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Spin correlation functions in random-exchange s=1/2 XXZ chains

Heinrich Roder® and Joachim Stolze®
Physikalisches Institut, UniversitBayreuth, 95440 Bayreuth, Germany

Richard N. Silver
Theoretical Division, LANL, Los Alamos, New Mexico 87545

Gerhard Muller
Department of Physics, The University of Rhode Island, Kingston, Rhode Island 02881-0817

The decay ofdisorder-averagegdstatic spin correlation functions at=0 for the one-dimensional
spin-1/2 XXZ antiferromagnet with uniform longitudinal couplingA and random transverse
coupling J\; is investigated by numerical calculations for ensembles of finite chaina A0

(XX mode) the calculation is based on the Jordan-Wigner mapping to free lattice fermions for
chains with up taN=100 sites. A¥A # 0 Lanczos diagonalizations are carried out for chains with
up to N=22 sites. The longitudinal correlation functid8;S;) is found to exhibit a power-law
decay with an exponent that varies with and, for nonzeroA, also with the width of the
\-distribution. The results for the transverse correlation func{ig§sy) show a crossover from
power-law decay to exponential decay as the exchange disorder is turned drR@960American
Institute of Physicg.S0021-89786)00308-3

The combination of randomness and quantum fluctua-  5,=1/5,=1— (1/7)arccod. ®)
tions is well known to be a fertile ground for interesting
physical phenomena including Anderson localization. In one-
dimensional(1D) tight-binding systems the rule is that dis- The RSRG study further predicts that this exponent value is
order always leads to localization. However, if the random—nxz 7,=2, independent of the longitudinal couplidgand
ness is purely off-diagonal, the localization length diverges afne disorder strengtir, provided the latter is not too small. It
the band centérwhich is bound to affect the decay law of js indeed quite unusual that the anisotropic randomization of
correlation functions. One particular off-diagonally disor- an anisotropic exchange interaction should effectively re-
dered fermion model, the 1D half-filled tight-binding model ygye the effects of anisotropy in the spin correlations.
with random hopping, is equivalent to the speckX case Here we report results of a finite-chain study which goes
(A=0) of the 1Ds=1/2 XXZ model with random trans- gjgnificantly beyond that of Ref. 5 in statistics and system
verse exchange coupling, described by the Hamiltonian  gjzes. For thex X model (A=0), we carry out the computa-
tion in the(free- fermion representation, which enables us to
H=J32 [N(SS 1+ 99, 1) FASS, 4], (1) handle chains with up t&=100 spins and beyond. Far
' # 0 we must resort to Lanczos diagonalizations. Here the
The uniform longitudinal spin coupling corresponds to alargest system for which we can perform the computation
fermion interaction. Here we consider the range /<1,  with reasonable statistics hlls=22 sites. For graphical pur-
use periodic boundary conditions, and take the random tranposes we shall consider, henceforth, the absolute value,
verse coupling)\; to be described by a Gaussian distribution |(S{S)|, of the spin pair correlations.
with \j=1,\ik] = 1+028;;. The spin correlations &t=0 We first consider the case=0 (XX mode). If the lon-
of this model were recently investigated by means of a realgitudinal correlation function does exhibit power-law decay,
space renormalization grodRSRG method® based in part  [(S§SF)| ~ r~ 7z, as predicted, then the exponent also
on ideas from earlier work,and by means of a finite-chain governs theN-dependence of the functio{S§Sy,2)| in a
study? cyclic chain ofN sites® We have evaluated this quantity for
One interesting proposition made in the context of thesystems withiN=<100 sites and for disorder strengttis=2,
RSRG study is the existence ofandom-singlet phaswith  all with ensemble averages over up t@ Ionfigurations.

algebraically decaying spin pair correlatidrs: The data analysis yieldg,= 2 independent of. This is
v e consistent with the RSRG predictfohbut in contradiction
(SoSH~(=D)'r 7%, a=xz 2 to the earlier finite-size study, where a significant

