PHYSICAL REVIEW B VOLUME 62, NUMBER 10 1 SEPTEMBER 2000-I1

Low-temperature magnetic penetration depth ind-wave superconductors:
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We report a theoretical study on the deviations of the Meissner penetration XgptHrom its London
value ind-wave superconductors at low temperatures. The difference arises from low-energy surface Andreev
bound states. The temperature dependent penetration depth is shown to go through a minimum at the tempera-
ture To~ Véo/N\oT, if the broadening of the bound states is small. The minimum will straighten out when the
broadening reaches§,,. The impurity scattering sets up the low-temperature anomalies of the penetration
depth and destroys them when the mean free path is not sufficiently large. A phase transition to a state with a
spontaneous surface supercurrent is investigated and its critical temperature determined in the absence of a
subdominant channel activated at low temperatures near the surface. Nonlinear corrections from Andreev
low-energy bound states to the penetration length are obtained and shown, on account of their broadening, to
be small in the Meissner state of strong type-Il superconductors.

[. INTRODUCTION given crystal orientation does not carry quasiparticle An-
dreev bound states, a nonlocal effect can take over as a cor-
The low-temperature behavior of the magnetic penetratiomection to the zero temperature penetration depth in the clean
length ind-wave superconductors is in general a great dealimit.?®> Then in other orientations which do admit Andreev
more complicated than that of their isotroggiavave cousins. states, the bound-state contribution and the spontaneous sur-
The changing sign of the order parameter, according tdace supercurrent in particular, can in turn overwhelm the
where one looks on the Fermi surface, entails coherent zeraonlocal effect. AfT~ T, the bound state paramagnetic con-
energy or low-energy bound statesdswave superconduct- tribution to A in the clean limit* is the order of the total
ors localized at smooth or almost smooth surfaces otondon penetration depth, from the screening currents. In
interfaces=® These bound states feature peculiar low-the absence of subdominant pairing channels, a spontaneous
temperature contributions to the magnetic penetration Iéngthsurface supercurrent brought about by the bound states may
(see also Ref.)8and the zero-bias conductance pek(see  arise below the temperatuiig, (Refs. 25,26 (see also Ref.
also Refs. 8—18 27 on a similar effect of spontaneous magnetization brought
A minimum in the penetration depth of YBauwO;_s  about by low-energy interface bound staté$aving in mind
films’ and grain boundary junctiofisvas thus interpreted as high-temperature superconducting compounds, we will dis-
evidence for low-energy Andreev bound states. A conveneuss strong type-ll superconductors. Th&g/{ ) is easily
tional shielding-current contribution to the Meissner effectthe order 0.01, and the low-temperature range splits up into
would obviously just monotonically reduce the penetrationat least three areas staked out by T, and T,o [Ts
depth when the temperature goes down. On the other hand,-a(&,/\ o) Tc<Tmo~ V(&9/N o) Tc<T.]. Quasiparticle scat-
paramagnetic contribution from low-energy bound states intering off impurities or surface roughness and inelastic pro-
creases the penetration depth. The interplay of these two efesses may also play an important role if they bring about a
fects amounts to a minimum in the penetration depth as Broadeningy of the bound states the order or greater than the
function of the temperature. The characteristic temperatureharacteristic temperatum@,, (Ts).
Tmo Of this anomaly is shown to be the ordg(&y/\o) T, We assume below that nonmagnetic impurities dominate
<T. if the broadeningy of the bound states is sufficiently the scattering and the broadening. Nonmagnetic impurities in
small. At this temperature region the bound state contribusuperconductors with an anisotropic order parameter are
tion to the penetration depth competes with the low-known to be pair breaking. They supprégsanalogously to
temperature correction from shielding supercurrents to itsvhat happens to isotropic superconductors with magnetic
zero-temperature value. impurities. Assuming superconductors always clean within
An alternative explanation of an upturn in the penetrationthe conventional definitioF<I, we disregard this kind of
depth is possible in compounds whose bulk paramagnetieffects throughout the article. Even then impurity broadening
properties grow when the temperature goes down, as in thef Andreev bound states in anisotropically paired supercon-

electron-doped cuprate superconductor piGe, 1:Cu0, . ductors can be significant. Since the broadening removes sin-
There the paramagnetism arises from°*Ndons!®-?> We  gularities in the density of statéfor instance & peaks from
will not discuss these compounds below. quasiparticle bound stateas well as in other related physi-

There is yet another important temperature associatedal quantities, superconductors can be sensitive to extremely
with the magnetic penetration depih~(£,/\o)Te. If @  small concentrations of impuriti€8 This is analogous to the
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role of pair breaking and small anisotropy of the gap in thethermal equilibrium. The quasiclassical propagator
Riedel anomaly in isotropic-wave superconductors. The g(p. x &) satisfies Eilenberger's equations, which have a
Riedel anomaly is associated with the BCS singularity in the, » » particle-hole matrix form

density of states. Pair breaking and small anisotropy of the
gap are known to wipe out the BCS singularity in the density

of states averaged over the Fermi surface, and control th%
height of the Riedel peak.

