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The description of the spin-glass phase in terms of a 7' =0 fixed point is shown to imply a “chaotic”
phase in which the relative orientations of spins with large separations L = L* are sensitive to small
changes 8T in the temperature or 8J in the bond strengths, where L* «1/(8T)"¢ or 1/(8J) "%, respec-
tively, {=d;/2—y, and —y and ds are the thermal eigenvalue at the 7 =0 fixed point and the “interfa-

cial (fractal) dimension,” respectively.

PACS numbers: 75.40.—s, 05.45.+b, 64.60.Fr, 75.10.Hk

Progress in the theory of spin glasses has until recently
been largely confined to the Sherrington-Kirkpatrick
(SK) model,!"3 which serves as a mean-field model for
the spin glass. Extension to short-range models by ex-
pansion around the solution? of the SK model has proved
to be difficult,* and results from this avenue on the na-
ture of ordering in finite-dimensional systems are still
awaited.

Recently, however, a new approach has been pro-
posed,>~7 based on the properties of a 7 =0 fixed point.
Motivated by numerical studies,®® this approach de-
scribes an ordered phase very different from that of the
SK model (no “replica-symmetry breaking,?” Almeida-
Thouless line,'® or “lack of self-averaging”!!'). The
central role is played by an exponent y (called 0 in Ref.
6) which characterizes the energetics of large-scale exci-
tations from the ground state: The characteristic energy
scale at length scale L varies as L”. The system orders at
low-temperature only for y >0, i.e., when the system
scales to strong coupling. Numerical studies of interface
(or “domain wall”) energies indicate®® that y >0
(y ~0.2) for Ising spin glasses in d =3, while y <0
() ~—0.3) for d =2. These results are supported by
extensive Monte Carlo simulations. !2

Here the T =0 scaling theory is used to investigate the
microscopic structure of the ordered phase. It has been
argued®’ that the smallness of LY compared to the
“naive” estimate L9~ ! for the interface (free) energy of
an overturned region of spins (‘“droplet”) of size L im-
plies large cancellations from different parts of the inter-
face. Such cancellations should be sensitive to changes
in 7, implying that the relative orientations of spins suf-
ficiently far apart can change with arbitrarily small
changes in 7.6

We first look at the related problem of small changes,
not to 7, but to the interaction strengths themselves. We
work at T =0 and investigate the sensitivity of the

ground state to such changes. Interesting results can be
obtained even for d =1 and d =2 where the response to
changes in T would be less interesting because of the ab-
sence of an ordered phase for 7 >0. We obtain the
striking result that ar sufficiently large length scales the
ground state is unstable against arbitrarily weak pertur-
bations to the bonds. More precisely, if 8§J, J measure
the strength of the bond perturbations and of the unper-
turbed bonds, respectively, the ground state is unstable
on length scales larger than L*~(J/8J)'% where
¢{=ds/2—y, and L% is the typical area of an interface
surrounding a droplet (i.e., low-energy excitation) of size
L. The result is derived explicitly for 4 =1, while for
d =2 it is inferred from the sensitivity of interface ener-
gies to bond perturbations. As a by-product we find
ds=1.26 for d =2. It is argued that for d =3, where
y >0, the response to a temperature change for T < T,
is given by a similar expression with 87 replacing &J.

A heuristic derivation of our results follows from an
Imry-Ma-style domain argument.'®> Consider an Ising
spin-glass with a continuous distribution, say Gaussian of
width J, of exchange interactions. A low-energy excita-
tion from the ground state, involving an overturned drop-
let of linear dimension L, costs energy of order JL”.
Now add a small random perturbation, say Gaussian of
width Jg, to each bond. If the ground state remains un-
changed, the contribution to the droplet energy from the
perturbation is a sum of L% independent random vari-
ables with random signs, i.e., a term of order JoLds/z.
Hence, provided {=ds/2 —y is positive, the ground state
will be unstable to the perturbation on length scales
LZL*=(J/Jo)% The relative orientations of spins
separated by more than L* will be strongly affected.
Such sensitivity to weak perturbations is a fundamental
property of spin-glasses. Note that the nonnegativity of
¢ for Ising spin-glasses is ensured by the inequalities
ds=d—1 and® y<(d—1)/2. By contrast, for an
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Ising ferromagnet ds =d — 1=y giving {=—(d —1)/2,
i.e., the ferromagnetic ground state is stable against
weak-bond perturbations for d > 1.

