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Network patterns and strength of orbital currents in layered cuprates

M. V. Eremin? I. Eremin}? and A. Terzt
!Physics Department, Kazan State University, 420008 Kazan, Russia
2Institut fir Theoretische Physik, Freie UniversitBerlin, D-14195 Berlin, Germany
(Received 18 July 2002; published 30 September 2002

In the frame of thet-J-G model we derive a microscopical expression for circulating orbital currents in
layered cuprates using the anomalous correlation functions. In agreement with muon spin relaxation, nuclear
quadrupolar resonance and neutron scatteifN®) experiments in YBgCu;Og ., We successfully explain the
order of magnitude and the monotonous increase ofrtteznal magnetic fields resulting from these currents
upon cooling. However, the marked enhancement of NS intensily ateported recently, seems to indicate a
non-mean-field feature of coexistence between the current and superconducting states. A relation of this
enhancement to the appearance of a small admixturewdve symmetry component of the conventional
charge-density wave state and also the dependence of the sliding charge-current condensation energy on the
phase of the order parameter are discussed.
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A possibility for a staggered orbital current phase forma- Hamiltonian and general expression for the current flow.
tion in layered cuprates has attracted much interesin our analysis we start from the followinttJ-G model
recently'~*! Remarkably, it was shown that most of the ob- Hamiltonian:
served properties referred to as a so-called pseudogap phe-
nomenon can be naturally explained in an extended charge- on
density wave (CDW) scenario with a complex order _ appdioygro.pd - i
parameter(shortly s+id-CDW) in underdoped cuprates. H Z,: b +i2>j J”{(SS‘) 4 }

The reals-wave symmetry component corresponds to the

formation of conventional chargder spin density waves +3 G o6, 1)
whereas the imaginary part of the order parameter has a =

dy2_y2-wave symmetry and corresponds to a staggered cur-

rent phase. A different kind of experiments can be mterprete%/here\lff‘ﬁ=|i,a)<i 8| are projecting Hubbard-like opera-

in favor of the staggered orbital current phase such as th , X )
observation of orbital antiferromagnetism in Y&, tors. The indexpd corresponds to a Zhang-Rice singlet for-
! in Mation with one hole placed on the copper site, whereas the

by means of neutron scatteritNS) experiments reported e Hol ) !
Refs. 5, 6 and zero-field muon spin relaxatopSR)  Second hole is distributed on the neighboring oxygen Stes.

experiment$. Moreover, recent investigations using nuclearHere, t;; is a hopping integralJ;; is a superexchange cou-
magnetic resonand®MR) indicate the presence of internal pling parameter of the copper spins, ane= =1/2. &=
fluctuating magnetic fields in the superconducting state o‘flfi”d‘dp is a hole doping operator. The anticommutator rela-
layered cuprate$:** Most importantly, the observed en- tions are given byP,q=[W¥]PMWP41]=(2+ &)/4+s],
hancement of the magnetic moment's intensity atRefs. 5, wheres? is a spin operator. As in Ref. 12 we also use the
tween the superconducting and the pseudogap phases. In thi§ies at different sitess;; . The quasiparticle energy disper-
context a microscopical analysis of the network patterns andion and the correlation functions were calculated in a Roth-
the strength of orbital currents becomes very actual. type decoupling scheme for the Green’s functibh.

_In general, the possibility §+id-CDW phase formation  * | et us first consider the equation of motion for the Fourier
is related to a divergence of the dynamical charge susceptiransform of the “spin-up” operator

bility at the wave vectoiQ;~ (7, 7) in the first Brillouin
zone and it was demonstrated recently for cuprités.this N 1pd_ 1 g tpd pdl L 111 rpdl
report we derive the analytical expression for the current (@~ €)W =7 QWkiigt APk + Uy oW k2o,

flow and show how its orbital network pattern can be recon- 2
structed. Most importantly, we calculate the intensity of the

resulting internal magnetic fields and the corresponding orwhereA, andUy o correspond to the uniform and nonuni-
bital magnetic moments. We find that its enhancemefit,at form superconducting states, respectively. Three other equa-
may result from the presence of a relatively smmave tions can be obtained by simple substitutionkef:k+Q,
component in the extended CDW. The latter agrees well witfQ— —Q and also by complex conjugation. In addition, four
the observation of the increase of the nuclear quadrupolgimilar equations for the “spin-down” operator are assumed.
resonancéNQR) linewidth at the C(R) site (see, Ref. 11 The order parametemLQ, which is the most interesting for

