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Local antiferromagnetism in high-T . cuprate superconductors and the magnetic phases
of U-based heavy-fermion compounds
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We investigate the possibility of the local induction of the antiferromagnet®#) in high-T, supercon-
ductors and U-based heavy fermion compounds. In the former case, assumigakie superconductivity in
the bulk system, we find that AF can locally appear around surfaces and impurities and can coexist with the
d-wave superconductivity. The induced AFeshancedear the surface by the presence of superconductivity.
Furthermore, the zero-energy bound state nea(lth® surface ofd,2_.-wave superconductors is split by the
local AF, as was observed in YB@u;O;. We also show in a model that this phenomenon is mathematically
equivalent to(1) the surfaces+id-wave superconductivity, which has been also proposed in the Thigh-
cuprates, and2) the local AF in the unconventional spin-density wave, which has been proposed as a candi-
date for the magnetism in UR8i,. In particular, the cas€) can explain the recent experiment for UiSip,
which observes that the temperature at which the antiferromagnetic moment appears is lower than the phase-
transition temperatur¢ S0163-18209)01846-9

[. INTRODUCTION be locally induced as the second-order parameter near sur-
faces and impurities in the high: cuprates. We also men-
Thed,2_2-wave superconductivity is the most promising tion that a phenomenological Ginzburg-Landau theory being
pairing state in the high-, cuprates. In this anisotropic su- based on the S@B) theory predicts the local AF in vortex
perconductivity, the order parameter can be suppressed neasres'? Motivated by these circumstances, we investigate
surfaces within the order of the superconducting correlatiorthe local induction of AF in inhomogeneouk:_ 2-wave
length. Then, a second-order parameter that is insensitive &uperconductors. We microscopically show that it is really
the surfaces can appear near the boundaries, even if it gossible, and furthermore the induced AF is enhanced by the
completely suppressed in the bulk system. Indeed, a recestiperconductivity. It is also shown that the AF causes a split
tunneling experiment for YB&Zu;0; observes a split of the of ZBCP as observed experimentally.

zero-bias conductance pe4EBCP) at low temperatures, Besides the higfi-, cuprates, the second-order parameter
which implies the local induction of the second-orderis also expected in the magnetic phases of the U-based heavy
parametef. fermion compounds URtand URySi,. Their extremely

As a candidate for the second-order parametavave  small antiferromagnetic moments (0.02—0.@4B) imply
superconductivity has been studied so%arin this case, the that AF may not be the dominant order parameter but a sub-
s+id,2_,2-wave state is realized near thELQ) surface, ifa dominant one. Indeed, a recent neutron-scattering experi-
weak s-wave interaction is assumed. Then, it is shown thaiment for URySi, shows that the temperature at which the
the zero-energy bound state that appears near the surfacedrdered moment appears {omen) iS lower than the phase-
the pured,2_,2-wave superconductivity has a finite energy transition temperaturé = 17.5 K13
as observed experimentafly. However, the origin of the A possible state of this curious magnetism is theave
assumed-wave interaction is unclear. Since the cuprates haspin-density wavéSDW), which is just the SDW version of
a strong on-site Coulomiepulsionat copper sites, the ordi- the d-wave superconductivity#~*® This novel SDW can ex-
nary on-site pairing is not favorabfeAlthough the other plain various anomalies that are observed in this
kind of symmetry, such as thé,,-wave one, has been also magnetism® On the other hand, since tdewave SDW does
proposed, a reliable source interaction has not been clarifietiot show any magnetic ordering, the presence of the tiny
yet. moment itself cannot be explained by this state only. How-

The second-order parameter is not necessarily a kind afver, If AF can be locally induced as a second-order param-
superconductivity. In particular, the high- superconductor eter, it may explain the weak AF. In this paper, we prove by
is known to have a strong on-site Coulomb repulsion at copusing a particle-hole transformation that the surface states in
per sites, and the superconducting phase is near the antifé¢he d-wave superconductivitystid and AF-d) and the
romagnetic one. Even in the superconducting phase, a strorhigcal AF in thed-wave SDW are mathematically equivalent
antiferromagnetic spin correlation still remaihk addition,  to one another. Thus the local AF can be really induced in
it has been clarified that the antiferromagnetic spin correlathe d-wave SDW. Then we find that it can explain the ob-
tion is enhanced by nonmagnetic impuritieg1nthe normal  served difference betwe€elomenc@nd T .
state of a two-dimensional Hubbard mo8eind (2) various This paper is organized as follows: We present our for-
Heisenberg spin systerist! Then, we can expect that, in- mulation in Sec. Il and show results for tig2_ 2-wave
stead of the superconductivity, antiferromagnetigfR) may  superconductivity in Sec. Ill. We discuss the mechanism of
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the local AF and relation to various surface states in Sec. IV
where the local induction of AF in the-wave SDW is also
discussed. Finally, we summarize our conclusions in Sec. V.

