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Using continued fractions we examined the density of states and thermo-
dynamic properties of a few periodic nonuniform spin-1/2 XX chains in a
transverse field. We considered the transverse spin dynamics in spin-1/2
XX chain with correlated Lorentzian disorder.
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Since the pioneering paper by Lieb, Schultz and Mattis [1] statistical mechanics
calculations for spin—% XY chains have been the subject of long-lasting interest both
from fundamental and applied viewpoints. Our communication deals with some new
results for thermodynamics and dynamics of isotropic transverse XY chains with
regular nonuniformity or correlated Lorentzian disorder. The former model gener-
alizes the X X chain with the alternating coupling constant that was investigated
by some authors as a toy model to consider spin-Peierls phase transition [2-4]. The
latter model was studied in [5]. However the treatment in that paper was restricted
to thermodynamics in contrast to the present study dealing with dynamics of trans-
verse spin correlations. The basic tools to study these models are the Jordan-Wigner
method, the continued fractions, and the numerical approach for examining the spin
correlation dynamics developed recently [6].

Hereinafter we investigate a nonuniform X X chain in a magnetic field along the

z-axis consisting of N spins % wherein Hamiltonian is defined by

H = Z Q52 + Z Jo (shst  +sUst )
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1
— Z Q, (s:;s; - 5) + Z Ly (s} sm 88t ) (1)

By the Jordan-Wigner transformation the Hamiltonian (1) can be represented as
the Hamiltonian of non-interacting spinless fermions

H= Z 0, (cﬁ[cn — %) + ZI” (¢ cns1 — encly) - (2)

To examine the thermodynamics of the model one must find the density of magnon
states p(F) that is related to the temperature double-time fermion Green functions
GP. = GE (E +ie) according to the formula

N
1
p(E) = TN Z ImG,. (3)
n=1

Using the equation of motion for G} it is a simple matter to show that

1
Gr =
o 2
n . n 7
Eile—Qn—1—ﬁ
[2
N N (@
Eﬂ:lE—Qn—l—l_m

The continued fraction representation for the diagonal Green functions (4) is ex-
tremely useful for examining thermodynamics of regularly nonuniform chains when
periodic continued fractions emerge.

Consider for example a regular alternating chain Q11,151,515 ... when pe-
riodic continued fractions with period 2 emerge. As a result

p(E) =

0, E<b4, b3<E<b2, b1<E,
1 2B | b4 < FE < bg, bg < E < bl. (5)

2 B(E) ?
Here

B(E) = 4133~ [(E— M) (B - Q) - 12— 13)°
—(E=b1) (E = b)) (E—b3) (E—ba),

b} = {%[QlJngi\/(91—92)2+4(Ili12)2}}, (6)

and in (5), (6) it is implied that by > by > bs > by. In principle the calculation
of p(E) can be done for an arbitrary periodic chain, however, the calculations in
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Figure 1. Density of states (a, b), transverse magnetization versus transverse
field at zero temperature § = oo (¢, d) and temperature dependence of specific
heat (e, f) for nonuniform chain 91[1 e 912[1291[1 ce 912[12 e Ql = ng =
054+Q, Q=...=Q1 =14, J1=...=J1 =1, Jig =05 (a, C, e);
M =...=Qu=14Qy, hT=...=Jg =1, J7=... = Jis = 0.5 (b, d, f),

dotted curves correspond to uniform case.

the case of large periods become cumbersome. In figures la, 1b we plotted p(E) for
two chains with the period 12. The main result of introducing the regular nonuni-
formity is a spliting of the magnon band into subbands (a number of subbands
is equal to or less than the period of nonuniformity; compare figure la and fig-
ure 1b) that has important consequences in the thermodynamic properties of spin
model. For instance the low-temperature dependence of transverse magnetization
m, = —% ffooo dEp(F) tanh 5715 on transverse field is made up of sharply increasing
parts and horizontal parts, their number being determined by the period of nonuni-
formity (figures 1lc, 1d). In figures le, 1f we plotted the temperature dependence

of specific heat ¢ = [*° dEp(E) (%E)Q / cosh? %E that due to the introduced peri-
odic nonuniformity exhibits a two-peak structure, i.e. it has low-temperature and
high-temperature peaks.