In addition, the non-mean-field character of the coexistences, describes the formation of a superstructure pattern such
of superconductivity and+id-CDW phases has to be taken as charge-density and spin-dens{§DW) waves. Starting
into account. from Eq. (1) one arrives to the following equation:
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1 d d . a"' o o [ox o
7]|1,Q: - m % [‘Jk’fk(qug’fQ\I’i"p > Iﬁﬁéi ZEZ tij\lfipd- \PJ ’pd—EZ tji\lfjpd: \Pi 'Pd,
pd.T p,1.pd (10
+2G k(W oW P, )
where the correlation functions(Ww P! \I}l',pd> and Where the right-hand side of this equation is a current opera-

k’+Q . :
WPl plPdy ore exor via the order parametel tor. In__order to calculate |ts_therm0dynam|c value along the
(WirqWy™) are expressed via the order parametgrg, link (ij) we make the Fourier transform of E(L0). Then,

T .
Ak, anduka' The Iatte_r order parameter that descnbgs thethe probability of hopping from siteto j can be written as
formation of the nonuniform superconducting state will be

discussed later. The Fourier transform of the intersite Cou-
lomb repulsion on the square lattice reads 1
(UPhop Pl = = N (pPLowTPYexp —ikR; +ik'R)),

G4=2G;(cosq,+cosq) +4G,cosq,cosqy+ - - -, (4) N 1)

where G; and G, refer to the nearest- and next-nearest-

neightbor sites on the lattice. The same holds for the super- , o .

exchange interaction. Substituting these Fourier transforma¥nereas the reverse proce$®pping from sitej to i) is

tions into Eq.(3) one gets that thé dependence of the 9IVen by

CDW/SDW-order parameter is

[ T 1
77k,Q_dx(Q)COSkx+dy(Q)COSky <\P}3d,(r\1,i0',l3d>:ﬁ E <‘I’Ed’U‘Pg;pd>qu_ikRj+ik,Ri)-

+ sT(Q)costcosky+ - (5) KK v

Taking into account thatif, o, o)* = 7. o One clearly sees

that thed, andd, components are imaginaryd-CDW or  Since the hopping integral is a real quantity, the current flow

so-called d-density wave in terms of Ref.)1lwhile the will be proportional to the difference of Eq&ll) and (12):
swave component remains re@onventional CDW-staje

Since the symmetries of both states are different, the real and
imaginary part of Eq(3) decouple. In general, this yields <qud'0qflfflpd_qf}3d"f\pimpd>
+id-CDW state

1 a. o d
1 _ =N 2 (VRTwE)
> (Mgt Q) = (1) =S(T)+id(T)(cosky— cosky), kk

(6) x{exp(—ikR;+ik'R;)

where we assume tha, — 7 o=0. Note, the deviation of —exp(—ikR;+ik'R))}. (13
the momentum dependence of CDW order parameter from

the pure (cok,—cosk,) behavior can be clearly seen from At T<T*
ARPES experiment® Moreover, from Fig. 2 of Ref. 16 one
estimates(T)/d(T)~0.05, which also follows from our Eq.
(1) due t0J;+2G;>J,+2G,.

The network patterns and the strength of the orbital cur-
rents can be obtained using the charge conservation law <\I,i,,d,aq,;,,pd_q,})d,oq,?,pd>

one have the following nonzero expectation val-
ues: (WRIWPY), (WRIGWIPY, and (WERTWFS).
Since the first one does not contribute, we have

J : 1
at) Pav= J Jds. ™ =N 2 (PRI {exi{ —i(k+QUR +ikR ]
The operator of the fluctuating charge per unit cell with num- 1
beri is given by —exp —i(k+QR+ikR [} + > (WPLIP TR
k
eVPIPi=es=3;. ® X {ex — kR, +i(k+Q)R;]— exf] — iR,
It obeys the equation of motion +i(k+Q)R;}. (14
0~ ~
ih—6=[d;, H]. (9 The order parameter is complex and, thus, it is useful to

separate the correlation functions into two parts:
Calculating the commutator with our Hamiltonida) we Re(‘lfﬁi'g\lf‘k"pd> and In"(\IfEig\If‘k"pd>. It is straightforward
arrive to the following expression: to write it further as
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<'\l,ipd,l)"\l,j)',pd_'\lfjpd,l)"\l,il)’,pd> @@ _

