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THEORY OF THE REENTRANT TRANSITION IN A LAMELLAR
ANTIFERROMAGNET: DOFED I..azCu()‘:I
L.I.Glazmanl,
Institute of Theoretical Physics, Chalmers University ot
Technology, 5-41296, Goteborg, Sweden,
A.S.JToselevich,

L.D.Landau Institute for Theoretical Physics, USSR Academy of

Sciences, Kosygina street 2, Moscow 117940, USSR

Abgtract

The effect of impurity-induced states on the long range order
in a lamellar antiferromagnet (AF) is studied and the magnetic
phase~diagram of a lightly doped I..az__xerCTuo‘:I is proposed. It is
shown that long range wagnetic perturbations and the layered
structure cause the shrinkage of AF domain on the phase daiagram
and lead to the reentrant AF transition. A nonmenotonous
dependence of the correlation length €2D on teuperature T is

obtained; the dependence EzD(x) is exponential for high T and -

1/2 —
—

by for low T.

1Permanent address: Institute of Problems ot Mivroelectronics
Technology and High-Purity Materials, USSR Academy of Sciences,

Chernogolovka, Moscow district 142432, USSR,



The antliferromagnetism of high-Tc copper oxides is caused by
th superexchange between  localized copper spins.The high
anicotropy of these compounds provides the small wvalue of an
interplane exchange integral I’ as compared with the in-plane one
I [1]. Duping creates holes in the p-shells of the Oxigen ions of
CUD2—pLanes [2]. At low temperatures and low doping level x these

- holes arc bound to acceptors.This is clear from the Matt type of
conductivity [3].

The localized holes produce the magnetic defects, which
frustratc the order in AF matrix [4]. In fact, the AF order in
La?__xerCuD4 is destroyed by a surprisingly small dopings: x2=0.02
[1]. We show in this paper that the strong doping-sensitivity of
maynetic order may be due to the 1long range- of magnetic
parturbations combined with the strong anisotropy. The
daning-dcpendence of AF order in YBa,Cu O, . 1is conciderably
woaker (x2:0.4). This can originate from the higher symmetry of
defects in  YBa,Cu,0. . vwhich may forbid the long range
interactions.

A localized hole induces a defect domain (of size D) with a

novel magnetic order [4,5]. The interaction of domain boundary

with the outer spins produces a perturbation in AF matrix which

drops ot as r Y.rhis kind of perturbation was considered by
Viilain [6) in connection with a spin-glass problem and later was
appli~d to TlLaSrCu0 by Aharony .et al [4]. Tt is the long range

inceraction and the small parameter I‘/I that makes porsihle for

us to obtain the boundary of the 3D-AF-region on T-x diagram
(Fig.1), i.e. to determine the x-dependence of Neel temperature

TN(x). The long range order is greatly distorted by acceptors only

if x>x1~I’/r. For x:-xz-(Dzln(I/I‘))_l the 1long range order is

destroyed at all temperatures. Since the domain size D=1 and
I/1°>>1, the value X,>>X,.In a wide interval X <¥<x, a reealrant
transition arises, it’s origin is the magnetic dafect-d-tect
correlation enhanced at low T.

The impurity-induced magnetic phase transition is noft of the
percolational type: x2<<xc (where xcwD_ziS a thresheold feor the
percolation through the defect domains) . At this point ocur concent

of the transition differs from that of Aharony et al (4].

The x-dependence of the in-plane correlation lenqgth

as

EZIV

well as T is of high interest for the interpretation of

N'
experimental data. The defect-induced disorder modifies the
dependence £,,(T}. Under the finite x this dependance beconmes
nonmonotonous. Such a kind of behaviour is of particular
importance, because it forms the source for thna reentrant
transition. At low temperatures one has Ezdx_l/z, which agrees

with the experiments [1]. At relatively high temperatures (above

AF transition) the function EzD(x) is an exponential one.

The effective Hamiltonian of magnetic system

To determine the in-plane correlaticn length €,p we have to
derive a Hamiltonian of the long-wave-length 2D-fluctuations of
n(r) (n is the unit vector of antiferromagnetism). For . pure AF

this Hamiltonian has a well-known form:



o
Hozfd“r(‘u’n)2 (1)
Wb p I iz a spin stilfrness.
Phe defect domain carries a finite spin M. The value of M (as
welt as D) ean be obtained in microscopic model calculation ([5].
The interaction energy of a defect and AF matrix is minimal when

