VOLUME 87, NUMBER 27

PHYSICAL REVIEW LETTERS

31 DEcCeMBER 2001

Colossal Effectsin Transition Metal Oxides Caused by Intrinsic Inhomogeneities
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The influence of quenched disorder on the competition between ordered states separated by a first-
order transition is investigated. A phase diagram with features resembling quantum-critical behavior is
observed, even using classical models. The low-temperature paramagnetic regime consists of coexisting
ordered clusters, with randomly oriented order parameters. Extended to manganites, this state is argued
to have a colossal magnetoresistance effect. A scale T* for cluster formation is discussed. This is
the analog of the Griffiths temperature, but for the case of two competing orders, producing a strong
susceptibility to external fields. Cuprates may have similar features, compatible with the large proximity

effect of the very underdoped regime.
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Complex phenomena such as “colossal” magnetore-
sistance (CMR) in manganites and high-temperature
superconductivity (HTS) in cuprates have challenged our
understanding of correlated electrons [1]. Recent devel-
opments unveiled a previousdy mostly ignored aspect of
doped transition metal oxides (TMO): these systems are
intrinsically inhomogeneouseven in the best crystals.
(i) The evidencein the CMR context is overwhelming. Ex-
periments and theory provide a picture where competing
ferromagnetic (FM) and charge-ordered (CO) states form
microscopic and/or mesoscopic coexisting clusters [2,3].
Exciting recent experiments [4] identified features referred
to as a “quantum-critical point” (QCP) [5]—defined as
the drastic reduction of ordering temperatures near the
zero-temperature (7 = 0) transition between ordered
states— by modifying the A-site cation mean radius (r,)
by chemica substitution at fixed hole density (left inset
of Fig. 1). The paramagnetic state in the QCP region—
where the Curie temperature T ¢ is the lowest—is crucial
to understand CMR phenomenology, producing the largest
CMR ratio [1-3]. (ii) In the HTS context, scanning
tunneling microscopy studies of superconducting (SC)
Bi2212 revealed a complex surface with nm-size coex-
isting clusters [8]. Underdoped cuprates also appear to
be inhomogeneous [9]. In addition, a colossal proximity
effect (CPE) was reported on underdoped YBa, CuzOg
over large distances [10].

In this paper, the competition between two ordered states
in the presence of quenched disorder isinvestigated. These
states are assumed sufficiently “different” that their low-T
transition in the clean limit has first-order characteris-
tics. The approach has similarities with the classical work
of Imry and Ma [11]. From the general considerations,
doped TMOs are here considered, with intrinsic disorder
caused by chemical substitution. For Mn oxides, a possible
rationalization of the CMR effect is discussed, with pre-
dictions including a scale T for cluster formation—the
analog of the Griffiths temperature [12] but in the regime
of competing orders. For underdoped Cu oxides, a similar
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inhomogeneous picture is proposed. The calculations are
mainly carried out using atwo-dimensional (2D) toy model
of lsing spins, but similar data in three dimensions (3D)
and for the one-orbital manganite model have also been
gathered. Then, our conclusions appear valid for a variety
of models with competing orders. The actual Hamiltonian
employed here, defined on a square/cubic lattice (spacing
a = 1) and with Ising variables, is H = J; D 4y S{S§ +
J2 Dimy SiS% + Ja Dy SiSE, in a standard notation.
Sites (ij) are at distance 1 (usual nearest neighbors), (im)
are at distance +/2, and (in) are at distance /5. The
three couplings are antiferromagnetic (AF). More than
one coupling is needed to generate two competing 7 = 0
states, and J; and J, are the natural ones. However, the
clean-limit first-order transition between those states was
found to be more robust if asmall J, ~ 0.2J; coupling is
added. The resulting competing states O; and O, arean AF
state for low J,/J;, and a “collinear” AF state with rows
(or columns) of spins up and down for large J,/J; [13].
The main features of the toy model phase diagram are com-
mon to a variety of models with competing tendencies.
The toy model phase diagram, without disorder, is
shown in Fig. 1, and it has the expected shape: the
ordering temperatures decrease and meet at the clean-limit
critical coupling J,. = 0.7J;, and the low-T transition
was found to be clearly first order. The most interest-
ing result in Fig. 1 is the influence of disorder on the
clean-limit diagram. The first-order transitions become
continuous with sufficiently large disorder, in agreement
with previous work [14]. Critical temperatures far from
Jo. are not affected much by the disorder strengths
considered. However, adrastic reduction is observed near
Jac. Infact, the Monte Carlo (MC) results suggest that the
obtained phase diagram is similar to the insets of Fig. 1
for Mn and Cu oxides. With increasing disorder strength
W, ether a first-order line separating the competing
phases still survives at J,. (red points), as in manganites,
or a disordered region of finite J, width opensat T = 0
(blue points), as in single-layer cuprates. Note that the
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FIG. 1 (color). Phase diagram of the 2D J,-J,-J, toy model

