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Using the model of the DM interaction iKY antiferromagnetic spin chain with spin-phonon coupling, the
nonadiabatic effects on the DM interaction have been studied by developing a nonadiabatic analytical ap-
proach. The results show that in the nonadiabatic case, to a certain finite phonon frequency, there exists a finite
critical value of spin-phonon coupling. As the spin-phonon coupling decreases to the critical value, the system
becomes gapless and the spin dimerization is destroyed. The DM interaction leads the system to have a finite
critical value of spin-phonon coupling even in the adiabatic limit. The increase in staggered DM interaction
will decrease the critical value of spin-phonon coupling, but increase that of phonon frequency, therefore,
favors the dimerization. The nonadiabaticity plays an important role in suppressing the enhancement effects of
the DM interaction to the dimerization. The dimerized ground state when DM interaction is present can be
destroyed by the quantum lattice fluctuations. The threshold valyabfanging the effect of the DM inter-
action on the dimerization from suppression to promotion is not simply a constant but a crossover. For
appropriate fixed values of spin-phonon coupling, phonon frequency3aadD increases, the system under-
goes a reentry of phase between spin-dimer state and gapless state.
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I. INTRODUCTION dimerization paramete$, and treated the problem in adia-
batic limit. By considering the static model, several attempts
Recently, the revealment of the existence ofhave been performed to treat the spin-phonon coupffg.

Dzyaloshinsky-Moriya(DM) interactiort? in a variety of  The validity of this static model is based on the assumption
quasi-one-dimensional magnéfshas stimulated extensive that the frequencies of the phonons associated with the
investigations on the physical properties of DM interactiondimerization are much smaller than the dimerization gap and
in these materials. The experiments such as high fielthe exchange integral. However, this is questionable, and the
neutron-scattering measurements on Cu ben2@ate elec- amplitude of the dimerization is substantially underestimated
tron paramagnetic resonance investigations in CuGeOwhen compared with estimates from structural data in the
(Refs. 7-9 manifest that in these materials the DM interac- spin-Peierls phas®. It has been shown that the quantum
tion plays an important rol14 and a study of one- Iattice fluctuations must be taken into account to satisfacto-
dimensional DM Hamiltonians seems to be of greatrily describe some physical properties of quasi-one-
importance® The DM interaction has been used to interpretdimensional spin-Peierls systeéiT2°An interesting and still
an anomalous magnetic behaviors in Bal@wO; (M=Si,  controversial problem is how the DM interaction on the
Ge),1617La,Cu0,,’® Yb,As3, 1% and YVO;-SIVO; systems?  dimerized ground state is modified when quantum lattice
The DM interaction is an antisymmetric spin exchange interfluctuations are taken into account. Furthermore the effect of
action between two nearest spins and in a magnetic chain thgiantum fluctuations in quasi-one-dimensional systems is
DM vector may spatially vary in both direction and magni- more significant than in higher-dimensional systems, result-
tude. However, the symmetry arguments usually rule outng in many interesting phenomena. However, with the cou-
most of the possibilities and the theoretical discussions focugling of spin systems to quantum phonons, this problem is
mainly on two principal cases, the unifofft'and the stag- rather difficult to handle analytically, which has brought
gered DM interaction$>2-22For the spin-Peierls system, us- much uncertainty in the interpretation of experimental data
ing numerical calculation, Derzhko and his co-workérs and has limited our understanding of many interesting quan-
analyzed the ground-state energy of the dimerized %pin—tum phenomena of low-dimensional magnetic materials. An
transverse&XX and Heisenberg chains with DM interaction to analytical and nonadiabatic study of the DM interaction in
study the influence of the latter interaction on the spin-spin-Peierls system will make it possible to have an insight
Peierls instability. They found that uniform DM interaction into the intrinsical properties of the spin chain materials.
may act against the dimerization but staggered DM interac- In this paper, we focus on the properties of the dimeriza-
tion may act in favor of the dimerization. However, whethertion order parameter and the Peierls instability of a spin-
the staggered DM interaction always enhances the dimeriz&eierls chain system with the view of understanding the ef-
tion or the uniform DM interaction always acts against thefects of quantum lattice fluctuations on the DM interaction in
dimerization has not been clearly answered. Up to now, all othe system. A nonadiabatic analytical approach is developed
the theoretical studies on DM interaction in spin-chain systo study the phonon-staggered ordering parameter, the spin
tems have used the static modsd called adiabatic approxi- dimerization gap and the phase diagram of the system. We
mation or frozen phonon approximationvith the static find that the threshold value ¢ is not simply a constant but
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a crossover and for appropriate fixed values ¥/ K, w,/J, study by density matrix renormalization group found that a
and B, there exists a reentry of the system into spin-dimerDM vector with only one component gave the best fit to the
state adD/J increases. The nonadiabaticity plays an impor-experimental observatiodd.In view of this as well as for
tant role in suppressing the Peierls dimerization. The paper isimplification, we choose the vect®; to be directed along
organized as follows. In Sec. I, by mapping the Hamiltonianthe z-axis, D;=D k. Thus,