Consider now the solvable case of an Ising chain. The
Hamiltonian is

N-—1
H=— Z JiSi(l)Si(il-)l-
i=1
If we fix the boundary spin S{’ =+1 to break the
time-reversal symmetry, the ground state is

SV =TIsgn(s;), L=2,...,N.
i=1
For simplicity we add to each bond a constant, Jo, rather
than a random variable (the Imry-Ma argument works
equally well for this case). The new ground state is
L—1
S =TT1sgn(;+Jo)
i=1
and the correlation between the new and old ground
states, averaged over the disorder, is

[sOgD],, = [f:odJP(J)sgn(J)sgn(J +Jo)]

=[1—-2JoP(0)]L!

for Jo<< 1. In the “scaling limit” L — oo, Jo— 0, with
JoL fixed, we have [S{VS@1,— expl—2LJoP(0)].
Thus the two ground states decorrelate over a distance
L*~1/2JoP(0), which agrees with the Imry-Ma argu-
ment since dg =0 and”® y = —1 for d =1. The “ground
state overlap”

_ N L*
q(l,Z)EN 1 Z [Si(l)Si(Z)]avz_*’ 0
i=1 N
in the thermodynamic limit. More generally if P(J)
=Av|J |7 for J— 0, one finds, in the scaling limit,
SIS, — exp(—2A4LJY), giving L* «Jg Y in agree-
ment with the Imry-Ma argument, since ds=0 and
y = —1/v for this case.”

For d =2, computation of ground states is not
straightforward for systems of reasonable size. Instead
we study the “scale-dependent coupling,” defined as the
energy of an interface induced in a sample of L x (L +1)
spins by a change of boundary conditions as described
elsewhere.”® Sensitivity of this coupling to perturbations
in the bonds implies sensmvug' of the ground state at
scale L. To each sa J)le {7} is associated a second
sample {J2}, with J; 2’—1“5+JO1< Both /! and
K; ; are normally dxstrlbuted with unit variance. If J'(0)
and J'(Jo) are the corresponding “block couplings,” de-
fined as the boundary -condition-dependent part of the
ground-state energy,”® we expect J'(0) and J'(Jo) to be-
come decorrelated for large L. This was measured
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through the correlation functions
=['(0)J' U1/ 177 (0) 21321 (U) 2132, (1)
Cy=I[sgn{J'(0)}sgn{/ ' (Jo)} ... 2)

This investigation also allows a computation of the
mean interface length [LiyJay. If Jo is chosen sufficient-
ly small that the ground states are unaffected by the per-
turbation [Jo=10""7 was found to be adequate for the
range of sizes (L < 12) explored; for large L, of course,
Jo =S constL ~1/¢ would be required] then for a particular
sample J'(0) —J'(Jo) =(Lin) Y2J oz, where z is a nor-
mally distributed random variable with [z2],,=1. Thus

[Linda = 11m {70) =T U)1B /I8

The data presented in Fig. 1, where the error on each
point is no larger than its size, leads to the estimate
ds=1.26 £0.03 for the “fractal dimension of the inter-
face.”® Combined with”® y =—0.29+0.01 our esti-
mate for ds gives {=0.92 £0.02 for d =2. The quoted
errors are the statistical errors associated with finite
sampling. Possible systematic errors, associated with the
failure to reach asymptotically large L, are much more
difficult to estimate. For d =1 we have {=1, suggesting
that the exponent { may depend rather weakly on dimen-
sion.

To test for sensitivity to the shape of the sample some
data were collected for samples of L X (2L + 1) spins, the
long direction being that in which the changing bound-
ary conditions were applied.”® These data lie on a paral-
lel straight line within the statistical error.

