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Predicted giant magnetic moment on nonfnOm} surfaces ofd-wave superconductors
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It has been noted that the sizable areal density of midgap states which must exist on gn@mérsurface
of ad-wave superconductor can lead to a giant magnetic moment. Here we show that this effect is observable,
and discuss two precise ways to observé jtby directly measuring magnetic moment in a system with a large
density of internak110 surfaces, ofii) by performing spin-polarized tunneling on{@10 surface. In both
cases, a sufficiently large magnetic field should be applied il[]]tE@] direction. Observing these predictions
in high-T. superconductors can provide a strong confirmation ofdtlve scenario for such materials.
[S0163-182699)50942-9

One of us has noted previouSlyhat the sizable areal (including screening current effegtdn the gauge in which
density of midgap state@MS’s) which must exist on any the pair-potential order paramet&ris real, this effect is due
non{nOm} surface of ad-wave superconductofDWSC)  to a vector potentiah alone. The MS’s acquire energy shifts
(with n andm integers or zerpcan lead to a giant magnetic proportional to their momentaalongA. At sufficiently low
moment(GMM). The MS’s are topological signatures of un- T || occupied MS’s have the same signlofin the WKBJ
conventional pairing symmetry. They are nearly diSperSionapproximation and neglecting the spin shifaplying a para-
less quasiparticle states, characterized by momenta along thﬁ‘agnetic equilibrium current. Higashitdnihus proposed

surface ranging from-kg to ke (ke being the Fermi mo-  yhar this effect could account for the observed “paramagnetic
memtum), but all with the same “zero” energy as measured \jqissner effect.® Another predicted consequence is a low-

frtortn the Felrmldetnergfnn the \GVKB‘.],[ ap?r()tﬁggtét)m Thkes?[ temperature anomaly in thab-plane penetration depthy,
states can lead to a narrow density of s peak at | .ot has been observed.

the Fermi energy, where the integrated bulk DOS dips to Both types of energy shifts are really present at the same
zero. One of the observable consequences of these MS’s tis Thus it is i Lant t timate their relati -
therefore a zero bias conductance péaBCP) in single- Ime. Thus 1t1S important to estimate their refative magn
particle tunneling;® which has been observed ubiquitously “%des: We find that Fhe concl_usmr_] depends crucially on the
in high-T, superconductor§HTSC’s for more than a de- direction of B. Cons[der a tr_uck single-crystal slab with a
cade.(See Ref. 3 for a reviewSeveral carefully controlled 1110 surface, and witt applied parallel to the surface. &
experiments performed recently strongly supported the cons along[001], the screening current is alofg10], which is
clusion that the ZBCP’s observed in them are due to sucldenoted as thg axis, with thex axis perpendicular to the
MS’s* Many other consequences of the MS’s have beerurface a=0. The spin shift has essentially the magnitude
predicted including a contribution to Josephson tunnelfng, xB. (u, is the Bohr magneton. The orbital shift

a paramagnetic Meissner efféét,and a low-temperature follows from first-order perturbation theory, giving

anomaly in the penetration depgthatc. The GMM is alsoa _ 1/c){j-A(x)), wherej is the current density operator. In
consequence of the MS’s, which has not yet been looked for (1) AC9), J y op :