into the Jordan-Wigner fermions and using unitary transfor-

mations, we obtain an effective Hamiltonian from the one- H=32[1+N U= up) (S + S0

dimensional spin-Peierls-HeisenbeXy spin chain coupled !

with phonons. In Sec. Il we use the Green's function +DX[1+AB(U - U (SY,, - IS0
|

method to implement perturbation treatment and get the

renormalized band function, the renormalized gap function,

and self-consistent equation determining the dimerized lat- +> (iplzJ,lKUE)_ (5)
tice displacement ordering parameter. The phonon-staggered 2M 2

ordering parameter is calculated. In Sec. IV we study the

spin dimerization gap and the phase diagrams. Finally, A't€r the expansion of the operators of lattice modgsnd
brief summary will conclude our presentation in Sec. V. i by the phonon creation and annihilation operatgrand
by, and by means of mapping the Hamiltonian into the

Jordan-Wigner spinless fermions and the Fourier transforma-

ll. EFFECTIVE HAMILTONIAN tion to momentum space, the Hamiltoniéd) becomes

We start from the one-dimensional spin-Peierls- 1
HeisenbergXY spin chain model with a coupling between H=> ww<b];bq + —) +> ekclck
spins and phonof323:30:31 q 2 k
= 1 t +
H=2>J3S Su+ 2D (S X Su) +Hpn (1) * J_NE g(k,k+ ) (b + by)ch o (6)
| | VN kg
where the phonon energy, the exchange energy and the mo@hereN is the total number of sites. The bare band function
ule of the DM vector are, respectively, of the fermions, the phonon frequency and the coupling
1 1 function are
— P2, T2
th‘? (ZM PP+ 2Ku,>, ) €= Jcosk— D sink, (7)
VENEESVTETIo } (3) 0. = 1 /5, ®)
D;=D[1+N\B(U — U4q)]. (4)
[ 1
In the model .S is the spin% operator on sité, J>0 is the g(k,k+q) =i\ {J[sink-sin(k+q)]
usual antiferromagnetic exchange energy,(with conju- Mo,
gated momentun®)) is the displacement of thieion which +Dp[cosk - cogk+q)]}. (9
modulates the exchange integdand the module of the DM - . ) ) o .
vector, \ is the magnetoelastispin-phonoi coupling con- Within the static assumption and adiabatic limit approxi-

stant,K is the elastic constant, and the mass of ions. In mation, this model can be solved exacfiyyhile for realistic
this model, the spin couples to the difference between th&2Se, when the quantum phonons are taken into account, the
phonon amplitudes on the two neighboring sites and the forrif’€oretical analysis becomes much more difficult. In follow-
of the lattice vibration energy leads the phonons to be disind: We will treat the Hamiltoniar6) nonadiabatically.
persionless. Since g, can be rewritten as

