PHYSICAL REVIEW B VOLUME 54, NUMBER 3 15 JULY 1996-I

Quantum phase transition and long-range order in the ground state of a lattice of pseudospins
coupled with optic phonons
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We study a pseudospin-phonon coupling system in its ground state and show that, as a result of the
competition between the intrasite pseudospin tunneling and the phonon-induced intersite pseudospin correla-
tion, a quantum phase transition to the pseudospin long-range ordering phase may occur at some critical
coupling constant. In the disordered phase the short-range ferroelectric or antiferroelectric correlation gets
stronger as the coupling constant increases. The calculated renormalized tunneling matrix element, which is
reduced by the pseudospin-phonon interaction, is not as small as the theory of previous authors predicts, that
is, the reduction is alleviated by taking into account the retardation effect of the coupH@d.63-
182996)02927-X

Quantum phase transitiofat zero temperatuyand long- When making numerical calculations we assume a two-
range ordering in systems with competing interactions havelimensional square lattice with the following functions of
been a subject of great theoretical interest in recent yearsvave vectork:

The competition may be, e.g., between the electron-electron

correlation and the electron-phonon interaction as that in the a

conventional superconductor-metal phase transitiarzero  ox(=)=wV1—p(1 y)/2, 9§=§w§, — <Kk, ks,
temperaturg® In this case the retardation effect of the )
electron-phonon interaction plays a very important fole.

this work we consider a lattice of pseudospins interactingNhereyk:(coskx+cosky)/2. «a is a dimensionless constant to
with optic phonons, in which the competing interactions aremeasure the coupling strength agg is assumed to bé
the intrasite pseudospin tunneling and the phonon-induceghdependent for simplicityw, is the upper limit of phonon
intersite pseudospin correlation. The pseudospin-phonofequency and & p<1 in (2) measures the size of disper-

. . . —6
coupling Hamiltonian reads sion. In the following it will be shown that the,(+) lattice
1 mode may induce a ferroelectric ordering, but(—) an
H=-, AonJFE wk( bby+ 5) antiferroelectric ordering. Throughout this paper we set
] k h=1.

1 Our treatment is based on the unitary transformation ap-
— oi(b!, +bexp(—ik-j), (1) ~Proachwith
m;;g“( Hboexp(—ik-j), (1)

whereN is the number of pseudospinis (b,) is the cre- H' =exp(S)Hexp( - 9), @)
ation (annhilatior) operator of phonon mode with frequency

wy, of and o are the Pauli matrices on sifewith bare 1 Ok o .t o
tunneling matrix elemenf,. gy is the pseudospin-phonon S= \/_Nzk: 2 w_k5k‘7j(b-k—bk)e><p(—lk'l)- 4

coupling constant. This model Hamiltonian has been studied,
as a model for the proton-lattice interaction in hydrogen—H
bonded ferroelectrics, by some authors using various methr
ods, such as the mean-field approximafiotne Green’s-

function techniqué;* the variational calculatiofr! and the

unitary transformation approachTheir interest is concen-
trated either on the single pseudospin progeftyor on the

long-range ordering induced by phonofsBesides, a simi-
lar model system, known as a two-level system coupled with + 1
a phonon heat bath, has been studied by many autfide. H0=§k: wy| bby+ 2
Hamiltonian of it is similar to(1), but without the summation

ere we introduce ir6 a function §, that isk dependent.
he form of it will be determined later. The transformation
can be done to the end and the result is

H'=Ho+H,, (5)

- Nvo—; 7Aoo

overj, since it is a single impurity problem. In this work, 1 b g e
however, we concentrate on the collective properties of pseu- ~ — NEKD > . (2= 60—V |oiajexdik- (i=j)],
dospins in both the disordered phase and the long-range or- Y k

dering one. (6)
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The last term inH; describes a long-range Ising-type inter-

action between pseudospins, in which i NP )
P P FIG. 1. Ferroelectric correlatiorf(i,—j,) as a function of

1 ix—Jx with i,=j, in the case ofAy/w.=0.2, p=0.75, and
2—2 gﬁ&k(Z—ék)lwk (8) a=0.1 (solid triangleg, 0.2 (empty circley, and 0.2078(solid
N% circles. a is the lattice constant.
is subtracted because it represents a constant self- coupllngh
sincea?o?=1 and does not contribute to the interaction be-WhereE is the energy function of pseudospin excitations
tween pseudospms at different siteBesides,

Ev=2VnAo[ 7Ao—Ui]"2 (14
=exp — EE 252/ w? Obviousl th
n=ex N< 0k O/ oy (9 viously, we must have
represents the phonon dressing of the bare tunneling matrix 7Ao—U>0 (15

elementA,.2°

L for these excitations to be stable.
We treatH, as the zeroth order Hamiltonian ak the

The average value of the perturbatibin [see Eq(7)] in
"the ground statfyg) is zero. We determine the form éf by
making the matrix element oH, between|g}) and the
lowest-lying excited stat8/b",|g¢) be zero,

let 5,=1 for all k and thus the second term ##h, is zero.
However, the first order term af still exists in the sinh
function. We determine the form @, as follows. InHg the
pseudospins and the phonons are decoupled and we have the

it
transverse Ising model for pseudospifisThe ground state (9o[HiByb~|g0) =0. (16
of Hy, denoted asgy), is The result is

