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Phase separation effect in cuprate superconductors
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In terms of the Ginzburg-Landau theory, we investigate the effect of coupling between the paramagnet-
antiferromagnetAF) phase transition, superconductif§C) phase transition, and phase separati®g) of
doping holes in cuprate superconductors. It is found that in the presence of PS, the hole-rich metallic phase can
coexist with the hole-poor insulating AF phase, and there is a metal-insulator transition with increasing doping
concentratiom beyond a percolation threshold. The occurrence of PS will lead to significant changes in the
phase diagram: the SC phase appearing at lowand the step dependence Bf on n. These results are
qualitatively consistent with experiments of photodoped and oxygen-doped cuprate perovskites.

Recently, phase separatioPS in high-temperature found that owing to the occurrence of the PS there will be a
superconductotsas well as in manganese oxiddms drawn  significant change in the phase diagram: the SC phase ap-
a considerable amount of attention due to the ubiquity of thgpearing at lower doping concentrations and step dependence
stripe phase in doped antiferromagne®he undoped parent of T, on n. With increasingy from 0.01, as soon as the PS
compounds such as LaCyQire insulators and exhibit a occurs, the SC droplets begin to appear in the AF matrix and
long-range antiferromagneticAF) order, which is rapidly so a small Meissner fraction can be detected at low tempera-
destroyed as holes are doped into the €planes. When the tures. For light doping, however, the proportion of these SC
concentration of doped holes, is in a certain range, the droplets to the AF matrix is too small so that they cannot
material appears to be of a superconducti@) nature be- connect with each other and the sample still exhibits insulat-
low the critical temperatureT(<T,.). Experimentally, PS is ing behavior. Asy is increased beyond a critical value, the
found to appear at intermediate concentrations between tHeC regions are interconnected with each other and so the
AF and SC regions in thd-n phase diagrarh® For ex- sample enters into superconducting phase with zero resis-
ample, in oxygen-doped L&uUO,,, (0.01<y<0.05), alow tance. By using numerical simulations, we will show how to
concentration of holes as well as excess oxygen atoms mavolve from SC droplets separated by AF regions into an
drive a macroscopic PS into a hole-rich metallic phage ( interconnected SC sample with increasing doped holes. This
=0.055) and a hole-poor insulating AF phage=0.012). It ~ behavior is qualitatively consistent with experiment of
was found that at low temperatures, this compound has @xygen-doped LaCuf), and photodoped cupratés.
stable SC phase with,=30 K, independent of,” strongly First, we consider two independent SC and AF phase tran-
supporting the existence of the PS. Very recentigu and  sitions. They can be simply described by two local coarse-
3% a NMR/NQR measurements of L§Sr o CuQ, indi-  grained order parameteys (x) and,(x), respectively. The
cated that the SC phase may coexist with the spin-glaskee-energy density for the SC phase transition is given by
phase at low temperaturghe coexistence of the SC phase 1 1
with either the AF phase or the spin glass with AF-cluster _= 2. ST 2
nature stems from the microsegregation of the mobile holes fad {1 00}] 2 KAl V40" Z(T Toyi(x)
in cuprates, forming hole-rich and hole-deficient regions. In
spite of extensive studies of this PS with thé model or +1ﬁ11ﬁ4(x). (1)
the extended Hubbard modelts fundamental mechanism 4 !
still remains controversial at present.

In the phase diagram of LaCyQ,, there are at least
three types of phase transitions: the AF phase transition
the Neel temperaturd, the SC one aT, and the PS one
at a critical temperaturg,s, below which the segregation of
hole-rich and hole-poor regions occurs. In the absence of the 1 1
PS, the AF and SC phase transitions are two independent  faf[{¢2(x)}]= Ekz[V¢z(X)]2+ E(T—TNW%(X)
ones and they occur at different doping concentrations. The
presence of the PS will lead to a coexistence between them, 1 4
the AF phase appearing in the hole-poor region and the SC + 7 Baiha(X). 2
phase in the hole-rich region. In present work, we use the
phenomenological Ginzburg-Landau theory to investigateHere x, and 8, are also positive constants, ailg is the
the coupling effects among these phase transitions. It isleel temperature of the undoped parent compound. At this

Here x; and B, are positive constants, arfq is the transi-
tion temperature corresponding to the optimally doped super-
Yonductor. Similarly, the free-energy density of the paramag-
netic (PM)-AF phase transition is given by
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stage, botfTy andT. in Egs.(1) and(2) are taken to be their T '
maximal values and their dependence on the doping concen-
tration n has not been taken into account.