2% 2 Im(WEEGWEP){cog kR, — (K+ Q)R]

—cog kR — k+Q)R]}+ ERe<‘I’E$‘S‘I’E'p">

x{sifkR; — (k+Q)R;]— s kR, — (k+ Q)R ]}.
(19

If the lattice has a mirror plane symmetry perpendicular to
the x andy axis, the integrals over the first Brillouin zone ®)
containing sirkR;; vanish. Thus, in the functions dé®;
—(k+Q)Ri]—cog§—kR;+(k+Q)R;], and sifikR;—(k
+Q)Ri]—sil —kR;+(k+Q)R;] one may leave only the q @ ‘ @ Y
parts  [cosQR;—cosQR;]coskR;; and  [sinQR;

—sinQR;]coskR;; , respectively. Then, the contribution to B
the current flow along the axis due to the nearest-neighbor  { ¢ *
hopping can be calculated to
® 1 O
j(l)——tl 2 [cOosQR; —cosQR;]
® - @ > L]
d, ,pd
X|m<\I’E+S‘I’? P >C03kRij FIG. 1. Network current patterns for tid-CDW state. The
black circles correspond to the Copper positions in the Qoi@ne.
e 2 . . I h inni d h iti
F—t— E [SiNQR,;—SiNQR] n (a, t e pinning centers correspond to the oxygen positions
i "N T whereas in(b) the orbital momentgpinning centers lie on the

Cu(2) position.
X RWPLEW T PY)coskR;; . (16) P
) o . neighbor hopping. These parameters are needed for a realis-

Note, the values o in Eq. (16) differ in the various quad- ic description of the Fermi surfadsee, for example, Ref.

rants of the first Brillouin zone. For example, fog,k, <0 19) Their contributions to the orbital currents are given by
andk, ,k,>0 one should tak&,=(,m) and Q,=(—,

— ), respectively. Then one can show that the second term ) e 2

of Eq. (16) vanishes. Analyzing Eq16) we can draw the J(Z)thz\/iﬁ ; [cosQR; —cosQR;]

network patterns for different symmetries of the order pa-

rameter 6 wave,d wave etc.. Most importantly, for a pure d X |m<\PE$g\If"vpd>coskRij +.., (17)

x2—y2-wave symmetry of the order parameter one finds
|m<‘1’f335‘1’0 pd> cosk,—cosk, and the current network for the next-nearest-neighbor hopping and
pattern is directly mapped to the well-known flux-phase

staté’ that is shown in Fig. (b). Note that the origin of the j(3)=Et33 > [cosQR; —cosQR;]
coordinate system is arbitrary and the ved®may refer to AN %K
any point of the unit cell. Of course, the electronic network % Im<‘PE$é§ Wy pd>COSkR” +. (19)

will be connected to the underlying lattice due to pinning
effects. Most likely, two possibilities can be realized. First, for the next-next-nearest-neighbor hopping. Note, in(Ed)
whenR;=0, the pinning coincides with the @) positionin  the indexesi and j refer to the next-nearest neighbors
the CuQ plane and the maximum of the internal magneticwhereas in Eq(18) i and | refer to the next-next-nearest
field occurs at the Q@) site. Second, iR;=(a/2,a/2), the  neighbors.
pinning center lies between the Copper sites. For The required correlation function can be calculated
YBa,Cu;0; _ this would correspond to the Ba ion acting as straightforwardly in a mean-field approximation
a pinning center. In this context, a comparative NMR/NQR
experimental study of the fluctuating magnetic fields at
Cu(2) and at Ba ion positions are desirable. Furthermore, the
pinning associated with one of the out-of-plane oxygen vi-
brations such as those found in Ref. 18 would yield an inter- Pod
esting example for a stripelike pattern shown in Fig)1 + m
However, there are other contributions to the network pat- e =2k
terns due to the next-neares$)( and next-next-nearestsy where

(WPLgw P = """kA+<k,T)