e - a
i8n+ EVfA(R)) T3_A(pf ,R)

The emphasis of the present work is on the various effects R R R
of broadening on the low-temperature anomalies of the —o(ps,R;en),9(ps,R;e,) | +ivi- Vra(ps,R;e,) =0,
Meissner effect. The zero-energy polelike term of what is
known as the quasiclassical Green’s function was exploited 1)
in the investigation. Broadening is introduced into the pole-
like term simply sliding the pole along the imaginary energy 92(p;,R;en) = — 72, )

axis. With small broadening, relatively simple expressions .
are found for the penetration length in the two lowest-wheree,=(2n+1)#T are the Matsubara energigs, the
temperature regions defined above.Tl,0)<y<T., the =~ momentum on the Fermi surface, the Fermi velocity,A

growing y can wipe out the low-temperature anomalies. Be+the vector potentialA the order parameter matrix, aadthe

ginning with the critical broadeningys, anomalies at jmpurity self-energy. A symbol with a hat denotes a matrix
Tsm) are fully destroyed. It turns out that unitary scatterersiy the Nambu space.

need to come with significantly larger scattering ratgg,, A 2
than Born impurities in order to achieve the critical broaden- The propagatog and the order parameter matdx pa-

ing ysm) - This effect is peculiar of the impact of impurities rametrize as

on the Andreev bound states as seen in the local density of g f 0 A
states and Josephson critical curréitbor this reason, the @:( and A:< ) 3)
requirements the mean free path must meet for the low- fr —-A* 0

temperature anomalies to show up are sensitive to th . :
strength of the impurity potential and very different in the The gap function (py ,R) is related to the anomalous Green

. . functionf and must be determined self-consistently. The di-
unitary and the Born limits.

For Born scatterers, the shortest normal-state impurin?90nal parg(pr,R,e,) of the full matrix propagatog car-
mean free pathwhich preserves the low-temperature upturn€S information on the electrical current density
at T~T,, is shown to be\y=<I. This looks quite restrictive
although conceivably compatible with the strikingly large j(R)=2eTN Y, (v1g(pr.R,en))s,- (4)
low temperature mean free paths in some Hhigh- €n
compounds®~3®For the spontaneous surface supercurrent iNereN,

the absence of a subdominant component at the surface, W@ anqq. .. ) means averaging over quasiparticle states at
find the threshold\§/&e=<I|. This demands extraordinary . f
tlhe Fermi surface.

clean samples not available for the time being. On the othe . L
h Let an anisotropic singlet strong type-Il superconductor

hand, the requirements set by unitary scatterers are muc . T .
weaker and probably can be met. In this case surface rougls?—CClpr the right half-space>0. A magnetic field is applied

ness is likely to control the broadening and the experimenta‘?'ong _the_z axis. The mdyced supercurrent _an_d th_e vector

observability of the effects. potential [in the gauge diA(R)=0 _and vanlshlng_ in the
We also examine what the Andreev bound states do to thQUIk] have onlyy components. The linear curre.nt-fleld rela-

nonlinear Meissner effect. At low temperatures T, the ton in general has a nonlocal form, i.ej(x)=

~ — [0 7Q(x,x" , T)A(Xx")dx'.
field Hy at which the nonlinear response of the bound state Jo QUxX', TYA(X")dx

S , .
. - oa For strongly type-Il superconductors with nodes in the
saturates in the clean liriftis much weaker than the one order parameter, a nonlocal current-field relation can be of

from the screening current. Ignoring the broadenlg.is 2  importance only at very low temperaturs T.?% Hence, a
linear function of the temperature. With<Ts, nonlinear  study of the penetration depth at low temperatufe T
effects from the bound states become important already i1 <T_may be carried out disregarding nonlocal effects.
the Meissner state. Close to the transition to the state with fhen a magnetic field enters into Eg) only together with
spontaneous surface supercurrent, a nonlinear term enterigge Matsubara frequencies,—i(e/c)v; JA(X) in the argu-
into the Landau mean-field free energy is important also in gnent of the Green’s function. The kerr@(x, T) can then be
weak external field. The broadening introduces another \yritten

field, ﬁy characterizing the nonlinear consequences of the

bound states atrT=<y. For sufficient broadeningrT <, 2ie®TN; ag(ps X, &)

+
- 2
we getH¢,<H, and the nonlinear terms are shown always Q(x.T) c n;_w Vi y(Pr) den S' (5)
to be small in the Meissner state. f

is the normal state density of states per spin direc-

In the presence of zero-energy surface bound states, the
polelike term in the propagator becomes dominating at tem-
peraturesT<T,. Surface bound states as well as their para-

Our considerations are based on the quasiclassical matriwagnetic response are localized on the scale of the coherence
Green function which describes quasiparticle excitations ifength at the surface, however, while the conventional

Il. THE UPTURN IN THE LOW-TEMPERATURE
DEPENDENCE OF THE PENETRATION DEPTH
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screening current has an avenue of the huge thickness of the o 1A (p.OlA(D:.O
penetration depth. That is why the zero-energy bound-state g (p;,x,e,)= 2ai |A(prO (Ef’ )| O(pr)