Il. FORMULATION
A. Model Hamiltonian

We start with the case of the high: superconductivity.
We consider the simple model on a square lattice, which is
described by the Hamiltonian

H:_t<ij2> CiT(er(,.“‘Vszi niTnil_Vdsz) niTn”-i-Himp

_MZ Nig,

lo

(2.7

wherec/ is an electron creation operator at ftie site, and
n,=c! ci,. In the first term in Eq(2.1), t is the nearest
neighbor hopping, and the summatigij) is taken over
nearest-neighbor sites. In the following, we patl as the
unit of energy. The second and the third terms describe the
on-site Coulomb Ys>0) and the nearest-neighbor pairing
(V4>0) interactions, respectively. In this paper, we consider
the half-filling so that we put the chemical potential
=V,/2. Then theV, term favors AF, while thel,2_>-wave
superconductivity is realized by thé; one!’

A surface is described by arranging nonmagnetic impuri-
ties with a large potential energy. It is given Wi,
=UZ ¢ surfacegNio - IN OUr calculations, we pui=10°.

Let us apply the mean-field theory to EQ.1). Introduc-
ing the superconducting order param_etetﬁ'dl =
—Vg(cj Ciy), and the antiferromagnetic onag=—(Vy/
2){((nj;—n;|)), we obtain the mean-field Hamiltonian as

HMF: _t<% CiT(er(r—i_Ei Ais(n”_nil)

0.3
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FIG. 1. Spatial variations dk; andA4 at T=0.01 {=1). The
figure is aty=1. In this case, the impurity site is at=1 (left
edge, andx=27 (right edge, which is equivalent tox=1 due to

the periodicity.(a) (100 surface.(b) (110 surface.(c) ZS for vari-

+<Z> All(cficl +h.c)+Himp. (2.2
i

ous cases.

B. Numerical calculation

The phase oA!} can be chosen arbitrarily in the present case We determine the spatial variation of the two order pa-

so that we have put it real. Equati¢®.2) has a bilinear form
so that it can be diagonalized by an appropriate unitar
transformatiort®

It is convenient to introduce the magnitude of,

~ V,
AS(X,y)=—(—1)X+y?<n”—nu>, (2.3

wherei=(X,y) is the position vector of theth site.(We put
the lattice constant unityWe also define thel,>_2-wave
order parameter at th¢h site by

- 1 .. - i, .
Ra(xy)=Z(A5 "%+ A *=A"9=A"%), 24

wheree,(v=X,Yy) expresses a unit vector in thedirection.

(In the homogeneous case, e _,2-wave order parameter
e iit+eg ii—e ii+eyy ii—ey

satisfies Aj " *=A ] *=—-A; Y=-A; 7.) We use

these two quantities in the following figures.

Ill. RESULTS

superconductivity

rameters self-consistently. We pyé=2 andV¢=1.5 so that

¥he transition temperature of tlg2_ 2 superconductivity is
higher than that of AF. In this case, the latter is completely
suppressed by the former in the homogeneous system. The
system size is 2826, and the periodic boundary condition

is imposed. We have ascertained by examining larger sizes
that the finite size effect is weak in the following results. The
(100 surface and th€110 one are, respectively, described
by putting the impurities akx=1(y=1,2,...,26) andy

=X.

A. Surface antiferromagnetism in d,2_,2-wave

Figure 1 shows the local induction of AF near €0
and the(110) surfaces in thel,2 ,2-wave superconductivity.
Near the(100 surface, AF is still suppressed completely. On
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FIG. 2. Temperature dependenceZf in the bulk system and
A, at the nearest site to ti&10) surface. In the figure, “impurity”
is A at the nearest site to one impurity.