used to analyze the competition between ordered states. Results
on 323 lattices (not shown) lead to a qualitatively similar phase
diagram. J, = 1 is the scale, and J, is fixed to 0.2. Disor-
der is incorporated such that J,(ij) at alink joining sites i and
j is uniformly distributed between J, — W/2 and J, + W/2.
The blue (red) curve correspondsto W = 1.5 (W = 0.75). The
dashed black lines are the result without disorder W = 0, and
T* denotes the clean-limit transition. A Metropolis agorithm
was used, on up to 5122 lattices, calculating (i) the largest or-
dered cluster size [6] and (ii) the order parameters for AF and
collinear phases with a spin structure factor maximized at mo-
menta (7, 77) and (7,0) — (0, 7), respectively. Ten or more
realizations of disorder were used, found to be sufficient for
large systems. The insets are the phase diagrams of Mn oxides
in the FM-CO competition region [4], and of the single-layer
Cu oxide in standard notation [7]. Points 1-5 are explained in
Fig. 2.

ordering temperatures exactly meet at T = 0 for only one
fine-tuned W. However, the overall shape of the phase
diagram resembles QCP behavior in a robust range of W.
For this reason, our results are qualitatively described as
inducing “quantum-critical-point—like” behavior, not a
rigorous expression but hopefully descriptive enough to
be useful.

Sufficiently strong quenched disorder will smooth first-
order transitions [14]. At J,., this should occur at infini-
tesmal W in 2D [11], while a finite W is needed in 3D.
Then, at J,. and with finite temperature, a paramagnetic
state must be generated with growing disorder. Note also
that our toy model is classical, but QCP-like behavior is
nevertheless generated [15].

Figure 1 is the result of a systematic computational ef-
fort. As an example, in Figs. 2a and 2b, the AF order
parameter vs T is shown for J, values outside and inside
the coupling range where a T = 0 disordered regime is
obtained. For J, = 0.69 note the order-parameter cancel-
lation with increasing size (this coupling is not critical at
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FIG. 2 (color). AF order parameter vs T for the toy model at
fixed W = 1.5, using several |attice sizeswith periodic boundary
conditions. (a) correspondsto J, = 0.65 and (b) corresponds to
J» = 0.69. Note in the |atter the order-parameter rapid suppres-
sion as the size grows. (c) Typical spin configurations repre-
sentative of dominant 2D states. Shown are averages over ten
measurements, in about 100 MC sweeps to avoid correlations,
after thermalizing with thousands of sweeps. Very similar results
were obtained in 3D simulations. [(1), (2), (3)] areat J, = 0.68,
and T = 2.00, 1.45 (near the resistance peak; see Fig. 3), and
0.80, respectively (see Fig. 1). The green regions have collinear
order, while red and blue indicate Néel and “anti-Néel” order,
respectively. The last two differ in the staggered order parame-
ter sign, i.e., they intuitively are f{1l ... and [{|1 .... The white
does not have a dominant order after the MC sweeps considered
here. Green/red/blue pale regions have weak order. (3,4,5) cor-
respondsto 7 = 0.8 and J, = 0.68, 0.70, and 0.73, respectively
(see Fig. 1), and the Néel and anti-Néel states are here given
the same color (red), while green remains collinear. (d) Typi-
cal spin configuration at staggered field H; = 0.01, J, = 0.68,
W =15 and T = 145.