It has been a(gueq that the directions Df are not .= Jncogk+ a), (10)
changed by the dimerizatidhhowever, the dependence of
the isotropic exchange interaction and the DM interaction orwith a=arctariD/J) and »=\1+(D/J)? the Fermi level is
the intersite distance may be differéritherefore, two kinds  given by the conditionskF=O, and therefore the Fermi wave
of DM interaction, i.e., uniform and staggered interactionvector ke=+7/2-a. In momentum space, compared with
will be studied. The paramet@ris introduced to describe the the spin-Peierls system without the DM interaction, the
effect of different DM interaction dependence on the intersiteFermi surfacekg shifts by a asD varies, but the size of the
distance. If3=0 the DM interaction does not depend on the Fermi sea is unchanging. Accordingly, the filling situation of
lattice distortion, i.e., DM interaction is uniform, whereas for fermions of this system is also unchanging.
B=1 the dependence of DM interaction on the lattice distor- The spin-phonon coupling and the Peierls dimerization
tion is the same as that for the isotropic exchange interactioare two main respects in this model. In order to take into
Ji. Although it was estimated that the DM vector had twoaccount the spin-phonon correlation and the static phonon-
component® from the specific heat, neutron scattering, andstaggered ordering induced by the move of the neighboring
ESR measurement data of copper benzoate, the numericahns in opposite directions in the dimerized state to form a
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dimer pattern, the unitary transformation is appliedHté®3*
H=expS9H exp(—S). After averaging

tive Hamiltonian for the fermions

1
Heg = EKNU(ZJ + > Eo(K)cle + X iAg(K)el_ oy
K k

1 gk.k+q)g(k’,k" - q)
N >
kK’ O
X 8(k+q,K)[2 = 8K = 0,k kGl oG (11)
where

(kJIGRK) 5 b sk k) e ),

Eg

Eq(K) = €

m

(12

Ag(K) = 2 ug[J sink + DB cosk][1 - 8k - 7, k)], (13
and

Sk+qk)=(1+ |Ek+q -gllw,)t (14)

is a function of the energies of the incoming and outgoing
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e., letA(u-u.,)=(-1)'s, after the Jordan-Wigner and the

the transformed Fourier transformations, the Hamiltonigh) becomes
Hamiltonian over the phonon vacuum state we get an effec-

1 5\?
H=—-KN| — | + Jcosk - D sink)clc
2 (2)\) Ek( e

+ >, i8(J sink + DB cosk)c,__c. (16)
k

If we let 6=2\uy, this model is same as that of our effective
Hamiltonian in the adiabatic limit15). This model can be
solved exactly and the ground state energy is

Eg=SKN{ -
2 2\

- > V(I cosk - D sink)?+ §%J sink + DB cosk)?.
k>0

17

By means of the variational principle, the equation to deter-
mine & can be obtained,

1o 4 (J sink+ D cosk)?
NS5 K \(Jcosk-D sink)Z+ 2 sink + D cosk)?’
(18

1=

fermions in the fermion-phonon scattering process. The Tha |ast term iH,; is a four-fermion interaction. As we

dimerized lattice displacement ordering parametgecan be

determined by the variational principle to minimize the

ground state energy.

Note that in the adiabatic limit, where_=0, one has
k', k)=0 andH.+ goes back to the adiabatic mean-field

Hamiltonian
1
Her(w, = 0) = EKNug + ) cick
k
+ > i2\ug[J sink + DB cosk]c)__c. (15)
k

By means of the Bogoliubov transformati¢h5) can be di-

agonalized exactly. Thus, our effective Hamiltonian works

are dealing with a one-dimensional system in nonadiabatic
circumstances due to finite phonon frequengy, how to
treat this four-fermion interaction is a difficult problem.