The above considerations suggest that the functions
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FIG. 1. Scale dependence of the mean interface length for
two-dimensional Ising spin-glasses at T =0. Filled circles,
L x(L +1) systems; open squares, L X (2L +1) systems. The
straight line has slope 1.26.
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Cy, C; for different Jo and L can be collapsed onto a sin-
gle curve by a suitable choice of abscissa. For sufficient-
ly small Jo, J'(Jo) =J'(0)+ (Lin) 2Joz as discussed
above and [J'(0)J'(Jg)1l,=[J'(0)?],, since the cross
term averages to zero. Normalizing as in (1) yields C,
=(1+x2) 712 x <1, where x =JolL;nJ12/1J'(0) 2112
~JoL /¢ is the appropriate scaling variable, as suggested
by the Imry-Ma argument. A similar small-x approxi-
mation for C, requires knowledge of the probability dis-
tribution for J'(0) which, unfortunately, is known only
numerically.”® To leading order in x, however, one ob-
tains

C,=1—Q/m) 2P (0021 2x+. ..,

where P;(J') is the probability distribution normalized
on the interval (0,0). From Ref. 8 we estimate
[V'(0)21}?=1.03L” while Fig. 2 of Ref. 7 yields
P;(0)=0.93L 77, giving C;=1—0.764x, x < 1.

The data for C,,C, are presented in scaled form in
Fig. 2, where the solid curves are the small-x results de-
rived above. The scatter in the data for larger x is no
greater than the statistical error on the points, and so the
data are consistent with the postulated scaling form
within the statistical error. The vanishing of both C,
and C, at large length scales shows that the sign of J', as
well as its magnitude, is sensitive to weak perturbations
to the bonds. The implication is that the block couplings
at scale L decorrelate significantly for JoL°X 1, and that
the ground state of a macroscopic system is therefore un-
stable to a weak perturbation on length scales L 2 Jg /%,
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FIG. 2. Correlation functions measuring the effect of weak
bond perturbations on the effective coupling at length scale L:
upper data, Ci; lower data, C,. The abscissa is the scaling
variable x =Jo[LinJX2[J'(0)211/2, the averages being taken
over the 10% samples used to obtain each point. The legend
gives the value of L corresponding to each symbol. The solid
lines give the small-x behavior derived in the text.

0

in agreement with the Imry-Ma argument.

For d =3, where y > 0, the response of a system with
fixed interactions to a change in T, for any T < T¢, may
be analyzed in a similar manner. The block coupling for
general T is the interface free energy, J(T) =F;,,(T),
giving 8J(T) = — S (T)ST, where S;, is the interface
entropy, as the response to a temperature change 67.
While Fip =FEin — TSint is of order L?, the separate en-
ergetic and entropic contributions are expected to be
much larger, of order Lds/z, since they are the sum of L%
essentially independent contributions of random sign.®
Thus 6J(T)«L%?8T, and 6J(T)~J(T) at length
scale L* ~(8T) ~'/¢ as claimed. At low temperatures it
is expected!* that (for continuous bond distributions)
Sim~TL%"? and therefore L* ~(T8T) ~'/%. In particu-
lar, as the temperature is increased from zero,
L*~T ~%¢ s the length scale at which the entropy first
plays an important role, i.e., the length scale at which
the ordering pattern {(S;)7} (where ()7 indicates a
thermal average) loses coherence with the ground state.
This latter length scale has also been noted by Huse and
Fisher.!'* For discrete bond distributions, (e.g., the “ + J
model”) one expects'® Si~L%* for T—0, and
L*~T V¢

The spin-glass phase is ‘“chaotic” in the following
sense. The calculation of the scale-dependent coupling
can be regarded as a mapping from of order L% vari-
ables (the bonds in the sample) onto one (the block cou-
pling, i.e., the interface energy). We have shown that a
small random perturbation of strength Jo to the “initial
conditions” (i.e., the bonds) leads to a change in the out-
put J' of relative size 8J'/J ~JoL% ie., the small
change in the initial conditions grows under “iteration”
(increasing L) with “Lyapunov exponent” A ={(=ds/2
—y. This sensitivity to initial conditions is the defining
property of chaotic behavior. Chaos in spin systems has
heretofore been observed only in frustrated hierarchical
models. > Tt is not clear to us whether the chaos mecha-
nism discussed here is fundamentally diffeerent in its ori-
gin. We note that our mechanism for chaos operates
even for d =1 where it is due to disorder rather than
frustration: ¢{>0 is the necessary condition for the
chaotic behavior discussed here.