experimentally, perhaps because no detailed analysis hA3€ 9auge in which is real, A(x) = — B apeXp(—X/Aan)€
been made on whether and how it can be observed. ThusA(0)=—B\ g€y, because the MS's are localized within
here we perform such an analysis. roughly one coherence length,~15 A from the surface,
An applied magnetic fiel® can have two simultaneous which is much smaller tham ,,~1500 A. (For the same
effects on the surface MS%"° (1) Spin shift: The MS’s are  reason the spin shift sees simply the applied fldThus
spin eigenstates. The fieBlcan cause the MS’s of one spin the orbital shift is=(e/m,,c)kB\,,. The ratio between the
to shift above the Fermi surface, and those of the other spimagnitudes of the orbital and spin shifts is n2y(
to shift below. If the orbital shiffdescribed beloycan be  m,;)(|k|\,p). The mass ratian,/m,, is probably less than
neglected, then, when the magnitude of the spin shifts growanity by a factor larger than 0.k ranges essentially from
past(i) the width of the MS’s peak in the DO$i) any small —kg to kg, and kg should be somewhat less thar2a,
nonzero energies- A3/Er of the MS’s, andiiii) the thermal ~ wherea is the lattice parameter in theb plane. Thus this
energykgT, a measurement of the total magnetic moment ofratio is around 200, showing that wihalong[ 001] the spin
the system should exhibit a saturation phenomenon of a maghift is negligible in comparison with the orbital shift, and
nitude proportional to the total number of MS’s on the sur-the previous analyses of the consequences of the orbital shift
face. This is referred to as GMM in Ref. @) Orbital shift  without considering the spin shift is justified.
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Next, letB be along 110]. The screening current is then With B along[110] and the orbit shift neglected, the ZBCP
along[001]. The same ratio in the simplest estimate is nowshould split into two peaks at nonzero voltages where the
2(me/me) (k). The London penetration-depth formula Fermi level of each spin species My, matches the shifted
implies thatmcoc)\g. Thus this energy-shift ratio is reduced energy of the MS’s inSy of the same spinThe relative
from the previous one by a factok{,/\.), which is~1/50 heights of these two peaks should depend directly on the spin
for Hg-1201** A more careful estimate, taking into account polarization inNg,. Below we make these statements more
(i) the tight-binding nature in the direction, and(ii) a k, quantitative by considering the effects of finite peak width
range from— 7/c to /¢ with c/a~3, reduces the energy- and temperature.
shift ratio to=<2. We shall see that this is quite sufficientto ~ We assume, for simplicity, that both sides of the junction
allow the GMM to be observed. On the other hand, by form-have the same carrier type and density, and the saroe
ing NS superlattices, it should be possible to increasepy ~ dimensionalband dispersiorfwith HTSC’s in mind. We
another factor of 10 or larger, then one can even explore thalso assume that the carriers are electrons with charge
regime where the orbital shift is negligible. Below, we first <O and a gyromagnetic ratig=—ge/2m,c with g=2.
consider the effects of a spin shift alone, and then commeritater we will comment on the effects of replacing these as-
later on the effects of a simultaneous orbital shift of a com-sumptions by more realistic ones, such as a three-
parable magnitude. We shall discuss the spin magnetizatiotimensional band dispersion fd¥s,, and different carrier
first, and then the spin polarized tunneling conductance. Wé&/pes and densities in the two sides of the junction.
believe that the latter is a very promising way to see this The zero-field polarization iy, is defined to be
effect.

Consider first the spin magnetizatitvh (which we define P=(n;—n)/(n;i+n)), ®)
as the magnetic moment per unit area per £pfane. With  \yhere n_ is the density of spirs electrons atB=0. We

iderP>0. The zero-field Fermi energies for spEn-

M(x)=— T(x X)) — (T (x X)) 1, 1 const 9

(0=~ wal 10091 00) = (w104, O] (@) electrons inNg, can then be expressed & YE =1
wheres(x) is the field operator of spis-electrons, its main | ¢p [s=1(—1) for spin 1(])], where E(FO)Z(E(FO)T
contribution from the MS’s follows easily from a perturba- ; o, - '
tive treatment of the Bogoliubov—d)é Genne?ﬁdG) +E(FO'1)/2’- a_nd s equal t_o the Ferml_ energy n S duc_a tq

tion23 which gives our simplifying assumptions. The single-particle excitations

equations, 9 in this system are governed by the BdG equatiGns,

M (X) = od(1oB) f(X), ) U J
BN
\" \%

whereHy(x) is equal top?/2m+su,B—EL) for x<0 (i.e.,
3 in Ngp, valid for EQ%}MOB. only), and to p?2m
+sugB(x)—Eg for x>0 [i.e., in Sy, B(x)=B for the

AA

ith -
Wi AR,

1
w+E+id w—E+id)’

