with the self-consistency equation for the p
potential
13251
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D~x!52VN0pT (
v.0

^ f v~x,vF!&. ~2!

Here, t̂ i are the Pauli matrices andĝ contains the Green’s
functionsgv(x,vF) and f v(x,vF), which depend on the Mat
subara frequencyv5pT(2n11) and the direction of the
Fermi velocityvF . N05mkF /\2p2 is the DOS at the Ferm
level and^•••& denotes angular averaging over the Fer
sphere. The Green’s functiongv(x,vF) determines the
current-field relationj @A# ( j [ j y),

j ~x!5 ieN02pT (
v.0

^vygv~x,vF!&. ~3!

Finally, in order to find the vector potentialA and the current
j for a given applied magnetic fieldH, the set of Eqs.~1!–~3!
has to be solved self-consistently together with Maxwe
equation j (x)52(c/4p)]x

2A(x), respecting the boundar
conditionsAu2`50 and]xAud5H. The vector potential then
is inserted back into the Eilenberger Eq.~1!, thus closing the
self-consistency loop. The coupling constantsVS,0 and
VN.0 in the two metals enter the quasiclassical descript
via the self-consistency Eq.~2! for the pair potential. Assum-
ing a perfect transparency at the SN interface the Gre
function ĝ is continuous atx50, while at the vacuum
boundaryx5d we demand specular reflection of the qua
particle trajectories,ĝv(d,vx ,vy)5ĝv(d,2vx ,vy).

Solving the self-consistency problem outlined abo
numerically,16 we calculate the magnetization

4pM ~H !5
1

d F E
2`

d

dx~B~x!2H !2E
2`

0

dx~Hex/l2H !G ~4!

[4pM2Hl/d, ~5!

where, for convenience, we compare the magnetization
the proximity system (S: x,0, N: 0,x,d) to that of a
superconductor (S: x,0). In order to decide on the thermo
dynamic stability of the solution we compute the Gibbs fre
energy densityG(H)5F(M)2MH including the kinetic
energy of the supercurrentsj (x)52dF/dA(x) and the elec-
tromagnetic field energyB2/8p, hence

F~M!52
1

cdE2`

d

dxE
0

A

dA8~x! j @A8~x!#

1
1

8pdE2`

d

dxB2~x!2
H2

8p
;

the field dependence of the condensation energy den
N0D(x)2/2 and of the energy cost of a finite gapD(x) in the
normal metal turn out to be negligible.

The results for the self-consistent screening problem
present below are based on a moderate normal-metal
pling constantVNN0<0.1, while for the superconductor w
adopt the standard value for Nb,VSN0520.31. We find that
the magnetization curveM (H) depends strongly on the elec
5-2
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BRIEF REPORTS PHYSICAL REVIEW B 65 132515
tron density via the London lengthl. For illustrative pur-
poses we discuss our results in two opposite limits.

~i! For a large~as compared to the value in Ag! London
length l'100 nm the spontaneous magnetization crea
by the p-state currents is small as compared to the bre
down fieldHb;F0 /dl ~and even with respect to the lowe
spinodalHsc;F0 /d2, see Ref. 3!. The magnetic signal due
to the paramagnetic currents then is well separated from
due to the magnetic breakdown and the qualitative pre
tions of Ref. 9 are well confirmed.

~ii ! A large electron density~implying a small London
lengthl close to the value in Ag! enhances the effect of th
repulsive interaction; the spontaneous paramagnetic curr
become large and eventually trigger an internal magn
breakdown, changing the magnetization curveM (H) in a
qualitative way.

The magnetization for case~i! with a large London pa-
rameterl'100 nm and a normal-metal lengthd'1 mm is
shown in Fig. 1. Below the critical temperatureTc

M

50.06TA the magnetization curveM (H) splits into a linear
screening branchD with enhanced slope24px.3/4 and
two screening branchesP6 shifted by a paramagnetic mag
netizationM0 and exhibiting the usual clean-limit Meissn
susceptibility 24px53/4 as in the interaction-free cas
~dashed line!. The Gibbs free-energy density of the solutio
P6 is reduced bydE'2A jparaand hence they represent th
thermodynamically stable branches, while the linear bra
D has turned unstable. The spontaneous magnetiza
M0(T) saturates at low temperatures and collapses on
proaching the critical valueTc

M , see inset. AboveTc
M the

spontaneous magnetization vanishes and the solution
comes single valued~dotted line!. All these features are in
qualitative accordance with the predictions of the lo
model;9 still, we note that the paramagnetic currents at
interface are reversed and overscreened due to the non
screening, an effect discussed in more detail below.

FIG. 1. Above:Magnetization curvesM (H) below ~solid line!
and above~dotted line! the critical temperatureTc

M50.06TA for l
5100 nm, d51 mm, VNN050.1. For comparison we show th
Meissner screening curve24pM53H/4 of the interaction-free
case~dashed line!. The thick line indicates the thermodynamical
stable solution possessing the lowest Gibbs free energy~below!.
Inset: temperature dependence of the spontaneous zero-field
netizationM0(T,H50).
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For this large London lengthl the zero-field magnetiza
tion M0 and the pair potentialDN(x50) scale linearly with
the couplingVN . For the parameters chosen here the sp
taneous magnetization is small compared to the lower s
odal field Hsc5F0 /d2 of the magnetic breakdown,3 M0
!Hsc,Hb , and thus the appearance of paramagnetic c
rents at small fields is well separated from the breakdo
regime at large fields.