. . . . Os(Pr X, &n ~ ~ Ps
contribution to the penetration depth remains a small low- en  |A(p;,0)+|A(pr,0)]
temperature correction tog=»Ay(T=0) at all temperatures B
T>T, (in particular, afT~T,). The contribution from sur- xXexp — —2 JX|A(p x")|dx’
face bound states must be viewed together with a low tem- |vf,x(pf)| 0 f '

perature correction from the screening current as small low- 9
temperature imports to the zero-temperature London ©

penetration depthng. Then the total kernel of the form The effective surface order X i
. parameteX(p;,0)| intro-
Q(x,T)=c/47r>\(2)+ 6Q(x,T) includes only the lowest order duced in Eq(9), is defined d O

corrections in6Q(x,T).
Solving the Maxwell equation 1 2 % 2
[ -
0 Ve x(PY)|

X(p.0)| Vix(PD)]

1 4
A"(X) = 5 AX) ~ — QX T)A(X)=0 (6) y
o xf |A(py ,x’)|dx’)dx. (10
perturbatively with respect to the last term delivers a first °
order approximation to the vector potential Here we distinguish between incomipgand outgoingp;
guasiparticle momenta in a reflection event. For specular re-
A(x)=AO(0) exr{ _ i) B 277)\0J*°°dx, flection, the momentum parallel to the interface is conserved.
No c Jo Function®(p;) is equal to unity where zero energy bound

| | states occur on the Fermi surfagee., where the order pa-
X_X/ X, . . . .
Xexy{ -2 )5Q(x’,T)ex;{ ” ) rameter in the bulk taken for incomingt and outgoingp;

No momentum directions have opposite signand vanishes
elsewhere.
The kernel5Q(x,T) incorporates only a contribution from Substituting Eqg.(9) in Eq. (5), one can easily sum over
the bound states and a low-temperature correction from thghe Matsubara frequencies. Integration over the space coor-

screening current. dinatex in Eq. (8) then yields the penetration depth
The  penetration depth is defined asA
=[5 H(x)dx/H(0)=—A(0)/A’(0). Expanding this to T m2e?Ne\2

f

first order in6Q and extracting the low-temperature correc- MT):’\o+aT_)\oJFT()(sz,y(pfﬂvax(pf”@(pf)>Sf'
tion from the screening current for the case of a supercon- ¢ ¢
ductor with a line of nodes ¢ (12)

, TCA—°<T<TC.
47)\0 ” boun 0
C fo QMxTdx. () For a three-dimensional superconductor with a spherical

Fermi surface one has the relatior§=3c?%/(8me?vZN;).

Herea s a coefficient of the order of unity which depends onThen the coefficient in front of the third term in EQ.1) is
the shape of the Fermi surface and on an angular slope of tf&7/8Tv?. Analogously, for a simple model of a quasi-two-
order parameter near the nodes. For instance, for a quasiimensional superconductor with a cylindrical Fermi surface,
two-dimensionall,> 2 tetragonal superconductor with a cy- A§=c2/(4we2v§Nf) and the CoefﬁcienhmTVf,
lindrical Fermi surfacelwith a principal axisz) and order In particular, for adyz_y2-wave superconductor with a

parametenA (¢) = A COS(2p—2a), one getsa~0.32. cylindrical Fermi surface, we get from E¢L1)
KernelQ°°“"Yx, T) takes negative values. It is a paramag-

T
)\(T):)\OJF a)\OT__
C

netic contribution from zero-energy bound states to [&4. T Vi

One obtaing®""{x, T) from Eq.(5) substituting instead of A(T):)‘0+aT_c7‘0+6_T”S'n33| —|cos' ]|,

the full expression forg(ps,x,e,) only its singular part (12)
(polelike term) gs(ps,x,en). Associated with zero energy o

surface bound states, this term vanishes in the bulk on the Tc)\—o<T<Tc,

scale of the coherence lengtly. It has longer tails only
towards the nodes. Node contributions do not dominatewhereB= a+ (m/4) is the angle between the surface normal
however, in the following expressions. The presence of zeroand the direction to a node of the order parameter, while
energy surface bound states is crucial in the reasoning. Athe angle between the surface normal and the crystadline
sectors of the Fermi surface associated with a sign change akis along its positive lobe.
the order parameter in a quasiparticle reflection from the sur- We note that the correction from zero energy bound states
face, contribute significantly to the results. This allows us toto the penetration deptfthe third term in Eq.(11)] has a
neglect, to a good accuracy, the factor exgg/\y) under the  quite universal form. It is independent both of the spatial
integral sign in Eq(8). profile of the order parameter near a surface and its particular
The analytic expression for the polelike term has beeranisotropic structuréasis functions Therefore, this correc-
found in the clean limit and for a smooth surface in Ref. 36:tion depends only on the type of pairing, which determines
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regions on the Fermi surface with opposite signs of the order 01207
parameter. For example, expressi@g) is valid irrespective 0.115
of a particular form of a momentum direction dependence of
the basis function for al-wave order parameter of given
symmetry. ]
The ratio of a supercurrent density at the surface o100
jooudx=0,T) to the onejy(Xs,T) at a characteristic dis- gF' 0,095
tanceXg (£0<<Xser<Ag) from the surface can be estimated ]