Generalizing to finite temperatures for a fixed sample
we argue that spin correlations in the ordered phase
should be a chaotic function of (i) spin separation for
fixed temperature, and (ii) temperature, for a given pair
of spins, provided they are sufficiently far apart,
L2 (TS8T) "% Hence there is no “hidden order pa-
rameter”’ for spin-glasses: No single “frozen pattern”
describes the spin-glass order for all T < T¢.

One of us (A.J.B.) thanks J. R. Banavar for discus-
sions, and for suggesting the use of the Imry-Ma argu-
ment in this context. The other (M.A.M.) thanks D. S.
Fisher and D. A. Huse for discussions, and acknowledges
partial support under National Science Foundation

59



VOLUME 58, NUMBER 1

PHYSICAL REVIEW LETTERS

5 JANUARY 1987

Grant No. PHY 82/17853, supplemented by NASA.

(@Permanent address: Department of Theoretical Physics,
The University, Manchester, M13 9PL, United Kingdom.

ID. Sherrington and S. Kirkpatrick, Phys. Rev. Lett. 35,
1972 (1975).

2G. Parisi, J. Phys. A 13, 1101, 1887, L115 (1980), and Phi-
los. Mag. B 41, 677 (1980), and Phys. Rep. 67, 97 (1980), and
Phys. Rev. Lett. 50, 1946 (1983).

3M. Mezard, G. Parisi, N. Sourlas, G. Toulouse, and
M. Virasoro, Phys. Rev. Lett. 50, 1946 (1984), and J. Phys.
(Paris) 45, 843 (1984).

4C. De Dominicis and I. Kondor, J. Phys. Lett. (Paris) 45,
L.205 (1984); see also H. Sompolinsky and A. Zippelius, Phys.
Rev. Lett. 50, 1297 (1983).

5W. L. McMillan, J. Phys. C 17, 3179 (1984).

6D. S. Fisher and D. A. Huse, Phys. Rev. Lett. 56, 1601
(1986).

7A. J. Bray and M. A. Moore, in Heidelberg Colloquium on

60

Glassy Dynamics and Optimisation, edited by A. Zan Hennen
and I. Morgenstern (Springer-Verlag, Heidelberg, 1986), and
in Advances on Phase Transitions and Disorder Phenomena,
edited by G. Busiello and L. Deces (World Scientific, Singa-
pore, 1986).

8A. J. Bray and M. A. Moore, J. Phys. C 17, L463 (1984),
and Phys. Rev. B 29, 340 (1985).

W. L. McMillan, Phys. Rev. B 31, 340 (1985), and 29,
4026 (1984).

10J. R. L. de Almeida and D. J. Thouless, J. Phys. A 11, 983
(1978).

'A. P. Young, A. J. Bray, and M. A. Moore, J. Phys. C 17,
L149 (1984).

I2R. N. Bhatt and A. P. Young, Phys. Rev. Lett. 54, 924
(1985); A. T. Ogielski and I. Morgenstern, Phys. Rev. Lett. 54,
928 (1985).

13Y. Imry and S.-k. Ma, Phys. Rev. Lett. 35, 1399 (1975).

14D. A. Huse and D. S. Fisher, to be published.

13S. R. McKay, A. N. Berker, and S. Kirkpatrick, Phys. Rev.
Lett. 48, 767 (1982); B. Derrida, J.-P. Eckmann, and A. Er-
zan, J. Phys. A 16, 893 (1983).