T # 0). Representative spin configurations arein Fig. 2c.
Keeping J, constant and varying T, three regimes are ob-
served: (1) A high-T regime, where the system is disor-
dered after MC time averaging; (2) an intermediate region
To, < T < T* with preformed clusters, but with uncor-
related order parameters giving a globally paramagnetic
state, similar to the Griffiths phase; (3) a low-T regime
where the clusters from (2) grow in size, although the dis-
order is uncorrelated from link to link, and percolate upon
cooling. Note that clusters with different signs for the or-
der parameter are separated by thin regions of the compet-
ing phase, providing a possible mechanism for stahilizing
domain walls. Considering now fixed low-T but chang-
ing J», configurations [(3'), (4), (5)] are obtained. In this
case, just the two ordered phases are in competition (no
white regions), and the transition between phases appears
percolativelike.

The main features of the resultsin Figs. 1 and 2—shape,
clustered structure, the QCP-like behavior —are believed
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to be qualitatively general. In fact, smulations of one-
orbital models (below) and other models studied in this ef-
fort give a similar phase diagram. Of course, the analogy
should not be taken too far, e.g., critical exponents may not
be universal since the Ising model underlying symmetries
are quite different from those of realistic systems. How-
ever, it isworth investigating the consequences of the gen-
era phase diagram Fig. 1 for materials where two states
strongly compete, such asin Mn oxides. In this context, if
a simulation of a realistic model with FM and AF phases
on ahuge lattice were possible, FM and AF clusters analo-
gous to Fig. 2 would be found. Then, areasonable way to
bypass that (currently impossible) computational effort is
to simply translate Fig. 2 into manganite language. This
is speculation, but hopefully the essence of the problem
is preserved by the procedure. The proposed translation
links order O; with ferromagnetism, with order parameters
pointing in different directions for different clusters, while
O, corresponds to charge ordering. Trandating Fig. 2¢(2)
into Mn-oxide language leads schematically to Fig. 3a,
our proposed CMR state. The preformed FM clusters
have uncorrelated moment orientations, and zero global
magnetization. Note also that the “depth” of the QCP-
like feature is not universal; it depends on the disorder
strength.

To test the relevance of Fig. 3a to CMR manganites,
a resistor network calculation was set up. Trandating to
Mn-oxide language, as explained previously, the MC gen-
erated configurations were mapped into a resistance grid
(see caption of Fig. 3b). For up (down) spins, the blue
regions of Fig. 2c—analog of positive magnetization FM
clusters—have high (low) conductivity, the red regions
have low (high) conductivity, and the green regions are
insulating. The Kirchoff equations were solved exactly,
leading to the results in Fig. 3b. In agreement with intu-
ition, the nonpercolated state [Fig. 2¢c(2)] has a large re-
sistance for both spins up and down, while the percolated
low-T or disordered high-T states have far better conduc-
tance. Note that the resistance peak intensity increases as
the ordering temperature is reduced by varying J,, analog
of (ry), closer to the QCP-like regime.