Min (n,-nrowy) [6]. The perturbation of vector n at large r is:
S . 2
on-n(r]—no—{u/EH)m(er)/r (2}

which corresponds to the field of a dipole in two dimensions. Here
w-ii/M, e is the unit vector, parallel to one of the tetragonal
ax:s (a or b). Four possibie directions of e correspond to the
four noneguivalent positions of a defect in the magnetic lattice.
Asymptotics (2) and the randomness of e are universal and do not
depend on the specific form of a microscopic Hamiltonian. The
frustrating dipolar momentum modulus p is the only model-~dependent
paramcter, it is determined by a defect structure.The 2D-law (2)
is wvalid on the scale D<<r<<r 1/2

gpf. For rEry=(I/I7) the

interplanar exchange transfers the perturbation onto the adjacent
2

plancs and leads to a 3D-law: sn-r
Mow we shall construct a long-wave-length Hamiltonian of n-m

interaction, which produces the same perturbation &n, as (2):
HetlgtHef My =P (89 (nlrg)my) (3)
whieve r, o are the positions of the acceptors. It can be easily

shown thit (2) minimizes the energy (3) in the case of single

acueptor. Eq(3) holds for the case of a finite acceptor
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concentration x if the average distance r, X betwueen accoeptor:s

satisfies the condition: D<<ra<<r3D

Thus the fluctuations of unit vectors n(r) and m are governod
by the Hamiltonian (3) with randomly distributed r, and e . It iu
well-known that in 2D-theory with a Hamiltonian (1) Llhe
fFluctuations of n diverge logarithmically in the thermodynamic
limit: <5n2>JnL, where L is the size of the system. We shall
demonstrate that the defect—induced fluctuations ara al:o
logarithmically diverqentz. The calculation up to the second o:lar

in Hint yields:

<5n2>ﬁ<6n2>°+<8n2>2; <6n2>°=(T/np)lnL,

<an2>2=(u/zn)?<(zi(eiri)ri‘zmi)2>zxu2/4n1n(L/ra). (4)

The distances age measursd in lattice-spacing units. Indices 0 and
2 denote the orders of the perturbation theory; the first-ovdar
term is obvicusly zero. The result for the second order is valid
for ra<<L, when the sum may be substituted by the integral. The
2

crossing terms in ([...)2 are neglected because they are of x

order. The result can be rewritten in the form:
r . = Con?
<3n >~(T/npeff)1nL, Paff p(Ll-xpp/aT) (5}
So, at least for the small values of x, the influcnce of magnetic

defects on <8n2> can be taken into account by means of gmill

renormalization of a spin-stiffness p.

2  perturbation theory results are valid obviously only if <on?s

obtained is small as compared with unity.



cur idea 1is that an appropriate renormalization of p in the
‘ simplest Hamiltonian (1) is sufficient for taking into account the
impurity effects on n at arbitrary x. We show in the following,
that Eq(5) for Paff presents the two first terms of expansion for
thn effective stiffness (see (11)).
According to this ildea we shall integrate out the fluctuations
ot n with the spatial scales r<L., where ra<<L°<<r3D,EZD. Applying
the standard procedure to the Hamiltonian (3) we obtain after the

Orenarmal ization:

H1:HD+Hint+H(m): H(m}=(pu2/2)21¢j‘Iijmimj);
[i]:rij_z((eiej)—z(rijei)(rijej)rij-zj (5)
The term #H{m), which is generated by the short-wave-length part of
H; . in (3), describes the m-m interaction via n-field. This term
is Lowindependent due to the condition ra<<LO. The Characteristic
value of random m-m exchange in H{m) is U=pu2x/4. The
renormalizations of p and p in H and Hint are negligible since
lnL<<ln£2D.
Atter the above procedure Yn becomes a small and slowly varying
function in r-space. Since that one can easily perform the
integration over m,. In zeroth order in ¥n this integration gives

thar [ree energy FO(T) of a random magnet with a Hamiltonian H{mj).

a omal lness of Vn enables us to consider Hint in the framework

ol th: linear response formalism and to obtain a guadratic in n
contribution to the free energy of the random magnet mentioned
above:

F=F_-(%/2}1d%r (vm) 2, (1)
where 9Yn appears as a generalized external field .and Y ois o

corresponding susceptibility:

- 2 N R

x={p/V) (pu /“T)Ei,j<(eiej)<(mimj)>'1"c' ("
Here V is the volune, <.--Fp and SERRE N denote the thermodynamic
(with the Hamiltonian H(m}) and the configurational averasing

respectively. Eq(7) is just a formal expansion of a free enerqgy F
im small "external field" ¥n. It does not require any restrictions
on the Hamiltonian H{m). In particular, the assumption o! thc
Gaussian type of fluctuations is pot needed. All the problems,
connected with the ﬁon-Gaussian field m are reduced to the two
unknown functions FO(T) and Y(T)}. At high T the free energy F can
be obtained by a straight-forward calculation resulting in (7)
with ¥ of Curie-Weiss type.