IIl. ANALYTIC APPROACH

Note that the four-fermion term in E@l1) goes to zero
whenw_— 0 [see Eq(15)], therefore, in this case, the four-
fermion term can be treated as a perturbatit and the
others as unperturbed Hamiltonigd3,. We use the Green’s
function method to implement the perturbation treatment.
The unperturbed Green'’s function is

Go(K, wn) ={iw, = Eo(k)oz = AO(k)O'x}_l-

well in the adiabatic limitw,=0. In fact, if we take the static The self-energ"(k, »,) can be calculated by the perturba-

assumption and adiabatic limibeglect the kinetic energy

X k,k)g(k’,k’
s (k,wn)z_IE Ew

k'>0 m '”
T k,k")g(k",k
N S S g(k,k)g(K',K)

k'>0 m W

T k-, k" )g(k’ =,k
NE Eg( )9( )

k'>0 m ™

T k- m,kgk' -k
_NE Eg( ,K)g( T

K'>0 m W

- ok, k—mdK K — ) KT [io,Go(K',wp) lioy + T,[0,Go(K', wp) Joyt .

Tr[o'zGO(k,,wm)]o'z

tion theory®

(K", K)[2 = 8(k, k) [Go(k’, wm) + 7,Go(K, wpy) 75
k' k= m[2- 8Kk —m)][ioc,Go(K',wp)ioy — 0,Go(K', wm) oy

’ /)[5(k,k— ) + &K' K — )

(19
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In the perturbation calculation we have taken into account
the fact that the forward and backward scattering terms con-

tribute nothing to the “charge” gai:®” From Eq.(19) one

can get thal"(k, w,,) is irrelative tow,, therefore the spec-

trum structure ofG(k, w,) should be
G(k, (Un) = {l wp ~ E(k)a'z - A(k)Ux}_l-

From G(k,w,) the renormalized band function and the gap

function can be derived

Eg

(k.k)g(k’,k)

w

E(k) = Eg(k) -

Eqo(k)

X &K' K)[2 - 8k k)],
ARz ]\Eo(k’) +A§(K)

(20)

A(k) = 2\ug(J sink + DB cosk)[c - dok — m,k)], (21)

where

1 222
= ?(J sink + D3 cosk)

c=1+
Ni=o
Aok
X &(k = k) o (22)
2)\u0\yE (k) + Ao(k)
1< 2\ Ag(k
d=c- =2, —(Jsink+Dg cosk) ol
Ni=o K 2NUVEZ(K) + A2(K)
(23)
The self-consistent equation to determingis
1 M\
1==2 —(Jsink+DBcosk)1 - k- k)]
NiZo K
—dsk -,k
x#. (24)
VEZ(K) + A%(k)

If let w,=0 andd=2\uj, this equation becomes the same as
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FIG. 1. (@ The dimensionless parametan, as functions of the
spin-phonon coupling?J/K in the cases 0D/J=0.6,0,/J=0.01
with different staggered DM interaction parametess;0.9 (dash
line), 0.5 (solid line), and 0.1(dash-dot ling The dot line is the
result of the adiabatic limitw,=0,8=0.5. (b) The dependences of
Am, on the phonon frequency,/J in the cases ofD/J
=0.6,22J/K=0.6 for 8=0.1 (dot line), 0.5 (dash ling, and 0.9
(solid line).

Eq. (18) This also verifies our effective Hamiltonian works o coupling constant o8 decreases. At the critical value

well in the adiabatic limit.

For investigation on the nonadiabatic effect on DM inter-
action to the dimerization of the system, we calculate thqlm

phonon-staggered ordering parameter

:—E( u |)_Nk§0?[.]smk

A(k)

+DpB COSk]m.

(25)

[for example, (\2J/K).=0.114 for 8=0.5,D/J=0.6, and
w,/J=0.01, Am, disappears. The result of the adiabatic
it (w,=0,8=0.5 is also shown in dot line for compari-
son. If there is no DM interaction, the system is never really
gapless within the adiabatic approach, becausg remains
nonzero, although it becomes very small for weak spin-
phonon coupling, but, as shown in the figure, the finite DM
interaction leads the system to have a finite critical value of
spin-phonon coupling even in the adiabatic limit. The depen-
dences ofAm, on the phonon frequency./J in the case