0.110+

0.105

for a clean superconductdrat T<T, and a smooth surface ]

as [} X=0T)/js(Xser, T) |~ 47N Q™" {x=0,T)|/c %]

~T./T. This verifies that at low temperaturs<T, the 0080 7

paramagnetic curref®“"{x,T) dominates over the shield- 0.075 -

ing current near the surface within a relatively small charac- 0.00 005 010 ots 0.0 0.05
teristic scalegy,. T

The temperature dependent terms in Efl) behave in
very different fashions from each other. They come from the FIG. 1. Low-temperature correction to the penetration deipth
conventional shielding currents and from the zero-energynits of Aq) in a d,2_,2 superconductor with a cylindrical Fermi
bound states. Growing with decreasing temperature, the digurface and the orientatian=45°. The temperature is measured in
magnetic screening currents monotonically reduce the perinits of T.. The parameteg, /) is chosen to be=0.01, where
etration depth. On the other hand, Andreev surface-bounéo=(v:/27T.). The curves are given for three values of the broad-
states respond paramagnetically and increase the penetrati®fng: ¥=0.10T. (dashed ling y=0.15T; (solid line), and y
depth when the temperature goes down. Disregarding thg 0-19Tc (dashed-dotted line
broadening effects, Eq11) delivers the following estimate . )
for the field of the low-temperature minimum of the penetra-€xample, the low-temperature correction to the penetration

tion depth: depth is shown in Fig. 1 in the vicinity of,, for various
values of the momentum independent broadening.
& There are various contributions to the broadening of the
Tmo={¢ )\—OTC, (13)  bound states associated, in particular, with surface rough-

ness, nonmagnetic and magnetic impurities, and inelastic
where ¢ is of the order of unity for crystalline orientations scattering. We now pin-point the origin of the broadening,
with sufficient amount of momentum directions admitting assuming that nonmagnetic impurities dominate the scene.
zero-energy bound states. Otherwisés a small quantity. With Born scatterersy,~T./7 (see Ref. 2D and the
For a d-wave superconductot=||sin®g—|cos’B|"? and  coefficient of the order of unity can be estimated within the
vanishes foi3=45° (i.e., fora=0), when there are no zero simple model of spatially constant order parameter. Then we
energy bound states. easily get the shortest normal-state impurity mean free Ipath
Broadening of the bound states can substantially modifyvhich admits a low-temperature uptumg=<I. In high-
the conditions for the presence of a minimum in the low-temperature superconductors one should distinguish between
temperature dependence of the penetration depth. For a smhland the actual mean free path in the normal staté& .at
broadeningy(p;) <T. we simply replace the factor 4/ in  incorporating significant contributions from inelastic pro-
Eq. (9) for the polelike term with T/k,+ v(p;)sgn,)].  cesses. Impurity scattering dominates there at low tempera-
Taking into account the broadening Edl) is generalized to  tures already in the superconducting state where the collapse
the following form: of inelastic scattering takes place. For instance, below 20 K
in YBa,CusO,_ s there is a regime of extremely long and
2e2Nf)\§ weakly temperature dependent quasiparticle scattering
— times®~3®usually interpreted as due to feeble impurity scat-
tering in high-purity samples.
, 1 y(p) . For scatterers vyith sufficient _stfength of im_purity_ poten-
><<vfyy(pf)|vfyx(pf)|®(pf)¢/;’(E+ 5T >> ) tial there are practically no restrictions on the impurity scat-
m S tering rate in contrast to what was found above for Born
(14) impurities. For unitary scatterers with scattering ralgs
<T, the broadening of the zero-energy bound states is ex-
Here and below/(x) is the digamma function angt’(x) is  ponentially smalf® y,=BA,[,exp(~bAy/T',). A scatter-
its derivative. ing ratel”, which leads to a given broadening, is almost
Equation(14) is a reasonable representation of the role ofindependent of a constant coefficie®® in the pre-
a broadening in the low-temperature anomaly of the penetraexponential factor, while it is sensitive to the model depen-
tion depth. The minimum lies &8t,,~1.8V&/\oT, for mo-  dent parametds in the argument of the exponential function.
mentum independent broadening i@ 2 superconductor Within the simple model considered in Ref. 29, one dets
in the clean limity<#T with the orientationa=45°. With  ~1.
increasing broadening it drifts to lower temperatuitescom- For temperature¥ < JI' A, the share of the penetration
ing less pronounced at the same tmentil T,  depth from the shielding currents must be modified for uni-
~0.4J&y/N\oT, at y~0.96T 9, where it evaporates. As an tary scatterers. This leads instead of the linear term in Egs.