FIG. 3. Spatial variations ok, andA4 around one impurity at
the other hand, it appears near {140 surface. Since the (x,y)=(13,13). We puff=0.01.

superconducting correlation length is short in the present

case (~4),?! the region where thé-wave order parameter is the superconducting density of stat@S) near the surface
suppressed is not so different between {60 and the and the impurity’? Thus AF can appear by using this in-
(110 cases. Thus we find that the suppression ofttheave  duced DOS. Since the peak intensity is stronger near the
state itself is not a dominant reason why AF is induced. (110 surface than near the single impurity, the induced AF
Since the surface AF is inhomogeneous, a finite magnetiis stronger in the former case, as shown in Fig. 2. On the
zation appears near the surface. We also find in Rig.that  other hand, since the zero-energy bound state is absent in the
A, at the nearest site to the surface=(2) is larger than the case of the(100 surface, DOS near th€100) surface is
ones in the cases when the superconductivity is absént ( Simply suppressed below the energy gap as in the homoge-
=0). [Although the difference between the cases(tf0)  neous case. As a result, AF is not induced around10€)
(V4=2.0) and(110/(V4=0) is not clear in Fig. &), Ay(x  Surface.
=2)=0.312 in the former, while 0.294 in the latfpr. We note that,_ althqugh the fa_ct of the enhancement of the
Namely, in contrast to the bulk system, AFéahancecby antiferromagnetic spin correlation is the same among the

the superconductivity near thig10) surface. We will discuss Present case arlclilthe_previous ones that were mentioned in
this enhancement later. the introductiorf 1! their mechanisms are different from one

another. (1) In the case of the normal state of a two-

Figure 2 shows the temperature dependenca oét the di : .
. - imensional Hubbard mod&Ithe local DOS is enhanced
nearest site to thé€l10) surface. This figure shows that the near an impurity by the Friedel oscillation: the enhanced

local AF does not appear j.USt below the transition temperaDOS increases the antiferromagnetic spin correlatignin
ture of the superconductivity. It appears at the temperaturg - <o of the Heisenberg spin systéma jmpurities lo-
that is slightly higher than the transition temperature of AF “ : .

. s . ally suppress the ‘“resonating-valence-bond”; the suppres-
in the case when the superconductivity is absent. This resug y supp ng-v ' upp

also indicates that the superconductivity assists the local ir\;ggrlezdrzjﬂ Jhihinhﬁgﬁﬁzizgt Owl’r]]iihsmt?rli?\tgzplg-sg&rt] c&rée-
duction of AF. '

enhancement of the antiferromagnetic spin correlation.
Next, we show how the surface AF is enhanced by the
B. Local antiferromagnetism around an impurity superconductivity more analytically. For this purpose, we ne-
The local AF also appears around a single impurity aglect the spatial variation of the order parameters for simplic-
shown in Figs. 2 and 3. In Fig. 3, the direction of the spin atity. In this caseHyr can be written as

the four peaks i, is the same. Thus, although the impurity
itself is nonmagnetic, it looks having a finite magnetic mo- Hoe=> Uie patAPp 7.4 A% 7 )W .+ H.
ment by the induced AF. When we take into account the MF % pleppst AdpaTat Aspari)WptHimp,
effect of the magnetic field, a circulating current should flow (4.1
S0 as to screen this local moment. + t T ]

where \sz(cm,c,p,m,c,pl,cp+QT) with Q= (m,m),

_ 9% 0_ X _
IV. ANALYSES AE—ZAd(cos_,pX—cospy), Ag=|Ad<Aq4, &,= —.2(cos.pX
_ _ _ _ +cosp,), while both p; and 7; express the Pauli matrices:
A. Mechanism of the local antiferromagnetism and its Their multiplication forms a 4 4 matrix as, for example,
enhancement by thed,._,»-wave superconductivity
First of all, we present an intuitive explanation about the _ 0 73
mechanism of the local AF: In the,> ,2-wave supercon- P173= 3 0)° 4.2

ductivity, it is known that the zero-energy bound states are

induced near thé110) surfacé®?° and an impurity withu The one electron thermal Green function in the absence of
— .2 These bound states make a peak structure=a® in  the surface is given by
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1 B. Relation to other surface states

Go(p) =

, (4.3 In this subsection, we prove by using particle-hole trans-
'w_SpPS_AgplTs_Agplﬁ ! P y gp

formations that the present model is mathematically equiva-

_ lent to the surfaces+id-wave state and the local AF in the
where w represents the fermion Matsubara frequency. Theyyave SDW.