The spatial dispersion of x occures on the scale r_ and can be
neglected since L >>r . Random m-m interactions in #f{m} do not
break the isotropy neither in spin, nor in real space; hence ¥ is
a scalar function. As it follows from (6) and (8), ¥ depends on x
and T only via ratio U/T=pu2x/4T; so one has i:p(1A¢(pn2x/Wr))
where ¢{z) is a universal dimensionless tunction.

After the integration over m., the free energy (7) replace:s the
last two terms in Hl (Eq(6)}. Thus, as we have just expected, the
effective Hamiltonian of long-wave-length fluctuations of n
coincides with HO, .except for the renormalization of the

spin-stiffness:



2 Z i 2
oy g (Puee/20a e m) 5 poy emp#(pu®x/4T) (9)

The lowest order petturbation theory results (4) and (5) coincide

with the tfirst twe terms of expansion for ¢(z) in (9).

The 2Dh-correlation length

The correlation length for the 2D-n-field with the Hamiltonian

(1) or (9) is well-known [7]}:

- e (10)
PR axp(aneff/T)

Thus, a problem of x- and T-dependences of £, is reduced to that
of ¢ shape.

At large z a function ¢(z) follows the Curie-Weiss law:

¢(z)=1-z (11}
This 1limit corresponds to relatively high temperatures case (T
exceeds the m-m interaction U). The correction to (11) can be
cbtained from the cluster expansion of ¥. The first correction (of

order of 22) could arise from the two-acceptor clusters:

Idmldmz(mlmb)exp(-llz(ml.mz)) (12)

2
¢(1}(2)=-22Idelde2(elez)fd Eyy
Idmldmzexp(-llz(ml,mz))

where r is a separation of acceptors in the cluster, normalized

12
by a factor (puz/zT)l/z. 1t can be easily shown, that the

intemiand in (12) changes its sign under the retation of r,, hy the

41

angle n/2. Hence ¢(1)=0 and the first nonzero correction to (12}

is of order of z3.

The shape of ¢(z) at 2-1 is determined by the qualitative
behaviour of the impurity spin system at intermediate temperatures
T-U. The properties of 2D-planar magnet with random dipolar
interactions are not known exactly so far. However, there are
strong arguments (see {8]) in favour of zero spin-glass-transition
temperature for such a system. Hence one can expect the magnetic
susceptibility x to increase monotonously without a saturation
under lowering T. The generalized susceptibility x ditfers from x
by a factor (eiej) in (8). However, there is no rcason for o
qualitative difference between shapes of x and ¥ in the
paramagnetic phase., So we assume the monotonous increase of x(T)
or, in other words, the monotonocus decrease of ¢(z).

At large T the renormalization of Porg €3N be nueglected and
EZD(T) increases with lowering T. On the other hand Pegy 908 to
zero and EZD(T) decreases when T tends to U/z0 (where 2, satisfies
an eguation: ¢(z°)=0). Se EzD(T) is a nonmonotenous function.
Asymtotics (11) enables one +to writé down an analytical

expression:
EzD(T.X)~EXP((2np/T)—(np2u2x/2T2)) (13)

which reveals the exponential decrease of EZD with doping. Eq(13)
is exact at z<<l (when the second term in {13} is nuch less, than
the first one). For z-1 Eg(13) provides a qualitative iilustration
of nonmonotonous temperature dependence of EZD'

There is an instability (Pere<® in the Hamiltonian (9) for

“4'3.'



z»z . Formally, it mecans the divergence of fluctuations, and the
shoi ter in the wave-length, the stronger is the diveryence.
Physically, the divergence should be cut at the shqrtest relevant
scale, 1i.c. at the mean interdefect spacing ra- Hence, the
correlation  length CZDmranx_l/z at T<xpp2/azo {i.e. below the
brolen line in Fig.l). Square root x-dependence of (.. and it’s
weal temperature variations at low T and x>0.02 were found in the
exprriments [1,9). In our opinion, the explanation of these
results within the percolation theory is unlikely.

The above study of £ is related to a strictly 2D AF. In a real
casr- of 310 AF with a strong anisotropy the system undergoes a
phaoce trantition. The results of this section are relevant to the
experiment only outside the region of AF-phase. However, the

results for £, and the condition I/ ‘<<l enable us to determine

the phase Loundary.