T

Tc CZT
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(8), (11), (12), (14) to a quadratic low-temperature correction perturbation treatment of the preceding section is not ad-

of the form\oT2/(I'Y?A3?) to within a factor the order of equate. In this context we develop an approach based on the

unity.3"3*CorrespondinglyT o given in Eq.(13) is valid for  integral form of Eq.(6) and take into account only the terms

unitary scatterers only i 0> VT Ao, which sets an upper in 6Q(x,T) brought about by the bound states. In other

limit on the scattering rat& ,<(&p/\o)Ao. words, a contribution only from the polelike term E®)
The T2 term instead of the linear one in E@.1) delivers  needs to be taken into account in ES) for the kernel

an estimate for the locatioR,q of the low-temperature mini- Which enters into Eq(6). The kerneldQ(x, T) varies on the

mum of the penetration depth modified by unitary scatterer§haracteristic scalé, and is associated in the clean liffit
with large contributions to the magnetic field at the surface at

I 516 & temperaturesT=<(&,/N\g)T.. We therefore disregard the
Tmd™~ o (T'wA) ™, Fu>)\_0AO- (15 nonlocal temperature correction from the Meissner current to
SQ(x,T).

This expression replaces E(L.3) in the case of unitary We transform Eq(6) into the integral form

scatterers with the scattering rdig> (&,/\g)Ag. The mini-

mum slowly drifts to higher temperatures with increasing A(X) =

I',. It does not melt away at anly,<T.. The normal-state

impurity mean free path must just be large on the scale of the

coherence length. X (eX'ho—g=X'Iho)
We conclude that observation of the low-temperature up-

turn of the penetration depth in samples withi\, is evi-

A(0)—

27N\ [+
7; OJ derboun(tX/,T)A(Xr)
0

e— X/)\O

dence for both Andreev bound states and a sufficiently large _ ZW)‘OJMdX/Qbounctxr,T)A(X,)

strength of the bulk impurity potential in the superconduct- c Jx

ing compounds. For unitary impurities one needs to take into (x—x)/\ xex")n

account the broadening that arises from surface roughness X(e 0—-e 0). (16)

which then very probably controls the total broadening. The

; The two terms on the right hand side of this equation obey
same effect with Born scatterers demands the normal-state . , . .
. , . _very different scales. The first decays exponentially in the
impurity mean free path larger than the London penetration : :
depth depth on the scala, while the last term vanishes fot

>¢, along with the kernel Q®°“"{x,T). The kernel

QPoU"{x=0,T) can be estimatetsee preceding sectipfor

SURFACE CURRENT 2mN3QP°""{x=0,T)/c~T,/T. Then, in accordance with
Throughout this section the broadening of the zero-energf -, (16)!2 the approximate formula[1—A(Xsc)/A(0)]
bound states is assumed small. We look at a carave  ~&oTc/NgT is established for a relative deviation of the vec-

superconductor with a smooth surface. Its crystal-to-surfactor potential A(Xsc) taken at the distancese, (§<Xsg
orientation shall admit zero-energy surface bound states ar@\o) from its valueA(0) at the surface. The deviation re-
feature an upturn in the penetration depth. Below the upturfiecting the bound state contribution to the vector potential
temperatureT o, imagine a great deal of space farto  turns out to be small at all temperatur€s (£5/A§) T, in
grow, first as described by the perturbative result 84). particular, forT~Ts~(&/N\g) T.. Varying on the scale,,
Then a second order phase transition occuralf<T,, small terms in the expression for the vector potential at tem-
into a state which carries a spontaneous surfac@eraturesl~Tg are of importance only when differentiating
supercurrent>~2 We shall find an analytic expression for A(x). After that they can already noticeably contribute to the
the transition temperature and discuss the impact of impuriexpression for the magnetic field.
ties on the effect. The transition implies the absence of sub- Indeed, a spatial differentiation of E(L6) leads to
dominant channels activated at low temperatures close to the 1 Drnn
surface on account of the presumably large surface pair _ = _em Of ot Abound  r /
breaking in the dominant component of the order parameter. HOO I [A(O) 0 dx' QX TA(X')
Otherwise a spontaneous current can arise at higher
temperature$38:526

There is experimental evidericr a phase transition on
the (110 surface in YBaCwO,;_ 5 at T=7 K
>(&y/N\g) T, . It was interpreted as associated with an acti-
vated near surface subdominant channel of the order
parameter. For some other crystal-to-surface orientations,
however, a subdominant component can be not present near X (e X Mho4 g~ (x=x")/Noy (17
a surfacé:*® Zero-energy bound states can still arise for a
noticeable part of quasiparticle trajectories. Our theoretical The second term in the square brackets remains negligibly
study is relevant to these cases. small ~ (£3T./\3T)A(0)<A(0) as compared witi(0) for

In order to find an equation for the transition temperatureT>(£5/\3)T,. The last term of Eq(17) is the order of
one has to admit a paramagnetic contribution to the penetrd£,T./NoT)[A(0)/\g]. For a deviation of the magnetic field
tion depth at least as large as the diamagnetic one. Thena x=X., from its value atx=0: [H(Xs)/H(0)—1]