Green function in the presence of thELO) surface(G) can
be obtained by summing up all the scattering diagrams by 1. Local s+id-wave superconductivity
Himp-*2 Introducing new coordinateX = (x—y)/\2 andY

=(x+Yy)/\2, which are, respectively, perpendicular and
parallel to the(110) surface, and corresponding momenta

P.=(Px—Py)/\2 andP,=(p,+p,)/\2, we find

First of all, we divide the system into two sublatticAs
andB. After rewriting Eq.(2.2) in the summation of nearest-
neighbor pairs, we apply the following transformation to
each (j) pair (i € A,j € B):

G(X, X", Py)=Gp(X,X",P,) —Gy(X,0,P 1
( y) O( y) 0( y) CiT:_z(aiT"‘iaiTl),

! Gy(0X',P 4.4 A \/—
XGO(TOPy)O(”V)’ (4.4 T L
Ciiz_ﬁ(aif"'ail)y
where
¢ =[Q(aj;~iaj) ~R(aj;—iaj)]le ",
Go(X,X',P)=3 &P XIGy(P). (45 ¢j, = ~[Q(ay; ~iajy) +R(aj;~ia;)Je ™",
PX
where

We have putu—ce in calculating Eq.(4.4).
Equation(4.4) shows that the pole oB,(0,0Py,io—v Q=
+i6) ! gives a bound statéf it is lower than the energy
gap. When AF is absentﬁ(‘s’:O), we obtain a bound state
at v=0 (zero-energy bound statewhich corresponds to

%l -

t
2 \/t2+A32,

. . 1 Ay
ZBCP. This state splits to be= + A2 whenA2+#0. Namely, R=— — ¢
ZBCP is splitted by AF as observed experimentally. \/E 124 All°

Recalculating the antiferromagnetic order parameter by d
using Eq.(4.4), we obtain ' t+iAl
e"f’z—z. 4.7

0 t2+ Al

Alecale A0 Vsl D As e~ 2(Q/|vx))X d

s S 9 Py [vy|Q Then Eq.(2.2) is transformed into

Pr A (Px:Py) _ A (=Px.Py) —
XAd[Ad T8 Hye— —t 2; al,a;,+ > Ayalal —a a)
(Mo i

w2+ AT ’ o
S

where Q =\ 0?+ A§2+ AZ’Z, andvy is the X component of
the Fermi velocity. In Eq(4.6), P in A§ is put on the Fermi  where Al=i(—1)*"YAL= —(VS/2)(CILC;‘T—C”CU) is the
surface. Because\| "FY=—A™ s satisfied[Ay  imaginaryswave order parameter. On the other hand,
« sin(P,/y/2)sinP,/\2)], the second term is always posi-

+<Z> Ald(alial|+H.c)+Hiyp, 4.9
i

tive. Thus, whem is finite, AF is enhanced near tl#&10) All= \ Ad (alal +alal +H.c)
surface by the superconductivity. On the other hand, the sec- d 424 Agz R T
ond term is absent in the case @00 surface because of
AP = APy Thys such an enhancement does not oc- tAl
— 9 _(ala,+ala;, +H.c) 4.9
cur near thg100) surface. t2+Aij2<aman i1&jTH.C), :
d

Since the zeros of the denominator in the second term in
Eq. (4.6), 0>+ Agzzo (— VZ—A(S)2=0), correspond to the Where we have dropped expectation values that are equal to

bound states, these low-energy states are expected to play@©- Since we can prove the relation
role in the local induction of AF. Since the bound state adds
a finite intensity in the superconducting DOS near (th&0) 4.10
surface, AF can appear by using this additional intensity as '
discussed in the intuitive explanation. We mention that thisEq. (4.9) turns out to be thel,._,.-wave superconducting
enhancement is also obtained in the surfaceid-wave order parametefWe derive Eq.(4.10 in the Appendix]
superconductivity. Equation (4.8 is just the Hamiltonian for thel+is-wave

ij/at T — _t(ataf +af af
Ad(aj a5+ a; +H.c)=—t(aja; +a;a +H.c),
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superconductivity that is also obtained from Eg8.1) with  fluctuations. When we take into account the stack of the
V¢<0 within the mean-field theory. This mapping meansCuGO, layers and their coupling in high; cuprates, the sur-
that we may regard Figs. 1-3 as those for the local inductiofiace ordering can be regarded as a two-dimensional AF.
of the swave superconductivity(Although transformed Then it is possible that an anisotropy stabilizes the surface
Himp has a different form from the nonmagnetic impurity AF overwhelming fluctuations. As for AF around impurities,