The 3D-Neel temperature

The Neel temperature T, of an undoped guasi-2P-antiferromagnet
i~ defincd approximately by a relation: TN-I'Eznz(TN). In a
strictly-2D-AF an infinitesimal concentration of quenched dipoclar
defects destroys the long-range order (6) even at T=0 (i.e.
ﬁzn(T=U) ju finite). So, in a deped gquasi-2D-AF one can expect the
cuppressing of long-range order for rather small x. The above

relation for T, can be easily generalized for this case:

2
R

may obtain TN(X) from the equatian:

10

‘P-l‘F)D (TN,x), or in the leading logarithmic approximation, we

1/2

Eap Ty X)=ryp=(1/17) (14)

Using (9) and (10}, one can rewrite Fg{l4} in the form:

¢ly/T)=t (i5)

where y=X/xo, t=TN/TN(0) are normalized concentrotion  and
A 2

t . = = - )

ransition temperature; TN(D) 2np/Jnr3D, X, 8n/u lnraD. For low

concentrations y<<l Eg(11) is valid and (15) can be solved:
T=1-y-y? (163

The last term in (16} is within the calculation accuracy leceune
of absence of z2 terms in the $({z) expansion.

The presence of the reentrant transition is a direct
consequence of nonmonctonous temperature dej-:ndence of KZD' Fqg{ld)

in this ease may have two solutions for T the low-temperature

N’
soclution describes a reentrant transiticn (Fig.1).

We have no accurate analytical expression for ¢({z) ot 2.1, but
tre shape of T(y)-function can be qualitatively established with
the help of graphic analysis of Eg(l15} (see Fig.2). Above the
critical concentration y* Eq{15) hac no solutions {thoe AF cordering

is impossible for all T's); below y* there are two solutions that

correspond to the reentrant behaviour of phase transition. In

the dimensional variables a critical concentiaticn 14
X =8ny*/u21nr -
2 3D

The physical ecrigin of the discussed phenomena lics in the mom

correlations enhancement at low temperatures. However, there is i

11



limilation on the concentration x, under which these cor:relations
cucur: 1 r i.e. xEx,. AL X< i i ~tai
ARy 1 , Xy it is only 3D-tails of
perturbat jens that overlup. Hence there is no divergence in the
inpurity-induced 1luctuations, no p-renormalization and no

reentrant Lransition for x<x -

Eotimate a value of X extrapelating the Ccurie-vWelss law (11)

2t
onto the z-1 region. The solution of (15) with ¢(z)=1-z gives:

ciyy=(1815Eyy 2, yre1a (17)

Using the values T {0)=300 K, 2mp=1200 K [10] cne can see, that a
vilue x2=0.02 corresponds teo u-10. The estimate wu-6D [5] shows,
that the experimentally observed x, can be interpreted in terms
of defects with realistic size D of 1-2 lattice spacings.

thore is no direct experimental evidence for a reentrant
transition in LaSrcu0 so far. But several neutron-scattering
experiments (especially the suppression of the sublattice
magnetization at low T) {1], as well as resistivity measurements
{10] indicate the presence of a reentrant behaviour.

The paramagnetic state of the defect spins is preserved even on
the AF background. Hence the impurity contribution ¥ to the
nagnetic susceptibility may be comparable to that of AF-matrix

despite the low doping.
Discussion

The truc long-range order is Hestroyed below the line of the

reentrant transition. Though at T<U the length { of spin-glass

12

corrclations in  the impurity-spin system  increases.  So, the

‘lowcring of T can lead to the strong freguency dispersion of the

susceptibility. 1p-interactions and the magnetic anisotropy, which
are inevitably present in the crystal, can result in 2D-Ising-like
behaviour at the lowest T's. Consequently, a 3D-spin-glass
transition arises.

Inm conclusion we have studied theoretically the magnetic
properties of the doped Iaz_xerCu04. The quasi-2Db nuture of the
structure enabled us to determine temperature and concentraticn
dependences of the magnetic correlation length £. At low dopings £
depends on x exponentially, at relatively high x the length
£~x_l/2. The T-dependence of £ is nonmonoctonous. Copsequently, a
reentrant AF transition in the doped LaSrcud should occur. The
theory developed hers can be applied to any layered
antiferromagnet with dipolar defects.
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Figure captions

Fig.1 The magnetic phase-diagram of a lightly doped lanmellar

antiferromignet . AF- antiferromagnetically long-range-ordered
phate of o matrix: PHM- paramagnetic phase, X is o percolation
thresheld. The region of strong fluctuations (EzD~xh1/2) lies
belcw the broken line; the suppositive region of impurity

spin~glass {SG) is shadowed.

Fig.2 A graphical solution of Eq(15). The three stright lines
shown are defined by the eguation ¢=y/z with: 1)- y>y* {no
solutions),2)- y=y* (one solution}, 3)- y<y* {(two seclutions). It
is clear, that the proposed picture helds for any shape of ¢(z} as

long as a !l'inite value z, exists (¢(z0)=0).
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