X(ex’/)\o_ e—x’/)\o) e Xo

2 [+
_?f dX/QbOund(Xr,T)A(X/)
X
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~(&9T:./N\gT). Hence, the bound state contribution to the 26?No\, v(py)
magnetic field can be viewed as a small perturbation as com-Tg=——>— v%y(pf)|vax(pf)|®(pf)z,b’(5+ > )> .
pared with the shielding contribution unlegsT4. Consid- ¢ 7T/ | s
ering (gélhg)Tc<TsTs, we can discard the second term in
the square brackets but have to keep track of the last term in

Eq. (17). Choosingx=0 in Eq. (17), the small terms”/A, The broadening prevents the appearance of a spontaneous

in the exponential functions under the integral sign can be L
taken to vanish. For the same reason and within the Sam%urface current unlesg=(£,/Ao) T, . This is a very strong

accuracy one can treat the vector potential under the integré%sg;fgogh :;ni%rgs'gjprgg;ezuczr:ggrlrg:ﬁ :r:?a\?viﬂlr;?(’t rtehr?él
sign in Eq.(17) as constant in spac&(0) discarding small P P y y

terms in the vector potential which vary on the scéjeAll !ar.ge valges of the mean free pat§/§0~100\0§|, unreal-
this results in an explicit relation betweex(0) andH(0) istic for high-temperature superconductors. Unitary scatterers

and therefore impose a much weaker restrictiod” < ZbAolln[)\(Z)/
g(z)ln()\olgo)]~0.1Tc. Then, however, surface roughness
N probably dominates the broadening and can destroy the state
A= 0 ) (18  with a spontaneous surface supercurrent.

4oy [+
1+ — Of QPeund x Tydx
0

(21

IV. NONLINEAR MEISSNER EFFECT FROM LOW
ENERGY BOUND STATES
Proceeding as in the derivation of E41) above, we find
that the paramagnetitmegative sign of Q"' leads to a It is important in the derivation of Eq18) that the kernel
divergence ol at the temperature QPound yaries much faster in space than the screening cur-
rents. Then contributions of the paramagnetic current carried
m2e2N¢h ) by surface Andreev-bound states at temperatures
S:Tww(pf)|Vf,x(Pf)|®(pf)>sf- (19 (&,/\)2T.<T, can result in significant spatial variations of
the magnetic field near the surface while in the weakly spa-
For the modeld-wave superconductor with a cylindrical tially dependent vector potential. This leads to Erf) on
Fermi surface one gets from E€L9) the b_a5|s o_f the local current-fleld_ re_Iatlon.
It is straightforward to show within the same framework
that a nonlinear penetration depith,(T,H) incorporating
m&o, . - -
TS:K”SW B|—|cos B||T.. (20 contributions both fro_m screening currents and from zero-
0 energy bound states is described as

whereé&y=v/27T,.
; AT Hee)

The divergence ok implies the existence of a nontrivial Ni(TH) =
solution to Eq.(16) in a vanishing external magnetic field. i 1+4mN (T Hsed) [+ _oun '
Indeed, if we letH(0)=0, A(0)#0, then Eq.(17) trans- c J; QhMx, T)dx
forms, with the same approximation as above, into the rela- (22)

tion 1=—(4m\o/c) [ Q"{x’, T)dx’, which defines the

transition temperatur€; into a state with a spontaneous sur- where \3{(T,Hg.) is a contribution from screening super-

face supercurrent. currents ton,(T,H), taken at an effective value of the field
The nontrivial solution atTg is a result of interplay

between the paramagnetic supercurrent which originatesH .= H(0)— (4m/c) ¢ *H(x)dx[$ QP {x’ T)dx'.

in the zero energy bound states localized witldiyn on

the one hand and the diamagnetic supercurrent distributedere H(0) is the external magnetic field. The second term

over the regiorx~ X\, on the other. The latter compensatesdescribes the field of the zero-energy bound states inside the

for the magnetic field from the bound states at the surfacsuperconductor at distances=Xs. (£g<Xsr<Ag), as can

in order to satisfy the boundary conditions in the absence dbe seen in Eq17). A paramagnetic response of zero-energy

an external magnetic field. Thefi§ “j(x)dx=0 always ap- bound states@-?""<0) increases the field to be screened

plies being a consequence of the full screening of the sporby diamagnetic supercurrenf$ls.=H (Xs.)>H(0)]. This

taneous surface magnetic field in the bulk of a superconleads, in general, to more pronounced nonlinear terms in

ductor. Under this condition the Bloch theorem, in general\:{(T,Hg.,) as compared to disregarding the contribution

admits spontaneous surface curréiitShe magnetic part of from zero-energy bound states. In the case of spontaneous

the superconducting free energy (&) “[A’%(x)+ (4! surface supercurreri ., differs from zero even in the ab-

c)Q(x,T)A?(x)]dx vanishes al =T and becomes negative sence of an external field. We assume the conditibg

below T on account of negative sign of the paramagnetic<H.; for the Meissner state to be stable in the magnetic

kernelQP°"d(Gibbs and Helmholtz free energies coincide infield on account of a paramagnetic influence of the bound

zero external magnetic fieldThe result is an energetically states.