N, (K)A_(K,T), (19
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AL (k,T) ' I‘(Elk)+1t r(EZk) (20) T Q=(r,m)
. (k,T)= —tan +—tanh =—— osl —Q=n,x
- Elk ZkBT E2k 2kBT — 0.04 L - -~ “ / c - Q|=(“"/12’")
m
=
and %5 o003}
(ex+exso)? o 2 -.:g:soo-'..
N (k) = L A2+ ) E ol s | et
. £ & 400 "
+Ak(8k+QUk+Q_8kUk) - %’ .
) = 001} § T. .
£ 9 00 200 300
+E(UkUE+Uk+QU’|§+Q—2UkU:+Q)77k- 000 TK ' .
1) 0 100 200 300
T(K)

The energy dispersion is given by the following secular

17 . . . -
equatior. FIG. 2. Calculated intensity of the orbital currents in units of the
orbital magnetic moment® ;. =(jP+j@+j®2c)a® (a

ex—E LS Ak U ~3.82 A is a lattice constanfor two different instability wave
,7: exio— E Ukso —Ay vector Q=(,7) (solid curve and Q;=(*11%/12,) (dashed
R . =0. curve). The inset shows experimental results from Ref. 5.
Ay ko &k E — M
us — Ay - 7 —exi0—E Here, Ay=Aq(T)(coska—coska) is a superconducting

(22) d-wave gap. Combining E¢3) and Eq.(5) one deduces that

Note, this secular equation is valid even if the starting 1
Hamiltonian is different fron(1) (for example if some addi- N > Im(WRLEwPY) coska~
tional terms such as interaction with bosonic méfes .
Cooper-pair hopping are includedrherefore, we will also  HereJ; andG, are parameters of the superexchange and the
discuss the possible improvement of the mean-field solutiogcreened Coulomb repulsion of the holes at the nearest-
of thet-J-G Hamiltonian through the inclusion by including neighbor copper sites taken to be 120 meV and 135 meV,
of these terms and making a comparison with available exrespectively. The order paramete(T) is calculated self-
perimental data. consistently. Using E¢25) one immediately sees the simple
Remarkably, Eq(22) has a compact solution for the case relation between the current and the id-CDW order pa-
|Uy|=|Uy.ql. This allows us to study two possibilitieéa)  rameter
Ux=Uy;o and Uy is real or (b) Ug=Uy,q and Uy is
imaginary. As can be seen from EQO) A. (k,T) is a real 1y 4ed(T)
guantity and one expects that cdbg will be more interest- ()= th\] +2G
1 1
ing for studying the formation of orbital currents. In the ) ) _
frame of thet-J-G Hamiltonian the equation for the order The present relation aII(_)ws us to easily estimate the strength
parametet, is of the orbital currents via the ordgr paramedém) or T*. .
For comparison with NS experiments, we show in Fig. 2

d(T)

mppd. (25

Ppa. (26)

1 the results of our calculations for the cab&/T.~5.1. The
Uk:m E [ —kt sk =26k -] temperature dependence of the orbital magnetic moments
P agrees with the experimental curve in the regiop<T
X(W PP o), (23)  <T*. The calculated magnitude of the orbital magnetic mo-

, , , mentsl .=[(j)+j@+j®))/2c]a? also agrees with the ex-
whereP,q=[2+ 5,]/4 with &, being the uniform part of the  yerimental datiand is of order 0.08g at T=T,. The cor-
hole distribution per unit cell. At the wave vectd®  (esponding value for the fluctuating magnetic fields produced
=(,) the superexchange integrd does not contribute by the orbital currentsH,~[2(®M+j@+]®)/cr] (r
to the kernel of Eq(23) and, thus, the absolute value of the —5 A) at T<T, are about 18@. This is also in agreement
order parameteiU,=iU (T)coskcosk,+--- will be rela- it the values measured by NMR/NO®BNd w SR experi-
tively small. _ ments. On the other hand, the marked enhancement

In the extreme cas¥, =0, the secular equation leads {0 («jymp” ) of the neutron scattering intensityee, the inset of
the following energy dispersions: Fig. 2 below T, cannot be reproduced by our calculations on
1 1 a mean-field level. | | ] e ol
2 _ T .24 .2 20 ko L Tr(p2 g2 )2 At present, one can only speculate about the following
Fika =g (#ict el o) F At Mo L(ei e o) possible explanations for the observed jurfijst, this jump
may be related to the dynamical nature of #ieid-CDW
state and its pinning processes. Indeed, as it is seen from the
(29 last term of Eq(24), the energy condensation depends on the