In the nonadiabatic case, the phonon-staggered orderingf D/J=0.6, Z\ZJ/K 0.6 are plotted in Fig. (b) for B

parametem, is determined by not onl{ and 8 but alsox
andw,. Figure Xa) shows the dimensionless parameter,
as functlons of the spin-phonon couplingl/K in the cases

of D/J=0.6,0w,/J=0.01 with different staggered DM inter-

action parameter$3:0.9(dash ling, 0.5(solid ling), and 0.1

=0.1 (dot line), 0.5 (dash ling, and 0.9(solid line). Am,
decreases as the phonon frequency increaseg de-
creases. At the critical value,., Am, goes to zero, which
indicates that the quantum lattice fluctuations can destroy
the dimerized Peierls state. The increase of the staggered

(dash-dot ling One can see that because of the nonadiabatiDM interaction 8 will decrease the critical value of spin-

effect, for a certain value 0B, there exists a finite critical

phonon coupling, but increase that of phonon frequency,

value of spin-phonon coupling constantm, decreases as therefore, favors the dimerization.
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FIG. 2. The phonon-staggered ordering parametey as func-
tions of the uniform DM interactio®/J for the spin-phonon cou- 22J/K=0.5
o /J=0.01

pling A2J/K=0.2 with different phonon frequencies,/J=0.01
(solid line) and 0.02(dash ling. The dot line is the adiabatic limit
results. Inset: the uniform DM interaction can destroy the dimeriza-
tion state even in the adiabatic limit. The parameter values used in
the inset arg3=0,w,=0, and\2J/K=0.07.

0.225 |

o 0.220
£
<

When =0 the DM interaction is uniform. The phonon-
staggered ordering parametem, as functions of the uni- 0215
form DM interactionD/J are plotted in Fig. 2 for the spin-
phonon coupling N2J/K=0.2 with different phonon
frequenciesy, /J=0.01(solid line) and 0.02(dash ling. The 0210
dot line is the adiabatic limit results. It is evident that the
nonadiabaticity plays an important role in suppressing the

Peierls dimerization. The uniform DM interaction also acts ’
against the dimerization and can destroy the dimerization %2261 . . o e —o=0.0001 /.
state even in the adiabatic limit if the spin-phonon coupling t B =0.49 @ /J=0.01 ’

is small, which can be seen clearly in the inset of this figure. 0024 ~me eeeees w/l=002
The parameter values used in the inset@s®, »,.=0, and T~ i 7

\2J/K=0.07. .

If 0 <B=<1, the DM interaction includes both the uniform g 0222
and the staggered components. Figur@) 3shows the
phonon-staggered ordering parameien, as functions of
D/J in the cases 0k?J/K=0.5 andw,/J=0.01 with differ-
ent staggered DM interaction parameters fréml.0(line 1) P
to B=0 (line 6). One can see that for largg the effect of the 0218F Tl

0.220

DM interaction is to increase the dimerization, while the 0.0 0.2 0.4 0.6 0.8 1.0
nonadiabatic effect is to suppress it. Whgris small, the (c) D/J

effect of the DM interaction on the dimerization is contrary _

to that of larges. Obviously, there exists a finite threshold ~ FIG. 3. (8 The phOﬂOﬂ-StaQ%ered ordering parametsy, as

value of 8. Wheng increases to cross this value, the effect offunctions ofD/J in the cases oh“J/K=0.5 andw,/J=0.01 with

the DM interaction on the dimerization changes from sup-different staggered DM interaction parameters fr@e1.0 (line 1)

pression to promotion. In the studying system, the total cont® A=0 (line ). (b) The change okm, with D/Jin the region of

tribution to the dimerization comes from the result of Com_the crossover for different staggered DM interaction parameiers
. ; : : P i ~1:--=0.43 (dash-dot ling 0.46 (solid line), 0.49 (dash ling, and 0.52

etitions between the lattice distortion, the spin dimerization, o e
Fhe uniform and the staggered DM interapctions and th dot line) in the case oh2J/K=0.5 andw,/J=0.01.(c) The effect
change of8 strongly influences the competition relsult The of quantum lattice fluctuations on the dimerization parameter in the
. : .~ crossover in the case afJ/K=0.5 andB3=0.49 with different pho-

thre/shlé)lfiov%luféc candb_e E[)r:)tamed Clj)_ybleit_lng the \_/aréatlon non frequenciesv,,/J=0.0001 (dash ling, 0.01 (solid line), and