Second, we consider the PS of the doped holes. Under an
AF background, lightly doped holes always favor to clump
together in order to break fewer AF bontfdts mechanism T (n)
can be thought of as a strong attractive interaction between — N
holes, or an ejection of holes from the antiferromadriét.

To describe the PS, we introduce the position-dependent and
coarse-grained order paramet&(x)=a[2n(X) —n;—n,], T(n
wheren(x) is the average fraction of the doped holes per Cu
atom aroundx, n,; andn, represent those in the hole-poor :
and hole-rich regions, respectively, aads a constant. Ac- \
cording to this definition, the order parameter is always equal —
to zero in the absence of P&<{n;=n,); while as the PS nayn, NN, N,
occurs,C(x) = a(n,—n,) for x at the hole-rich region and

C(X)=—a(n,—n,) at the hole-poor region. We apply the  FIG. 1. Doping dependence @ and Ty, in the absence of PS
Gsilgzburg-Landau functional for the PS free-energy density(solid lines. The change of ;(n) due to PS is shown by the dashed
a lines.

n

1 1 —
fpd{COOH = F Rl VEX T+ 5 (T-TpaCP (O M=n0I=2nemm, and

Ta(n)/Ty=1—n%(x)/n?, (6)

1

+ 2 BCH 0. )
for n(x)<ny. Heren, is the hole concentration of the opti-

Here k3, B3, andf, are positive constants, tod, is the ~ mally doped SC sampley, is the hole concentration where
critical temperature at which the two-phase segregation beFy(n) reaches the vanishing point, amg is the minimal
gins to appear. It was reported thdt,;=260 K in  hole concentration of appearing the SC phase. In obtaining
La,CuO,. .= In the absence of the gradient term, two Egs. (5 and (6), we have takenCgy,=a(n;+n,—2ny),
minima of f,s in Eg. (3) are given by C(x) Co=a(ni+ny), N =T/[8a’(n,—nc)?], and X\,
C(x)==* \/m for T<T,s where the plus and minus =Tn/(8a?n?). In the absence of P&(x) is independent of
signs correspond to hole-rich and hole-poor phases, respelosition and equal to the average hole concentrationith
tively. Such a PS consisting of the hole-rich and hole-poothe replacement afi(x) by nin Egs.(5) and(6), the doping
phases is very similar to that of a simple binary alloy con-dependence of . and Ty is shown by solid lines in Fig. 1.
sisting of two atomic species A and B. For the latter, theThey are very similar to those in the-n phase diagram of
form of the free-energy functiondl,s has strictly been de- the highT. cuprates™® With the doped holes increasing from
duced by Cahn and Hilliartf. It is worth pointing out that ~zero, the Nel temperaturel y(n) decreases rapidly to zero
Eq. (3) can describe not only a continuous phase transition diollowed by a so-called spin-glass region; rass increased
T,s above which there is no PS, but also the PS of two-phaséeyondn,, the sample enters the SC region. We wish to
coexistence fof <T ;. point out here that bothy andn, are defined in the absence

The next step is to model the coupling between the P®f PS, andn is the constant hole concentration independent
and the PM-AF phase transition as well as the SC one. Ther@f x. In this case,C(x)=0 and n;=n,=n, so thatCy,
is no direct coupling between the AF and SC phase transi=2a(n—n;) andCqy,=2an. Both of them are coupled with
tions, they are coupled via the PS, leading to their coexistthe two order parameterg,;(x) and i,(x) via Eq. (4) to
ence. With symmetry requirements, the free-energy densitynakeT. and Ty have the correct doping dependence given

of the simplest coupling is given by by Egs. (5 and (6). If PS occurs forny<n<n, and T
<T,s, the hole concentration is no longer homogeneous in
feo {CO)F A1 ()} 2(X)}] the system and the resulting change inThe phase diagram