The singlet nature of that phase would imply that the charo-dependence ofy, was observed.Our data also confirm
acteristic exponent, assumes the same value in the longi-that the disorder-averaged logarithm|¢8;S7)| exhibits the
tudinal (z) and transverse x) correlation functions, in decay law~—r*2 as predicted in Ref. 3.
marked contrast to the case with no exchange disorder The decay of the transverse correlation func{&jS;)
(o=0), for which we know the exact resbilt is much more sensitive to the presence of exchange disorder,
as is demonstrated by the data shown in Figs. 1 and 2. In the
dTheoretical Division, LANL, Los Alamos, New Mexico 8754permanent m_am dlagrqm OT Fig. 1 we show the fun.ctlb(r.S(X,SrXﬂ versus
address r in a logarithmic plot for ensembles with different disorder
Binstitut flr Physik, UniversitaDortmund, Germanypermanent address ~ Sstrengths. Turning on the exchange disorder with gradually
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FIG. 1. Log-log plot ofl (S}S)| at T=0 in the random-exchangéX chain ~ FIG. 2. Semi-logarithmic plot of(S;S)| with r<N/2 at T=0 in the
(A=0) with N=40 spins at disorder strengths=0,0.1,...,1 (top to bot-  fandom-exchang&X chain (A=0) with N = 18, 22, 26, 30, 34, 40, for
tom). For 0<o<0.5 the expectation value dfS.S’) has been averaged ¢ =0-4 (Upper set of curves, averaged ovef' t@nfigurations and o=1
over 10 configurations, and for>0.5, over 16 configurations. The inset ~(Iower set of curves, averaged over® ibnfigurations The data points for

shows the(effective decay exponenty, as a function of the disorder ©=21 at maximum distancer&N/2) are marked by full triangles. The
strength. straight line which best fits these data points is shown dot-dashed and de-

termines the correlation length The inset shows the data for=0.4 in a
log-log plot. The data points at maximum distance=(N/2) are marked by
full squares. The straight line which best fits these data points is shown

. . . dot-dashed and determines the correlation expongnt
increasingo causes the transverse correlations to decay more

and more rapidly as one might expéct.

For 0=<0=0.5 the data describe a power-law behavior.sistent with two alternative scenarios, which are equally in-
This is also evident in the bundle of curves near the top oteresting:

Fig. 2, which shows ther-dependence of the function
[(S5S))| semi-logarithmically atr=0.4 for various system
sizes. The valueg SjSy,)| at the endpoints of these curves
plotted vsN/2 in a log-log graph fall onto a straight line, and
the slope of that line determines the exponegt This is
illustrated by the full squares in the inset to Fig. 2.

The o-dependence ofy, as obtained from this procedure
is shown in the inset to Fig. 1. For the system without ex-A more extensive study for longer chains and with better
change disorder we reproduce the exactly known valustatistics will be necessary to discriminate with confidence
7= 1/2,° which is a special case ¢8). As o increases from between the two scenarid¥The data are definitely incom-
zero, i, grows gradually and monotonically, at first slowly, patible with a persistent power-law decay as predicted by
then more and more rapidly. RSRG.

Foro=0.5 the curves in Fig. 1 suggest the occurrence of  Now we turn to one caseé}=0.75, with fermion inter-

a crossover from algebraic decay to exponential decayaction (XXZ mode). Since the computations are much more
[(S5S)| ~ exp(=r/d), in the range of for which we have involved, the available data are limited by comparison with
data. The exponential character of the decay is more strikhe casel=0. At A # 0 neither our data for the longitudinal
ingly manifest in the lower bundle of data shown in the maincorrelations nor those for the transverse correlations are com-
plot of Fig. 2, representing the functidtS;S;)| atoc=1 for  patible with the RSRG predictions.

various system sizésThe smallest expectation values are ~ The function [(S3S?)| for various system sizes and
known only with considerablérelative uncertainty despite o= 1.5 is shown logarithmically in Fig. 3. The endpoint data
the augmented statistics. (r=N/2), which fall neatly onto a straight line, describe a