Let us consider spin model (1) assuming that the exchange couplings J, are
independent Lorentzian variables with distribution

1 r
P = u

(Jo is the mean value of exchange coupling and I' is the width of distribution that
controls the strength of disorder) and the transverse fields are determined by the
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Figure 2. Frequency dependence of S..(k,w) (10) at K = § and K = §. 1 -
correlated disorder with a = —1.01; 2 — correlated disorder with ¢ = 1.01; 3 —
independent exchange couplings and transverse fields; the latter have distribution

(9) with |a|T" = 0.101; 4 — non-random case I' = 0 (dashed curves).

neighbouring exchange couplings according to the formula
a
Q, — Q= 3 (Jno1+ I — 2J0) . (8)

It can readily be checked that the distribution for the random variable §2,, reads

1 ar
) R (el

(9)

We shall be interested in calculation of the random-averaged dynamic structure
factor

Sea(kw) = e / "t [<s§<t>s§+n> — (s3)(s3,0) (10)

using for this purpose numerical approach. As shown in [6], to achieve this goal
it is necessary to solve N x N eigenvalue and eigenvector problem for the matrix
Anm = Qnénm + %&n,n-{—l + %&n,n—la Le.

N N N
ngjAjm = AkGrm, ngquj = Okq, ngjgkm = Ojm- (11)
=1 j=1 k=1
In our numerical calculations we considered chains of N = 300 spins with J, = —1,
Qo = 0.5 and I' = 0.1 at low temperature 8 = 1000. We computed correlation
functions (s350(t)ST501n) — (Sis0) (Sis04n) With n =10,%1,...,£100 for the times up

to t = 200, put € = 0.01 and averaged the zz dynamic structure factor (10) over
3000 random realizations to obtain the results presented in figure 2. We carefully
analyzed the accuracy of our calculations studying finite-size effects, the effects of
finite number of terms in the sum in (10) and of finite time cut-off in the integral in
(10), and the effects of finite number of random realizations.

Let us comment the results we have obtained for S, (k,w). Figure 2 nicely shows
the difference in frequency shapes of the dynamic structure factor for correlated
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Figure 3. Density of states for model (1), (7). a) — correlated disorder with
a = —1.01; b) — correlated disorder with a = 1.01; ¢) — independent exchange
couplings and transverse fields with |a|I" = 0.101. The density of states for non-
random case is depicted by dashed curves.

disorder (7), (8) with different signs of a and for the case of independent random
exchange couplings and transverse fields with distributions (7) and (9), respectively.
The transverse dynamic structure factor is determined by two magnon excitations
and these spectacular changes in the frequency dependence are caused by the changes
in the density of magnon states depicted in figure 3.

To summarize, we applied continued fractions to study rigorously the thermody-
namic properties of periodic nonuniform spin—% X X chain in a transverse field and
extended a previous analysis of the spin—% X X chain with correlated Lorentzian
disorder examining numerically the dynamics of transverse spin correlations. The
theoretical results observed in our study should prove valuable in understanding
the experimental data for X X chain materials the synthesis of which is becoming a
reality [7].

A study of periodic nonuniform spin—% X X chains was inspired by the papers of J.
Freericks and R. Lemanski presented at the 22nd Seminar of the Middle European
Cooperation in Statistical Physics (Szklarska Poreba, 1997). The authors thank
R. Lemanski for useful correspondence. O. D. is indebted to Mr. Joseph Kocowsky
for continuous financial support.
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Cnin-1/2 XX naHLU0XXKy B nonepe4yHomy noni 3
perynsapHoio HeoaHOPIAHICTIO a00 i3 CKOpeNboBaHUM
NIOPEeHLU,0BMUM 6e3nagom

O.Lepxko, TKpoxmanbcbknii, O.3abypaHHui

IHCTUTYT @i3nkn koHaeHcoBaHux cuctem HAH YkpaiHu,
290011 JibBiB, ByNn. CBEHLjLBKOrO, 1

OtpumaHo 11 4yepsHsa 1998 p., B oCTAaTOMHOMY BUMMAAI —
24 yepBHA 1998 p.

BukopucToBytoum HenepepBHi 4pobu, M1 AOCAIANAN WiNbHICTb CTaHIB i
TepMOoAMHaMIYHI BaCTUBOCTI KisibKOX NepioguyHO HEOOHOPIAHMX CHiH-
1/2 XX naHuUloXKiB y nonepevyHomy noni. Mu po3rnsHynmM nonepeynHy
CMiHOBY AMHAMIiKY B CMiH-1/2 XX NaHLIOXKY i3 CKOPenbOBaHUM JIOPEHLIO-
BUM 6e3n1afom.

Knio4voBi cnoBa: nepioan4yHo HeoaHopiaHW criH-1/2 XX naHLI0XOK,
CKOPpesIbOBaHW 10peHLiB 6e31a/, LifIbHICTb CTaHIB, HaMarHi4eHicTb,
TEMNJI0EMHICTb, ANHAMIYHUV CTRYKTYPHUV pakTop

PACS: 75.10.-b
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