_ ) ’ ) ) will be discussed below. In this case, the order parameter
=N OLC) + Corl "+ Mah2(N[C(X) +Co2l”s,  c(x)= + a(ny—ny), s0 thatC(x) + Coy=2a(n,—n) and
(4) C(X)+Cgpy=2an, in the hole-rich region, C(x)+Cy;
=2a(ny;—n,) and C(x)+Cp,=2an; in the hole-poor re-
where); and\; are the coupling coefficient§o; andCo,  gion. It follows that the above choice fy; and C,, guar-
will be discussed later. The total free-energy density is thgyntees the validity of Eqg5) and (6) in the PS case. In the
sum offs¢, far, fps, andfcy. If renormalizing the prefac- presence of PS, the average hole concentratioan,s
tors of y/2(x) and y5(x) in the total free-energy density, we +n;(1— &), wheres is the fraction of the hole-rich regions
obtain doping-dependent critical temperatufegn) and in the CuQ sheet.n; for the hole-poor phase must be
Tn(n), having the following parabolic forms: smaller thanny andn, for the hole-rich phase greater than
n,, so that a coexistence of SC and AF phases can be real-
T(N)/Te=1—[n.—n(x)]?/(ne—ny)?, (5) ized. As the same aw, n,, andn;, which can be found in
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the realT-n phase diagramm, andn, are also the intrinsic
parameters of the material and have been determined in
Ref. 5.

We employ the coupled time-dependent Ginzburg-Landau
equations to calculate equilibrium distributions of order pa-
rametersiy1(X), ¥»(x), andC(x). SinceC(x) is conserved
while ¢,(x) and ,(x) are nonconserved, the equations for

them are given by’

aC _Dpy? SF({CYH{ v} 2)) ,

ot 5C @
dy  SF{CH{ya}{vah) ®
a1t S, ’

and
W SF{CH{Y){42)) ©
a2 50, !

whereF = [ (fsc+ fa1+ fost fop)dx is the total free energy,
D, m; and 7, are the kinetic coefficients. By considering a
two-dimensional lattice of 128128 sites in size with peri-
odic boundary conditions, we solve numerically EG8—(9)
with a finite-difference scheme in both time and space to
simulate spatial equilibrium distributions of these order pa-
rameters. Starting from an initial condition of homogeneous
distribution of doped holes, a segregation of the hole-rich
and hole-poor phases can be obtained &fT .

In what follows we focus attention on the PS effect. For a
given doping density fy<n<n,) and temperature T(
<T,s, Where the PS has appeared, taking 1/(n,—n,),
we haveC(x)=1 for x in the hole-rich region ane- 1 for x
in the hole-poor region, the average order parameter given
by C=26—-1 whered=(n—n,)/(n,—n;). We select three
sets of doping densitiegi=0.1, 0.5, and 0.9, corresponding
to C=-0.8, 0, and 0.8, respectively. Here we take
La,CuQy,y as an example by usingy=300 K atn=0,
T.=45 K at n.=0.16, ny=0.025. In the hole-poor AF
phase of LaCu(y,, , y=0.012 and the doping efficiency is
2 holes per excess oxygen atdnsp thatn,;=0.024 and
Tn(ny) =24 K from Eq. (6); while in the hole-rich phase,
n,=0.10 and sadl;(n,) =15 K. We wish to point out here
that the preset Ginzberg-Landau approach is mostly suitable
for the case where both order paramefgfx) and,(x) are
small. This condition can be well satisfied wheR,1f;) is
very close to the transition line dfy(n) from the left in Fig.

1 and (T,n,) very close to that off((n) from the right. As FIG. 2. Growth of the SC phase in AF regions with increasing
either of them departs from the corresponding transition lineggping concentration(a C(n)=-0.8, (b) C(n)=0, and (c)

the present approach may be only aproximately suitable by n)=0.8. Black and white regions represent SC and AF phases,
neglecting high-order terms in the Ginzberg-Landau formalyespectively.

ism. However, it is expected that the qualitative results re-

main valid as long as the departure is not very large. OtheAF phase will coexist with a normal metallic phaSeEvi-
coefficients are takenf;=5, B,=p8,=83=250, k;=k,  dently, such an AF and S@r metallig phase separation
=k3=1, and7;=7,=D=1. Figure 2 shows calculated re- arises from the aggregation of the doped holes.