* dw
g(E)=f_ Ztanr([g’wIZ)lm(

ke dk MS’s]. The pair potential vanishes irfNg,, and is assumed
f(x)=f 2—[|uk(x)|2+|vk(x)|2], (4)  to bexindependent ir§y. (Its self-consistency need not be
—kg €T considered, for the MS’s are topologigat. is the quasipar-

where 8= 1/kgT; uy(x) andv,(x) are the electron and hole ticle energy measured from the chemical potential, which is

components of the wave function of the MS of momentum = Er because we take the bottom of the conduction band in
alongy; and 6>0 takes into account a finite lifetime due to Su 0 be zero. The bottom of the conduction band of each
surface andfor bulk scatterings. In the limis—0* spin in Ng, is then not zero, and has been absorbed in the

g(E)—tanh(8E/2). In generalg s a function of bothgueB  definition of Eg’g In momentum space, thewave pair po-
and 84, and is a monotonically decreasing functionToat  tential A(kg) is taken to bed,cos(2—2a), whered and «
any givenB and 8. The largest value fog is unity, corre- ~ are the angles tha¢: and the crystaa axis make with thex
sponding touoB>{é& and kgT}. Then the total magnetic axIS. W_e considerae= /4. At x=0 a S-function _bame_r,
moment per Cu@ plane, associated with the MS’s on one Ho(x), is assumed.. All wave vectors are two dlmen5|onal
{110 edge of the plane, obtained by integratigx) overx ~ due to our assumptions. INs,, the two-component quasi-
andy, is equal to (Z,/\g)uo. That is, for every Fermi particle wave function is, aside from a factor expy),
wavelength on eachl1Q edge of a Cu@ plane, there are B
two MS electrons contributing to the GMM. This is the V= Vs, 8sP-sk, ™ bS‘pS’—qx’ @
maximum magnitude of the saturation phenomenon men- _ T . 1 .
tioned earlier. To observe it directly, however, one needs tr})/vherews,qx— wSeXpG?)XX)/ |qu| W'Fh ¥1=(o) for aspin-up
drastically increase the surface to volume ratio in the samplegl€ctron, and ¢ =(3) for a spin-down hole, andvg
The approach adopted in Ref. 9, where a sample is irradiated de/dq, is the group velocity. The first term in the right-
with ions along[110] in order to create a large number of hand side of Eq(7) expresses the incoming quasiparticle
straight tracks, might offer some hope. with spins and wave numbeq, normal to the interface. The
Next we consider tunneling between a spin-polarized norether two terms correspond to Andreev and ordinary reflec-
mal metal (g, (i.e., a ferromagnetic metal or a half- tions, respectively, withag and bg their respective coeffi-
metallic magngf) and a DWSC §y) with a {110 surface. cients. Equaion (6) gives ﬁ2q§/2m=E(F‘?)s— SuoB+se
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FIG. 1. Normalized tunneling conductanGebetween an unpo-
larized (P=0) normal metal and d-wave superconductor with a
{110 surface, as a function of voltagg for B=0, T=0, andB (b) 1,B = 0.034,
=0.03Ay/u at three values of. The interfacial barrier parameter P
Z=5. Only the contributions from the midgap states are included. 75

0.3 T T T

—h%g5/2m, and A2kG/2m=Eg o+ suoB—se—h%gj/2m. 0.2

The transmitted wave iBq is a linear combination of outgo-

ing waves(from the interfacgthat are solutions of the BdG 0,

equations for a bulk DWSC. Matching the wave function at

the interface givesg, bg, and other coefficients in the trans-

mitted waves. 0.1
The tunneling conductand® (normalized to unity aEg

>eV>A, whenT, P, andB are all Q is calculated using

the Blonder-Tinkham-Klapwijk formalisri**°
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FIG. 2. Similar plots forG except that the normal metal {g)
) 50% (P=0.5), (b) 100% (P=1), spin polarized. Only th&+0
case is plotted since tH@=0 case is practically independent Bf
where ¢ is the angle betweeq and thex axis, €(s,q, @) is
given in the previous paragraphge=(2mE:)*4%,  crease in the tunneling current, or a conductance peak. If a
f(e)=1lexpeksT)+1], and Ac=|a,|?, Bs=|b¢|>. For nu-  negative voltageV is applied betweerN, and S, the
merical calculation, we taka,/Er=0.08 as a typical value chemical potential i\, is increased by|V|. When it ex-
for HTSC's. The dimensionless barrier parameterZis ceedsuoB, The spin-up electrons iNg, can then tunnel into
=H/hJm/2E¢.** Figure 1 givesG as a function oV atZ  the empty spin-up MS'’s 8y, leading also to a peak i6.
=5, forB=T=0 and foru,B=0.03A,, kgT=(0, 0.2, and Figure 2a) gives a similar plot foiG at P=0.5 (without
0.4)uoB, for a nonmagnetitNg,, P=0. At B=0, we get the B=0 case, which does not change wi#). The two
the ZBCP as observed in many experiments.BA0, the conductance peaks a¢V==pu B now have different
conductance peak splits into two peake&t= = 1oB which  heights. The peak associated with tunneling of spin-down
correspond to the energy levels of the surface states of diklectrons is lower, because their Fermi velocityNg, is
ferent spins in the superconduc{@C). smaller.(The DOS in two dimensions is a constant of en-
At uoB>(kgT and the peaks’ width the spin-down sur-  ergy, otherwise there would be another source for the height
face states with energy=—puB are occupied with elec- difference) Figure 2b) givesG whenN, is fully polarized,
trons, whereas the spin-up surface states at eneygyB are  P=1, as found in some half-metallic magné&tsn this case