190)=1s.0)[p.0). (10 8= ol o+ 2V AoV 7he— Uy L. (17)

where |p,0) is the vacuum state of phonons, but an exac .
solution for|s,0) cannot be obtained. We use the Imearlzedtrhus one can see thag<1 and isk dependent foH, to be
as small as possibley,=1 for all k only whenAy=0. Of

spin-wave approximation
P PP course, this form o, is good only when the conditiofi5)

of= BJ—T+ Bj, io/= BJ-T— B;, U.XZZBTB._ 1, (11) s satisfied. In this case the system is in a disordered phase
. and the pseudospm correlation function, defined as
whereB; andB;’ are boson operators. In this approximation { (j—j) = (g| o7 a7|g), where|g) is the ground state ¢4, can
Ho reads be derived as follows. In  our approximation

|g)~exp(=9)|gy)- By using the linearized spin wave ap-
—NVo—N7nAg+ Y, 27A,BIBy proximation(11) we have
k

1
HO%; wk( blbk'f‘ E

—EEU Bf+B_,) (B, +B 12 f(i—j)~(golofailgg )~—ZM (18
24 k(Bg+B_1)(B_¢+By), (12 0 0 SN

where  Uy=2028(2— 8/ w—2V, and Bj=1/ This is a damping or damping-oscillating function iof]
\/—z B.exp(k-j). ThenH, can be diagonalized by the Bo- because the denominator of the integrand has no real zero-
go“ubo\/ transformaﬂoshand the d|agona||zeH|0 is point when the conditioil5) is satisfied. Figure 1 shows the
ferroelectric correlationf(i,—j,). Note that wheni=j
f(0)=1. Here the phonon frequenay,= w,(+) is used and
thus the maximum ofgZ/w, is at k=Q=(0,0). For
Ay/w.=0.2 the condition

1
T —
+ Ek) Ek( B/B«+ 2), (13 nAo+2Vo=29% wy, (19

1
HOZE wk( blbk+ E) _NVO_ZN 77A0
k
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ol —— (9lai]g)~(golexp(S) aiexp — S)|gp)
1 2nA, Ey
~27](1—mk E—k+m . (20)
-/,—-\: 0or The ground-state average of in the disordered phase is
= zero.
ha WhenUg is greater thamA, we get the ground state of
01F { ANTIFERROELECTRIC] H, by a mean field decoupling of the Ising-type interactfon
CORRELATION 1
' 1 L | ' | ' 1 '
0 2 4 6 8 10 Ho=§k) wk(blbﬁ‘z _NVO_EJ_: 7Aooy
N 2 Uexiik-(i=pIleX(of) +o(o)
FIG. 2. Antiferroelectric correlatiorfi(i,—j,) as a function of ’
ix—jx with i,=j, in the case ofAy/w.=0.2, p=0.75, and —<g'iz><0'jz>+(a'iz—<g'iz>)(g'jz—<0'jz>)], (21
a=0.1 (solid triangle$, 0.2 (empty circle$, and 0.2078(solid .
circles. where () means the ground-state averaging

( Yy=(g4l |9g)- The mean-field approximation is to neglect

which determines a phase transition line in thg/w.~ a the last term in the square brackets. In this approximation,
phase diagram, is satisfied at=0.208. One can see from 2 L
the figure that the short-range correlation increases with in- (o)) = ooexpiQ-j). (22)
creasinge. Here oy is a constant that will be determined self-
Figure 2 shows the antiferroelectric —correlation consistently. For simplicity we assume eXp(j)= *+ 1, that
f(ix—Jx). Here the phonon frequenay,=w\(—) is used s, the ferroelectric couplingQ=(0,0)] or antiferroelectric
and thus the maximum of/ wy is atk=Q=(m,m). The  coupling [Q=(m,7)] between pseudospins. Thus the
phase transition point is still aly/w.=0.2 andae=0.208, ground statdEq. (10)] is a direct product of the on-site
since the conditior{19) is symmetric under the transforma- ground statdj, + ), where
tion ky— m—k, and k,— 7—k,. However, the correlation
function is a damping-oscillating function af—j, to be i, %) =[(NIG+ 7?*A5=Jg)?
different from the ferroelectric one and shows a short-range
antiferroelectric correlation. p 211 * 740
The Ag/w.~ a phase diagram, derived from EQL9), is + 7°Ag] .. | (23)
shown in Fig. 3. For comparison, the result obtained by as- VIgt 77Ag*+Jq
sumings,=1 for all k is also shown by the da_lshed line. Our Heredo=— Uqooexp(Q-j) andlj,—) is the on-site excited
result of §,<1 increases the area of the dlsor.dered phasgtate_ The self-consistent solution fog is
compared to that o6, =1, especially whemy/w, is larger.
We list some numerical results. Far,/w,=0.2 the phase oo=[1— nzAS/Ué]”Z. (24)

transition point is at«=0.208 (6<1) or «=0.203
(8,=1); for Ay/w.=0.35 it is at«a=0.315 (§,<1) or The effect of the perturbatioH, in this long-range ordering