&mp.a =0( ), and in the nonadiabatic casg, is de- 0.02 (dot line).

termined by a set of values &, \, andw,.. If B, was simply

a constant as previous works predictéd! A\m, would not D, g8, \, andw,, one might wonder why the DM interaction

change withD when 8=4. as is shown in dash line in this should have no effect on dimerization whgs 3;. Our cal-

figure. However, in view of the determination ofi, by  culation indicates thg8; is not simply a constant but a cross-
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value of staggered DM interaction paramegeiCalculations

0a2¢ MJ/K=0.3 from Egs.(25) and(26) indicate thaim, andA vanish at the
010 L. D/J=0.7 same critical value of,,, which implies that the lattice dis-

T -~~~ DlJ=0.55 tortion and the spin dimerization are two inseparable features
008k oo NL T DA=0.4 of the spin-Peierls ground state.

From Eq.(24), let uy=0, we get the self-consistent equa-

0.06 tion of phase-transition points

A

s p=0.8
0 1w 4%
0.04 \\ 1==2 —(Jsink+DBcosk)q1 - k- k)]
L .. Nico K
002 ™ do(k - ,k)
L C_ — ,
0.00 N X—(k = (28)
o 0.2 0.3 0.4 [EK)]
o/ Figure %a) shows the phase diagram of our result in the

w,/J~2\2J/K plane. As shown in the figure, the increase in
FIG. 4. The dimerization gap as function of the phonon fre-D/J leads the phase boundary to move to a larger spin-
quency in the cases a\?/K=0.3 with different DM interaction ~phonon coupling whe is small(solid and dash-dot lings
parameters. but move to smaller one whehiis large(dash and dot lings
To a fixed spin-phonon coupling, there exists a finite critical

over which makes the behavior of the DM interaction in thevalué of the phonon frequency. As the phonon frequency
region of this crossover to be complicated. The change oficreases to the critical value, the spin dimerization state is
Amy, with D/J in the region of this crossover is presented indestroyed and the system becomes gapless. Figlbe 5
Fig. b) for different staggered DM interaction parametersShows the ground-state phase diagram ingheD/J plane
5=0.43 (dash-dot ling 0.46 (solid line), 0.49 (dash ling, in the cases ofv,/J=0.01 with different spin-phonon cou-
and 0.52(dot ling) in the case of\2J/K=0.5 andw,/J plings. One can see that to a certain definite phonon fre-
=0.01. We find that for certain?)/K and w,/J, the cross- duency, the spin-phonon coupling has a divide-line value
over has its bottom boundaf, and top oneBy,, Whens which is not dependen't dh/q or B. Along a phase b.oundary

is smaller(largen than By (Bop) , M, decreasegincreases determined by a certain spin-phonon coupling being smaller
monotonously a®/J increases, while whep,< 8< Biop (much largey than the divide-line valuep decreasesin-
as D/J increases\m,, decreases at first until it reaches its creasep as D/J increases. If the spin-phonon coupling is
minimum at a definite value db/J, and thereafter increases. [arger than, but not too much, the divide-line value, along a
The definite value 0D/J changes from 1 to zero whes ~ Phase boundary, d3/J increases the staggered DM interac-
changes fromBy; to By The effect of quantum lattice fluc- tion parametep increases fl'rst qntll it reaches its maximum,
tuations on the dimerization parameter in the crossover i&nd then decrea;ses. This implies that on a phase boundary
illustrated in Fig. ) in the cases oh2J/K=0.5 and g line, to sameB,\“J/K andw,/J,D/J can take two different