empty. As a voltage/>0 is applied betweeiNs, and Sy, only one peak appears, which is associated with the tunnel-
the chemical potential ilNg, is lowered byeV. The spin-  ing of spin-up electrons.
down electrons in the surface statesSjwill tunnel into N, The absolute heights of these peaks have meanin@, as

only wheneV increases pastyB, leading to a steplike in- has been normalized. Note that the conductance peaks are
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higher for largeiZ. At the same time, they become narrower. which can be simulated with an effective Even when the
This is because, for higher barriers, the lifetimes of the surearriers inSy are holes, and those N, are electrons, we
face states iy become longer, and there is a sharper resostill find no essential change in our predictions.

nance between the particles frafy, and the MS’s inSy. In summary, we have analyzed in detail the giant mag-
Therefore, to detect the GMM this way, it is preferable tonetic moment that can result from the midgap states on the
work in the “tunneling limit,” i.e., when the interfacial bar- {110} surface of ad-wave superconductor. With highs su-
reris h'Qh- ) ) perconductors most likely having-wave pairing, this pre-

A typical value forA, in HTSC's is about 16.5 meV. gicted giant magnetic moment should be observable either
Then to reach the energy 08 the magnetic field needs to girectly in samples with a high concentration of internal
be around 8.6 Tesla. In addition, 0£3in temperature is {110 surfaces generated by ion irradiation, or, with better
about 5.7 K. To measure such an energy shift, the experpromise, by measuring the tunneling conductance between a
ment should be performed at ||qU|d helium or lower tempera'spin_po|arized normal metal and a hig'la_superconductor
tures. with a {110, surface. At a large enough external magnetic

I ant _orté)ri]tal Shift oftthhe samr(]a ordEr "?‘"Sbthe spin ?giﬂ iSfi Id applied anng[lTO], and low enough temperature, the
present in the system, thén each peak will beCOMe WIGEr anflg op i shown to split into two peaks, with their relative

3_p$r?jx;]mately ret(_:ITanbgularlyblshaped._f?ﬁt the _eﬁects g;eﬂeights determined by the polarization of the normal metal
cted here are Stll observable, even 1T the maximum orbita, o -5 ,se each peak is associated with a single spin. Since

shiftis, say, three times Igrger than the spin shift. CorreCti.OQhese predicted effects are rather difficult to simulate with
to the WKBJ approximation has been neglected, Otherw's%ther physics [such as the Appelbaum-Anderson

“OB might ha_ve to be_larg_er to see thls_effebi\ccurate mechanisn? as an alternative possible explanation of the
estimate of this correction is difficult, but it is of the order observed ZBCRRef. 3], observing these predictions can
2 . ’
Ad/Ee.) , o o , provide a particularly strong confirmation on the existence of
If the carrier density ilN, is different from thatirSy, or  the midgap states and unconventional pairing, and remove

if the band dispersion relations of the two sides are differentany remaining suspicion that the observed ZBCP’s might not
then the main effects, as far as we can see(iagechange in - " que to the midgap stat¥s.

the absolute magnitude of the tunneling conductance which
does not affect the normalized conductan(@g;a strongeiP This work was supported by the Texas Higher Education
dependence due to the energy dependence of the DA in  Coordinating BoardGrant No. 1997-010366-029and by
(without changing the limiting behavior &=1); and(iii) a  the Texas Center for Superconductivity at the University of
change in the ordinary reflection coefficient at the interfaceHouston.
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