favorable state with a spontaneous surface supercurrent be- Small nonlocal low-temperature corrections to the pen-

low Ts. etration depth from screening currents can be taken into ac-

The broadeningy of the bound states modifies E{.9): count in Eq.(22) as perturbations ta;{(T,H). For a non-
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local current-field relation a penetration depth(T,H) is  In Eq. (24) the Fermi surface is assumed symmetric in re-
actually a functional of the spatial profile of the magneticflections across thgz plane. Then averages over the Fermi
field. surface of odd powers of;y vanish, no matter whether they
Nonlinear corrections from the shielding supercurrent toare multiplied by v »(pr)|© (pr) or not. This applies, in par-
the Meissner effect can be given in terms of the dimensionticular, to ad-wave superconductor with a cylindrical Fermi
less ratiop=(H/H;), whereH, is usually the order of the surface whose principal axisis parallel to the boundary for
thermodynamic critical field~®q/(\oéy). Hence, they are arbitrary orientations of the two other crystal axgs Y.
always small in strong type-Il superconductors in the Meiss- If (e/c)viA(0)<max(27T,y), one can expand the/
ner state. In isotropis-wave superconductors, the first non- function in Eq. (24) in powers of the small parameter

linear correction to the penetration depthp?. In supercon-  min[H(0)/H(T),H(0)/H,]. Considering nonlinear corrections
ductors with nodes in the order parametéor instance, o the penetration depth from screening currebssS and
d-wave a term linear inp can arise for particular crystal ), g stated \?, to be small, one can represent them in the

. . 41 .
orientations at IOW. _temperaturéos. The linear term, hO.W' first approximation as additive contributions to the total pen-
ever, is quite sensitive to nonlocal efféétand the impurity etration depthy . (T,H)~\(T) + AXS"+ AND, . The nonlin-
n ' n ni-

mfIgence, mpar?géjlar, at sufficiently large strength of im- ear correction from screening currents takes the form
purity potentials*®

A nonlinearity in the magnetic response of low energy N2(T
Andreev surface bound states has, in general, a very different ANS= (M
field scaleH,. In a clean limitHo(T) = (®oT/Nv¢), wherex No(T)
is determined by Eq.(22. At low temperatures

AT
N THO T

~ , QuantitiesA(T) and \y(T) being the zero-field values of
T<T. one always  gets HO(T)<?°' For instance, Ai(T,H), N37(T,H), respectively, satisfy Eq18). Bound
Ho(Tmo) ~ V(&0/No)Ho~0.1Ho, ~ Ho(T)~(No/MHe1  states renormalize nonlinear response from screening cur-
=H¢1~0.01H,. Moreover, at sufficiently low temperatures yents already in this approximation. Thus, the explicit analy-
T<Ts, i.e, well below the transition to the state with a gjs of AXS" can be done combining the results of the preced-
spontaneous surface supercurrent, a paramagnetic respoRse section and Refs. 41-43. Apart from too close to the
from the bound states may become seriously nonlinear akansition temperaturd’,, the nonlinear correction to the
ready in the Meissner statdo(T)~H<H.*>*" We will  penetration depth from the bound states is
show, however, that the broadening of the bound states in-
troduces a new field scald,=(y\o/T:A)H, coming into e'NY(T)N{H?(0) |
play at 7T=<1y. For y>(&y/\o) T.~0.01T, nonlinear cor- A)\m%_T<Vf,y(pf)|Vf,x(pf)|®(pf)
rections from Andreev low-energy bound states to the pen- 12m%c™T
etration length turn out always to be small in the Meissner 1 y(py)
state, even al=0. X lﬂ(3)<§+ ﬁ)> : (25)

As a polelike term Eq(9) decays exponentially on the St
scale ~ ¢, for almost all momentum directions admitting
bound states, we consider a local nonlinear current-field re- In the limit (e/c)v;A(0)>27T when the argument of the

lation ¢ function in Eq.(24) is large, we obtain
* ~boun _ eNs
j0=2eTN X, <vfgs< pf,x,sn—igvf,yA(X))> fo < d(X’T)O'X__A(O)<"f'y("’f”"f:x("’f)'
Sn Sf
(23 réer,y(pf)A(O)) >
AL A,
X O (pr)arcta YT .

for the current via the bound states. One can also set the
vector potentialA(x) in the kernel equal té\(x=0). Then (26)

we easily generalize the reasoning in the derivation of the

third term in Eq.(14). Substituting into Eq(23) the expres- Then the broadening rather than the temperature fixes the

sion Eq.(9) for the polelike term with the pole shifted in bound state contribution to the penetration depth.
accordance with the broadening, we find As shown above, there is no state with a spontaneous

surface current withy>Tg. Then\~\y and ev;A(0)/cy
<H(0)/H;. SinceH(0)<H,; in the Meissner state we es-