=0.49 with different phonon frequencies,/J=0.0001(dash ~ values, which can be seen clearly in Figc)s This phase
line), 0.01(solid line), and 0.02(dot line). diagram shows the influences of DM interaction on phase

transition in thex?J/K ~ B plane forw,/J=0.01 withD/J
=0.2 (dash ling and 0.6(solid line). In Fig. Xd), the phase
diagram is shown in th&2J/K~ D/J plane forw,/J=0.01
with 8=0.62 (solid line) and 0.64(dash ling. The inset in
In the spin dimerized state the Peierls distortion opens #his figure illustrates a full view of the phase diagram for
gap at the Fermi surface. Substituting the Fermi wave vectanole range of3 (8=0, 0.65, and 1 This figure indicates that
ke=+m/2-a into the gap function Eq(21), we get the for appropriate fixed values g8, \2J/K, and w,/J, there
dimerization gap exist two critical values of DM interactiofD/J).,; and
_ _ . (D/J)e. As D/J increases from zero to 1, at first, the system
A=Alke) =2 up(Jcosa+ DEsina)(c=d).  (26) sy e spin-dimer state. At the first critical vali®/J),
It can be rewritten in dimensionless form as the dimerization gap disappears and the system becomes
) gapless. At the second critical val@B/J),, the system re-
M. (27) enters the spin-dimer state. For example, by using the input
V1 +(D/J)? parameterso,./J=0.01,22J/K=0.212, ang3=0.62, we ob-

. o . in (D =0.4 =0.899.
Figure 4 shows the dimerization gap as function of the phoEam( /910403 andD/J)c,=0.899

non frequency in the cases &?/K=0.3 with different DM
interaction parameters. The dimerization gap decreases as the
phonon frequency increases, and at the critical value of pho-
non frequency the system becomes gapless. This figure also The effects of quantum lattice fluctuations on the DM
shows clearly whether the effect of the DM interaction on theinteraction in the spin-Peierls chain model have been studied
dimerization is suppression or promotion depends on théhrough a nonadiabatic analytical approach and the phonon-

IV. SPIN DIMERIZATION AND PHASE DIAGRAM

A1J = 2xug(c - d)

V. CONCLUSIONS
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FIG. 5. (a) The phase diagram in the_/J~2\2J/K plane.(b) The ground-state phase diagram in jfie D/J plane in the cases of
o,/J=0.01 with different spin-phonon coupling&) The influences of DM interaction on phase transition in ¥é/K~ g plane for
,/J=0.01 withD/J=0.2 (dash ling and 0.6(solid line). (d) The phase diagram in the’J/K~D/J plane forw,/J=0.01 with 3=0.62
(solid line) and 0.64(dash ling. The inset illustrates a full view of the phase diagram for hole rangé @=0, 0.65, and 1

staggered ordering parameter, the spin dimerization gap de that of largeB. Obviously, there exists a finite threshold
well as the phase diagram of the system are derived. Thealue of 3. Wheng increases to cross this value, the effect of
results show that in the nonadiabatic case, to a certain finithe DM interaction on the dimerization changes from sup-
phonon frequency, there exists a finite critical value of thepression to promotion. Furthermore, our result indicates that
spin-phonon coupling constant. As the spin-phonon couplinghe threshold value g8 is not simply a constant but a cross-
decreases to the critical value, the system becomes gaplesger which makes the behavior of the DM interaction in the
and the spin dimerization is destroyed. The DM interactionregion of this crossover to be complicated. For appropriate
leads the system to have a finite critical value of spin-phonofiixed values of\2J/K, w,/J, and B (in the crossover re-
coupling even in the adiabatic limit. The increase in stag-gion), as D/J increases from zero to 1, the phase of the
gered DM interaction will decrease the critical value of spin-system transits from spin-dimer state to gapless state, and,
phonon coupling, but increase that of phonon frequencythen, enters the spin-dimer state again.

therefore, favors the dimerization. The nonadiabaticity plays

an important role in suppressing the effects of the uniform

DM interaction on the dimerization. For largk the effect of ACKNOWLEDGMENT
the DM interaction is to increase the dimerization, while the
nonadiabatic effect is to suppress it. Whgnis small, the This work was supported by the NSF@roject No.

effect of the DM interaction on the dimerization is contrary 10374067.
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