+AnE mert e o) 2 AAL(t + 1) ?1H2
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swave component of the CDW state if the system enters the g4 ' " T ' " '
superconducting state. Furthermore, the presence of th

: 140 —o—T, i
swave component makes the condensation energy depen —O—T*
on the phase &<T,, as is clear from Eq.24). In our case 120 -
theswave component is weak but any additional interaction _ 409 [ ]
with the lattice potential will enhance it. Additionally, also %< 0 id-COW

the electron-phonon interaction will pin the currents. Then, &
one expects a marked enhancement of the neutron scatterin—"60
intesnity belowT,.. Secondthe jump may be related to the a0l sc i
fluctuation of theid-CDW instability wave vector around
(7r,7). This fluctuations can be seen from our calculations
of the dynamical charge susceptibili/indeed, the instabil- 0
ity wave vector is not related ton(, 7v) but rather to some set

of the wave vectors along some contour in the first Brillouin

12 ; : ; :
zone.” For illustration we also have shown in F'g'_ 2 our FIG. 3. Calculated phase diagram for the competition between
results for the temperature dependence of the orbital magy.cpw state andd-wave superconductivity in the-J-G model.

netic moments _for _the case of the ‘wave veoyr= (7, The doping axis is normalized with respect to optimal dogingy,
+117/12) that lies in this contodfThird, the jump of the  the concentration that corresponds to the maximum of supercon-
neutron scattering intensity might also result from the ap-ducting transition temperaturd,;) and to ., and pay, Where
pearance of the order parametéy below T.. However, in  one finds both superconducting order parameters to be zero.

the frame of a mean-field solution of tive]-G Hamiltonian,

this order parameter was found to be small. Thus, calculayd-CDW scenarip whereas the polarization of the magnetic
tions beyond the standard mean-field level and t%eG  moments reported by other grdliges in the copper-oxygen
model would be desirable. plane.

Finally, we would like to discuss the influence of the com- |y summary, in the frame datJ-G model we analyze the
petition betweend-CDW andd-wave superconductivity on  regime of coexistence a-wave superconductivity and the
the general phase diagram that is shown in Fig. 3 as a fung j4-cpw phase. We obtain a microscopic expression for
tion of doping concentration. Note, our phase diagram 100k$pe circulating orbital current via the anomalous correlation
similar to the one proposed in Ref. 1 with some importanitnction. The simple relation between the strength of the
dlfferences. In parucular, the boundary of thi_eCDW state currents(or orbital magnetic momentsnd theid-CDW or-
(DDW in the terminology of Ref. JLafter crossing the super- qer parameter was established. The temperature dependence
conducting dome moves to the left, while in Ref. 1 it goes 0 the orbital magnetic momentand the internal magnetic
the right(see, Fig. 1 of Ref. )L In our case, the reason for fig|4s they produdeand their order of magnitude are in
this behavior is very clear: The orbital currents result fromagreement with experimental data. However, some important
the id-CDW state that describes the “pairing” of the quasi- getajls remain controversal and probably are missed in the
particles with parallel spins while _Cooper-pawmg requireSyne.-handt-J-G model. We emphasize the importance of
them to be antiparallel. Therefore, in the regime of coexistyr experiments that are able to analyze the actual tem-

ence ofid-CDW and djwave superconduc?ivity the' latter perature and doping ranges of the competition between
will try to push the orbital currents out. This behavior Was | jq-CcDW andd-wave superconductivity.

found earlier in Ref. 20 and experimentally by tunneling

spectroscop$t Therefore, in order to understand the role We are thankful for stimulating discussions with A.
played byid-CDW state in the cuprates the details of com-Dooglav, A. Rigamonti, J. Roos, D. Manske, C. Joas, and D.
petition between pseudogap and superconductivity have td. Morr. This work was supported by the Swiss National
be studied more in detail experimentally. For example, furf~oundation(Grant No. 7SUOJ06225%8 Russian Scientific
ther experimental studies are required in order to verify theCouncil on SuperconductivityProject No. 98014-3 and
orientation of the observed magnetic moments. According tgartially by the CRDRGrant No. REC-00) |.E. was sup-
Ref. 5 they are aligned along tleeaxis (this agrees with the ported by the Alexander von Humboldt Foundation.
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