«=0.300 (5,=1). phase can be discussed as follows. Its average value in the
The ground-state average of the tunneling matrix in theground stateg) is zero.5o=1 makes the matrix element
disordered phaség|co’|g) can be calculated as (g(’,|H|bT_Q|g(’)) be zero. Besides, we determine the form of

S for k#Q by making the first-order matrix element of
H, between the ground state and the lowest-lying excited

ST T T statelj,— )b’ ,|p,0) be zero,
°~4_‘ DISORDERED / b (p,0/(j,+|Hlj,— b, |p,0)=0. (25)
& 03| — The result forsy is
RS; A ]
< o2 - LRO 1 8= i/ (w+2Ug). (26)
01| - The ground-state average of the tunneling matrix is
oo L1 (glo7lg)~(golexaS) ofexd — S)|gg) =~ 7*Ag/Uq.
0.0 0.1 0.2 0.3 0.4 0.5 (27)
o (gloilg) as a function ofa is shown in Figs. @) and 5a).

For comparison, the dashed lines are the results obtained by

FIG. 3. A/ w,~ a phase diagram for the case@£0.75. LRO  assuming,=1 for all k. For convenience, we plot the result
means the long-range ordering phase. for disordered phase and that for long-range ordering phase
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FIG. 4. (a) (g|o*|g) and (b) (g|o?g) as functions ofa for FIG. 5. (a) (g|¢¥|g) and (b) (g|c?g) as functions ofa for
Ag/w.=0.2 andp=0.75. Ag/w.=0.35 andp=0.75.

in the same figure. The difference between the two lines gets !N summary, we have studied a pseudospin-phonon cou-
larger with increasingr and whena is larger than 0.5 the Pling system in its ground state and shown that, as a result of
difference may be more than one order of magnitude. Adhe competition between the intrasite pseudospin tunneling
(g|o¥|g)=1 for @=0, we can uség|a*|g) as the renormal- and the phonon-induced intersite pseudospin correlation, a
izatién factor for bare tunneling mé\trix element,. Our quantum phase transition to the pseudospin long-range order-

result shows that, although the reduction of the tunnelind"d Phase may occur at some critical coupling constant

matrix element by pseudospin-phonon interaction gets largef/€ US€ a unitary transformation approach in which a
with the increasing coupling constaat it is not as small as k-dependent functiod, is introduced and the form of it is

the theory of,=1 predicts and the reduction is alleviated d€termined through making the matrix elementtof be-
by introducing ak-dependent, . tween the ground state and the lowest-lying excited state of

We should say something about the physical meaning offo Pe zero. Itis shown that in the disordered phase the
5,=1 and our choice of Eq417) and (26). 5,=1 means short-range ferroelec.tnc or antiferroelectric correlation gets
that the phonons can follow completely the intrasite pseuSIOnger as the coupling constanincreases. The calculated
dospin tunneling and this should not be the case when thggnormalized tunneling matrix element, which is reduced by
conditionA,/w, <1 is not satisfieds, <1 of Egs.(17) and the pseudospm—phopon mtergcuon, is not' as'small as the
(26) means that the phonons follow the tunneling motionthe‘?ry of 5k_51 predicts, that is, thg reduction is alleviated
only partly and there is a retardation effect. According to our®Y introducing ak-dependen, . This fact shows that the
result, it is necessary to consider the retardation effect whefftardation effect is important when the rafig/wy is not

the ratioA o/ wy is not very small. very small.

(gloflg) as a function ofa is shown in Figs. &) and H.Z. would like to thank the Croucher Foundation, Hong
5(b). In the disordered phas(eg|ajz|g>=0, sSo one can see Kong, for financial support. This work was supported in part
where the phase transition point is. by the FRG of the HKBU.
1see, for example, P. Morel and P.W. Anderson, Phys. RS, roelectrics and Related Material€larendon, Oxford, 19%7

1263(1962. "P.E. Parris and R. Silbey, J. Chem. Ph§8. 5619(1985.
2R. Blinc and M. Ribaric, Phys. Re.30, 1816(1963. 8See, for example, A.J. Leggett, S. Chakravarty, A.T. Dorsey,
3V.F. Sears, Proc. Phys. Soc. Lond®# 951 (1964. M.P.A. Fisher, A. Garg, and W. Zwerger, Rev. Mod. P1§8,.1
4R.J. Elliott and J.B. Parkinson, Proc. Phys. Soc. Lon@2n 024 (1987, and references therein.

] (1967. N 9See, for example, D.C. MattisThe Theory of Magnetism

M.A. Moore and H.C.W.L. Williams, J. Phys. & 3168,(1972, (Springer-Verlag, Berlin, 1998

5, 3185(1972; 5, 3222(1972. 108 M. Stratt, Phys. Rev. B3, 1921(1986.

SM.E. Lines and A.M. GlassPrinciples and Applications of Fer-