The triangles, which represent the valyésySy,)| vs  power-law decay withy,=1.26. The exponent values ob-
N/2 in this semi-logarithmic plot, are consistent with atained for two smaller disorder strengths arg=1.17
straight line. Its slope determines the disorder-induced corrg-o=0.5) andz,=1.31 (0=0.25). The exact resulB) for
lation length¢. Over the range of disorder strengths, wherec=0 assumes the valug,=1.298 . ..
our data suggest exponential decay(&S;)|, ¢ thus deter- All combined, the data suggest that the function
mined decreases monotonically with increasing [(S¢SP)| is governed by a power-law which persists in the

Our data for the exchange disordedé model are con- presence of randomness. Tiiedependence of the exponent

(i) There exists a transition at some nonzero value of the
disorder strengthg.=0.5, from algebraically to ex-
ponentially decaying transverse spin correlations.

(i) A transition of the same nature occurs@t=0 in-
stead, which produces very similar crossover effects
in the finite-chain data.

J. Appl. Phys., Vol. 79, No. 8, 15 April 1996 Roder et al. 4633
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FIG. 3. Log-log plot of[(S§S?)| for the XXZ model with uniform longitu-
dinal exchange £=0.75) and random transverse exchange=(L.5) on FIG. 4. Semi-logarithmic plot of( S;S;)| for the XXZ model with uniform
chains of various lengths. The data points represent averages over 100hgitudinal exchange X=0.75) and random transverse exchange

configurations foN=6, . . .,18, and 450 configurations fo=22. (0=1.5) on chains of various lengths. The data points represent averages
over 1000 configurations foN=6, ...,18, and 450 configurations for
N=22.

7, appears to go through a minimum of considerable depth

at o # 0,X which implies the curious phenomenon that the

longitudinal correlations are enhanced by a small amount ofiature of low-lying excitations and the properties of dynamic

transverse exchange disorder relative to the correlations ioorrelation functions. AW =0 the Jordan-Wigner mapping

the uniform-exchange system. to free fermions will make it possible to carry out these cal-
The data for the transverse correlatiof$;S;)| at  culations for large systems. At # 0 the KPM method de-

A =0.75 exhibit properties very similar to what we have ob-veloped recentf# promises to be an adequate calculational

served and described for the free-fermion case=Q). For  instrument.

not too large disorder strengths£0.5), we see a power- The work at URI was supported by NSF Grant DMR-
law behavior with an exponent that increases monotonicall®3-12252 and by the NCSA at Urbana-Champaign.
from the exactly known value;,=0.78@ ... ato=0, as

given by expression(3), to 7,=1.00 at 0=0.25 and ) o
ny=1.49 ate=0.5, at which point a crossover to exponen- , - F- Eggarter and R. Riedinger, Phys. RevL& 569 (1978.
! . . . C. A. Doty and D. S. Fisher, Phys. Rev.45, 2167(1992.
tial beh_awor_ makgs |tsglf felt. Thg expo_nen'glal decay [aw atsp g, Fisher, Phys. Rev. B0, 3799(1994.
o=1.5is quite evident in the semi-logarithmic plot of Fig. 4. “cC. Dasgupta and S.-K. Ma, Phys. Rev2B, 1305(1980.
The discrepancies between our results and the RSRGS. Haas, J. Riera, and E. Dagotto, Phys. Re48813174(1993.

. . . . 6
predictions of Refs. 2,3 call for an explanation in future stud-,2: buther and I. Peschel, Phys. Rev.13, 3908 (1979.
See Fig. 2 of Ref. 5.

?es- Possibly, the Strong@niSOIrOpicnature_ of the exchange  sthe upward curvature in the vicinity af=N/2 is an obvious finite-size
in the model systenil) — even forA=1 — is not adequately effect attributable to periodic boundary conditions.

taken into account by the RSRG procedure, which derives’B. M. McCoy, Phys. Rev173 531(1968.

from a method originally developed for a model wisiotro- 1preliminary results for chains with up td=200 sites indicate that sce-

ic exchanaé nario (ii) is more likely.
P ge. . L. . . 1 The same effect had previously been observed in Ref. 5, also for the case
In order to gain further insight into the properties of the A=0, where it is absent in our data.

XXZ chain with random exchange, we plan to investigate thé?r. N. Silver and H. Rder, Int. J. Mod. Phys G, 735(1994.
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