sults for the spatial distribution af4(x), ¢»(x), and C(x) It is shown in Fig. 2 that the SC phase grows gradually in
with T=10 K. The black parts represent the hole-rich SCthe AF region as the concentration of doped holes increases.
regions whereC(x) =1, ¢, (x) #0, andy,(x) =0; while the At low hole concentrationsn( slightly greater tham;), only
white parts indicate the hole-poor regions whet€x) some SC droplets appear and they are separated by the insu-
=—1, y1(x)=0, andy,(x) # 0, exhibiting a coexistence of lating AF region, as shown in Fig.(&. In this case, even

the AF and SC phases &t T¢(n,). If T.(n,)<T<T,s, the  though the Meissner effect may be detected, zero-resistance

ps:
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SC behavior can not be realized. As the hole concentration is The patterns shown in Fig. 2 are time-dependent dynamic
increased to a percolation threshoig,~(n;+n,)/2, these characteristic obtained from Eq3)-(9). Without long-range

SC droplets connect with one another to form connecte@Coulomb interactions, the PS effect would make the(8C
channels of zero resistance. At this moment, the insulating\F) droplets enlarge with time under the condition that the
sample suddenly becomes a superconductor and thus therewdgal area of these droplets remain unchanged. However, the
a discontinuous jump ifi; from zero toT(n,). With further  jong-range Coulomb repulsion between holes always exists
increasingn, the SC regions continue to enlarge but the hole the cuprates and they are unfavorable to the tendency of
concentration of the SC regions remain unchanged. As a reg. The competition between PS and the Coulomb interac-
sult, T exhibits a plateau off (=Tc(nz) for ny<n<nz.  ions will give rise to frustrated PS with large-amplitude,
Such a jump inT. atn, and a plateau of ¢ are plotted as |4y_energy fluctuations in hole density. We wish to point out
dashed !lnes in Fig. 1, which are the main changes.m th(fhat the picture given in this paper is basically suitable also
phase diagram resulted from PS. In Figc2wheren is o fsirated PS system. Although the Coulomb interac-

irgggzr;:ggrgnedn;ﬁf: dttf)lz, t&Fer%fr}znbeﬁoem?c?fg(;?o t(iaons are not explicitly included in the present phenomeno-
y gion. P %ogical calculation and so it is difficult to obtain the accurate

agrees basically with the experiment of the photodoped crys-. .
tals of YBaCusOg5. Photons with high energy can stimu- size of the SC(or AF) droplets, we can simply show the
late electron-hole pairs; while the electrons are rapidly capgrOWth process of thg SC phase on .the AF ba.c.kgroulnd and
tured by oxygens, the holes keep staying on gplanes and _how to give rise to a msultlng-metth(SC) transition with
clump together to form metallic SC droplets separated by thicréasing doping concentration. _
AF region. This scenario is derived from the experimental N summary, we have used the Ginzburg-Landau ap-
result that the photoinduced conductivity of the sample inPProach for the doped-hole PS and its effect on the phase
creases rapidly below, , but does not go to infinity because diagram of the cuprate oxide. Owing to the occurrence of PS,
the SC clusters have not been macroscopically connected g€ hole-rich SC phase and the hole-poor insulating AF
each othefbelow the percolation threshgldVith increasing  Phase can coexist with each other, so that the SC behavior of
time and intensity of illumination, the SC regions in the the sample will appear at lower doping concentrations and
sample continuously enlarge, and so a photogenerated methlere will be a step doping dependenceTgf. It is shown
(SO-insulator tranistion may occur due to PS. that the SC droplets gradually enlarge in the AF background
The present approach is readily extended to describing theith increasing doping density; at the percolation threshold,
PS of two SC phases with differemt’s. If there still appears they form connected SC channels, resulting in a insulator-
a PS fom>n, at low temperatures, a lowéiz SC phase and metal transition. The theoretical picture is qualitatively con-
a higherT . one could coexist, so that there would be anothesistent with experimental results of photodoped and oxygen-
jump of T, and another highef, step in theT.-n phase doped cuprate superconductors.
diagram. As a result, the single-step dependencg.ain n This work was supported by the National Natural Science
shown in Fig. 1 would become twbs-step ladderlike. Such Foundation of China under Grant No. 19874011. P.H.H.
a picture can account for the coexistence of two SC phasegratefully acknowledges the support from the state of Texas
with T,=15 K and 32 K observed experimentally in through the Texas Center for Superconductivity at the Uni-

LaCuQ,. with 0.05<y<0.1° versity of Houston.
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