scattering, the difference is irrelevant when we put.) in real materials, impurities and defects should be distributed
more or less in three-dimensional space. Then we can expect
2. Local antiferromagnetism in thed-wave SDW that, when the density of impurities and defects is high to

some extent, the local AF around them can connect with one
another, which stabilizes three-dimensional AFhe order-
ing is, however, inhomogeneoud hus, although the effect

When we apply the transformation

a. = 12 of fluctuations should be considered in the next step, taking
a (bjy+iby)’ into account the above situations, we expect that the present
AF within the simple mean-field theory can still survive fluc-
(=192 tuations. We also mention that a recent neutron experimgnt
aj = : , (4.1 on YBaQCu3Q6+X .shows tha}t Zn 'dopmg enhances the anti-
(b, —iby) ferromagnetic spin fluctuations in the low-energy regidn.
Since the enhancement in the low-energy region indicates
to Eq.(4.8), we obtain that the system approaches the antiferromagnetic phase by
the doping, this experiment is consistent with the present
_ calculation.
Hue——t X bl bj,+ > AYnj;—n;) After finishing this work, the author was aware of a simi-
(i), ! lar work by Honerkampet al?* Although they also reach the

same conclusion for the local AF in titgz_2-wave super-
+> Alibib—b b )+ H 41 condu_ctlwty, th_ey do not stuc_iy the local AF in tlilewave
i d (0riby=bi,by ) Himp, (412 SDW in URW,Si, and the relation among other surface states
that we have proved in this paper.

where A} =i(—1)*"YA§=—(Vy/4)(bl b;;—b] b;, —H.c)
is the d,2_,2-wave SDW order parametét*® Equation

(4.12 is the Hamiltonian for the AF d-wave SDW system, ACKNOWLEDGMENTS
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romagnetic moment appears is lower than the phaseéf Ref 23
transition temperature of the-wave SDW, as recently ob- B
served in URwSI,. Since defects and impurities should exist

to some extent in real systems, it can be expected that AF is

locally induced around them. Thus, tldewave SDW plus APPENDIX A: PROOF OF EQ. (4.10
locally induced AF is a possible scenario for the curious We write the hopping betweeith andjth sites ag;; in
ij

magnetism in URpSi,. Eq. (4.9, and then apply the following transformation to
each site:

V. SUMMARY ) +
aj;=cosb;a;; sinb;a; |,
We have studied the local AF that is induced in the
dy2_y2-wave superconductivity and thé-wave SDW. In ] .
both cases, AF can be induced around(thE)) surfaces and aj =cosb;a;| —sinbaj; . (A1)
impurities. Since they do not appear near {h60 surface
where the low-energy bound state is absent, it is expectefihen the Hamiltonian is transformed as
that AF is induced by using the additional density of states
introduced by the bound state. L R
The local AF in thed-wave superconductivity can explain Hure({ti }{AdH{ASH — Hue({t 1 {A {1 1A,
the recent tunneling experiment for YR2u;0;, which ob- (A2)
serves a split of the ZBCP. On the other hand, the local AF
in the d-wave SDW gives a possible explanation for the cu-where
rious magnetism in URiBi,, which shows a difference be-

tweenT oment@nNd T.. We have also proved in our model , . )
that these two phenomena and the lccaid-wave state are Al = tii__ :( cogoi+6;)  sin(6+06)) ( t'_l_ _
mathematically equivalent to one another. ATy —sin(6;+6;) cog6;+6;)/| A{

We finally discuss the stabilization of the local AF against (A3)
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When we consider the partition functiof(H ), it is in-  We then obtain
variant under the transformation EGAL). Since the trans-
formation can be regarded as a rotation tif AY) space as

shown in Eq.(A3), the invariance means thatis spherical Ag(aﬁajﬁaﬁajﬁH.c.}
in this space. Thu¥ must be a function oﬂij-Aijztﬁ-
+All%, which gives SNt (72__)
atj; t =t IAY =t
AL}(E): oz : (A4) =—t(al,al +af a/, +H.c). (A5)
It dAy i j
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