Second, we turn to the opposite limit of large electr
densities, i.e., small penetration depthl'20 nm. The effect
of the p-state currents then is large and the induced scre
ing behavior deviates qualitatively from the simple descr
tion of Ref. 9. In Fig. 2 we show the magnetization curve
T51.25TA of the order of the Andreev energy. The tw
screening branchesP6 still possess a diamagnetic slop
4px523/4 due to nonlocal screening and exhibit a pa
magnetic offsetM0. In addition, a second branchB6 extends
down to low fields where the induced superconductivity h
broken down. This branch describes a penetrating field s
tion with fluxes F5*2`

d dxA(x).F0 large enough to
dephase the induced screening currents. This breakdown
lution is limited to fields uHu.F0 /d25Hsc in the
interaction-free case; here, the paramagnetic interface
rents are large enough to trigger an ‘internal’ breakdown
tending down to zero fields.

The field „A(x),B(x)… and current@ j (x)# configurations
are shown in Fig. 3. The field configurations for the ze
field screening solutionP0 and for a generic pointP1 on the
screening branchP1 illustrate the nonlocal character of th
Meissner screening in the clean limit: the orientation of t
p-state currents producing the paramagnetic offset is de
mined by the direction of the field at the interface, which
reversed with respect to the external field due to over scre
ing; hence the paramagnetic current flows in a directionop-
posite to what is expected within a local theory. The larg
magnetic inductionB(x) at the SN interface caused by th
p-state currents then is in turn overscreened by the indu
Meissner currents, reversing the net effect of the spontane

g-

FIG. 2. Magnetization curveM (H) and Gibbs free energyG(H)
for l'20 nm, d'1 mm, VNN050.1, andT51.25TA . The two
screening branchesP6 with diamagnetic slope 4px523/4 ex-
hibit a paramagnetic offsetM0 produced by thep-state currents.
The breakdown branchesB6 extend to external fieldsH of opposite
sign. The arrows indicate the polarization of thep-state currents

(↓5̂ j para.0), the dashed line 4pM523H/4 is a guide to the eyes
5-3
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BRIEF REPORTS PHYSICAL REVIEW B 65 132515
currents on the magnetizationM and producing a net para
magnetic signal. Note that the shape of the vector poten
A(x) efficiently keeps the fluxuFu5u*dxAu below the flux
quantumF0. The field configurations for the breakdown s
lutionsB0,1, on the other hand, explain why the initiation
the breakdown is moved to lower fields: Thep-state currents
are oriented such that their magnetic momentsM0 are
aligned with the applied fieldH and further augment the flu
F ~see the field configurationB1 shown in Fig. 3!. As a
consequence, dephasing of the screening currents is
hanced and the breakdown branchesB6 extend to lower ap-
plied fields uHu,Hsc. For the~extreme! parameters chose
here, B6 cross theH50 axis, allowing for the zero-field
internal breakdownsolutionB0 shown in Fig. 3.

The scaling of the screened zero-field magnetizat
M0(VN) is shown in Fig. 4 for a layer thicknessd
'3.5 mm approximating the experimental sample. In co
trast to our results for large values ofl whereM0}VN scales
linearly with VN , at high electron densities the spontaneo
currents produce a magnetizationM0 depending logarithmi-
cally on the interactionVN , although the interface valu
DN(0) still scales linearly withVN .

FIG. 3. Current densityj (x), magnetic inductionB(x), and vec-
tor potentialA(x) for the two screening solutionsP0 andP1 and the
two penetrating field solutionsB0 andB1. The peak in the magnetic
field B at the interface is~over!screened forP0 and P1, while the
screening currents have broken down for configurationsB0 andB1.
tt
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Müller-Allinger and Mota17 have measured a dc magne
zation curveM (H) exhibiting an offset of the order o
M (H50)'1 Gauss (F0 /d251.9 Gauss for sample 5AgNb
in Ref. 17!. Hence even a small normal-metal coupling co
stantVNN0'0.008!uVSuN0 is enough to explain the exper
mentally observed paramagnetic reentrance, see Fig. 4.
that such a small negative value for the effective coupl
constantVNN0'lph2m* is compatible with estimates18 for
the dimensionless electron-phonon couplinglph'0.13
60.04 in Ag and typical valuesm* '0.1–0.2 for the repul-
sive Coulomb interaction parameter.

In summary, we have calculated the induced Meiss
screening for a clean SN proximity system, assuming a fin
repulsive coupling constant in the normal metal. The s
change in the order parameter across the SN interface
duces a zero-energy DOS peak leading to the formation
spontaneous magnetic moments at low temperatures.
instability persists in the presence of nonlocal screen
characteristic of the clean limit. Indeed, the induced pa
magnetic moments may even be large enough to trigge
internal breakdown of proximity screening. For lengthsd and
l comparable to experiment~e.g., sample 5AgNb in Ref. 17!
we find that a small couplingVNN0;0.01 is already suffi-
cient to produce a zero-field magnetizationM0 of the order
of the experimentally measured offset in the diamagne
magnetization curveM (H)52xH6M0.

We wish to thank A. C. Mota and B. Mu¨ller-Allinger for
discussions and acknowledge W. Belzig and R. Monnier
fruitful comments.

FIG. 4. Zero-field magnetization of the screening solution a
function of the coupling constantVN . For l'20 nm, d
'3.5 mm, T51.75TA , andVSN0520.31 the magnetizationM0

} ln(VN) scaled logarithmically withVN.
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