J:Qﬁ?”“(tx,T)dx timateev;A(0)/cy<1 and obtain in this limit from Eq(26)
2 2
ieNf b_47Te Nf)\O 2
:A(O) <vay(pf)|vf,x(pf)|®(pf) ANY= 2y '<Vf,y(l3f)|Vf,x(Pf)|@(pf)>sf
1 y(pr)ti(e/c)vey(Pr)AO) 4me*\gN{H?(0)
2 27T . e VPOV O (P))s,
f

(24) (27)
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For a given\S¥(T,H), Eq. (22) in general should be at temperaturesgf/\2)T,<T<[H(0)/Ho]T,. Since A\D,
solved with respect ta,|(T,H) in accordance with Eq24), s at least the order of,, we put here\:{(T,H)~ X\, disre-
sinceA(0)= —\,(T,H)H(0). This is particularly important garding small nonlinear corrections from the screening cur-
close to the transition temperatufig, where the Landau rents in the Meissner state. The approximate inverse propor-
theory of second order phase transitions is applicable. Thetionality of the penetration length the magnetic field implies
first nonlinear term turns out to be the order of the zero-fieldthe presence of a spontaneous surface magnetization weakly
paramagnetic contribution in the denominator in E2Q). dependent or.

Ignoring a weak field dependence)df;(T,H) stipulated by
screening currents, we obtain from Eq22), (24) the fol-

lowing equation forn,(T,H): V. CONCLUSION

We have examined the paramagnetic contribution from
(1—1)K7\n|(T,H)+77H2?\§|(T,H)=7\ﬁfr(Ts), (29) surface zero-energy Andreev bound states to the ]ow—
Ts temperature penetration lengthafvave superconductors in
whereH=H(0), th_e _Meissner state. The paramagnetic current is localized
within several coherence lengths near the surface and grows
NS N, larger in.the clean limit when the temperatgre goes d(_)wn. A
= broadening of the bound states chokes their contribution and
1272c TS determines their actual role in shaping the penetration length.
We found that the upturn in the low-temperature penetration
X<V?,y(pf)|vf,x(pf)|®(pf) depth lies a_tTm0~\/_§0/)_\oTc in the clean limit where the
paramagnetic contribution from the bound states can be
1 (p) handled with pertu_rbation theory same as small low-
><z/;(3)(—+ )> , temperature corrections to the penetration depth from the
2 2mTs) [ screening current. The minimum broadening capable of
straightening out the upturn ig~T,,.
Furthermore, we examined the penetration depth when the
bound states must be kept track of beyond perturbation
T=Ts theory. A divergence ok(T) was found at the phase transi-

T, is described by Eq(21) and T(T) is the result of the tion to a state with spontaneous surface supercurrent. This

substitutionT.—T on the right hand side of Eq21). The ~ lansiion occurs only with ~smallish broadeningy

o - © . <(&/No)T¢. In the clean limit* and at low temperatures,
broadening is aggumed to be sufficiently small for adm'tt'n%erg isoa rclonlinear regime of the paramagnetic current al-
the phase transition.

The role of the order parameter in the ph transition ready in magnetic fields substantially weaker than the fields
b Ie odebo € cr)f N Fr)r? an etig tion € phase ransition Cag, . yne nonlinear effects to show up in response of shielding
€ played by a surtace magnetizatio supercurrents. The broadening of the bound states modifies

dT4(T)
o dT

K=

mszfgm[M(x)— M..Jdx=(1/c) [ ¢ “dxxjs(x) and wea_lk(_ans the n.0|_"|l|near response. _ _
Specifying an origin of the broadening as associated with
=(L4m) [ ¢ H(x)dx=(1/4m)\y(T,H)H(0), nonmagnetic impurity scattering, we obtained restrictions on

hich. for simolici h . | the mean free path admitting the low-temperature anomalies.
which, for simplicity, we choose constant in space along ar. conditions turn out to be sensitive to the strength of the

SmeOth sgr_f{acg. The magnetizatibhenters by the conven- impurity potential and very different in the unitary and in the
tional definitionj =c curlM, andM..=—H(0)/4w. Thenthe g4 jimits. The Born impurities are shown to easily prevent
Landau free energy per unit surfadg which leads to the  he anomalies of the penetration depth taking place at least
same equation foms as implied in Eq(28) has the form \ye|| pelow T,,. By contrast, unitary scatterers with suffi-
T ciently small normal-state scattering rdfg<<T. admit the
]—‘S:Zy<— —1|m2+Bmé—mgH, (29  transition to a state with spontaneous surface supercurrent at
Ts T~ (& /Ng)T.. In the latter case, however, surface rough-
whereZz:ZWK/)\ﬁfr(Ts), Z%=167r377/)\§fr(T5), H is the ex. Ness very probably dpminates the broadening and controls
ternal field. As for a conventional order parameter in a stron he bound state contribution to the low-temperature penetra-
field near T, one gets mg(Ts,H)xHY3 which entails " length.
Ani(Ts,H)ocH ™25,
Finally, in the limit of very small broadeningy ACKNOWLEDGMENTS
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