The rotation of the large moments of the preformed FM
clusters (Fig. 33) may occur with small magnetic fields.
These effects are mimicked in the toy model by using a
staggered externa field H, which favors O, clusters with
order parameter M, > 0 (blue, Fig. 2c) to the detriment
of Oy clusters, with —M, (red, Fig. 2c), or O, regions.
Figure 2d confirms the rapid generation of positive O, or-
der in the region To, < T < T* with tiny fields 0.01J;.
This severely affects transport (Fig. 3c); i.e.,, a modest
field transforms the intermediate T cluster state into a
fairly uniform state with robust conductance. The results
shown in Fig. 3c—the main results of this paper—are
similar to those found in Mn oxides, and a huge MR ra-
tio [R(0) — R(H,)]/R(H,) of ~4 X 10°% was obtained
a Hy = 1072 [17].
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FIG. 3. (a) Proposed state for Mn oxides in the CMR regime.
(b) Resistance of the toy model after the equivalence to man-
ganite states is used (see text), using a 256 lattice, W = 1.5, at
the couplings indicated. The calculation is carried out by trans-
forming a spin configuration into a resistor network, with nodes
centered at plaguettes (No. nodes = 1/4 No. sites) and with re-
sistors between them. The values of the conductances of these
resistors were established by using BB = RR = 1.0, BR = 0,
WW = 0.3, GG = BG = RG = WG =0, WB = WR = 0.5,
where B, R, G, and W stand for blue, red, green, and white
regions (see Fig. 2c), AA’ = « means that the resistor between
plaguettes in the A (= B,R,G,W) and A’ states has value «
(arbitrary units), and AA’ = A’A. Other values for WW and WB
lead to similar results, and BB defines the scale. Note that the
conductivity should be spin dependent, and a BR link (when
an electron moves from a spin-up to a spin-down region) has
zero conductance. The algorithm used to obtain the total con-
ductance is exact [16]. (c) Resistance (arbitrary units) vs T, at
external fields H, indicated, using a 2567 lattice, J, = 0.68, and
W = 1.5. (d) T¢ results for the one-orbital manganite model
using 8% and 16> clusters, density x = 0.5, infinite Hund cou-
pling, and hopping ¢ = 1. With disorder, the Jor couplings are
randomly distributed between Jog — W and Jor + W (W in-
dicated). In practice, T¢ was defined when the spin correlations
at distance +/2 dropped below 40% of the maximum value.

In addition, there are already experimental indications
in Mn oxides for the existence of a temperature scale T*
for uncorrelated cluster formation [18], which should be
ubiquitous in low-bandwidth manganites [19].

The phase diagram in Fig. 1 is representative of more
realistic models. Figure 3d contains MC results for the
one-orbital model [20], in which the coupling J 4 ¢ between
localized spinsis varied to induce a metal-insulator transi-
tion [3]. Without disorder, the T ~ 0 transition is known
to befirst order between FM and AF states, the latter with
rows or columns of spins up and down [3]. The*character-
istic” ordering temperatures T, at which spin correlations
become robust upon cooling, are shown vs J g. Note the
similarity with Fig. 1.

The results in Figs. 1 and 2 can aso be adapted to
cuprates. The high-T,. phase diagram (inset of Fig. 1)
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FIG. 4. (a) Conjectured HTS phase diagram. The black lines

should be the actual phase boundaries without disorder. The
shaded region is conjectured to have metallic (SC) and insulating
(AF) coexisting regions in the real materias. (b) Resistivity p.;
vs T, from arandom-resistor network calculation asin Ref. [24],
where details can be found. A 50 X 50 cluster was used, with
pap» for insulating (optimal doping) fraction p = 1.0 (0.0) taken
from LSCO x = 0.04 (0.15) data (see Ref. [26]). The inset
labels are the p fractions at 100 K, all of which are smoothly
reduced with decreasing T' until percolation to a SC state occurs
ap=205.

shows a suppression of AF and SC order in a region usu-
ally labeled “spin glass,” whose origin is unclear. Consid-
ering these diagrams together with the CPE results [10], it
is conjectured that the very underdoped cuprate state may
not be homogeneous but results from a SC vs doped AF
competition after disorder is considered. Inhomogeneities
(clusters) should be present even within ordered phases
[Fig. 2¢(3)]. Stripe states are candidates for the doped AF
state [21].

The proposed clean-limit phase diagram is in Fig. 4a,
with a vertical first-order transition line, which cuprates
have upon electron doping [22], and heavy fermions with
varying pressure. The shaded region may contain a mix-
ture of stripelike and preformed SC idands [23]. Because
of the general character of the discussion of Figs. 1 and 2,
colossal effects should be ubiquitous when ordered phases
compete, and they could appear in cuprates as well. CPE
[10] could be a manifestation, with preformed SC clusters
percolating under the influence of nearby SC materials. To
further check this hypothesis, Fig. 4b contains results of a
phenomenological random-resistor calculation of resistiv-
ity vs T [24], in rough agreement with experiments [25].

In summary, the results presented in this paper [27] sug-
gest that colossal effects in TMO's could originate in in-
trinsic inhomogeneities. These large effects may be more
general than previoudly anticipated. Inour studies, the ana-
log of the classical Griffiths regime— usually associated
with weak effects—is here much more robust, strongly
susceptible to external fields.
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