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Spin-Peierls transition in an anisotropic two-dimensionalXY model
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The two-dimensional Jordan-Wigner transformation is used to investigate the zero-temperature spin-Peierls
transition for an anisotropic two-dimensior¥&¥ model in the adiabatic limit. The phase diagram between the
dimerized(D) state and unifornfU) state is shown in the parameter space of dimensionless interchain coupling
h (=J, /1) and spin-lattice coupling. It is found that the spin-lattice coupling must exceed some critical
value 7. in order to reach th® phase for any finitd. The dependence of. on h is given by —1/Inh for
h—0 and the transition between theandD phases is of first order for at ledst-10"3.
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The fact that theS=3 Heisenberg spin chain is unstable (ii) the XY model is believed to contain the essential ele-
towards dimerization when coupled to an elastic lattice isments for the spin-Peierls transitiriVe point out that a
known as the spin-PeieriSP transition® This occurs be-  similar problem based on the Heisenberg model was studied
cause dimerization opens a gap in the spin excitation spedreviously by some authof$. However, they all treated the
trum and lowers the total magnetic energy by a greateinterchain coupling Wi_thin th_e so-called chain mean-field
amount than the increase in elastic energy due to lattice ddh€ory and actually still studied a 1D system. Usually the
formation. Such a transition was first suggested by analog§fect of interchain coupling is underestimated in this way.
with the conventional Peierls transition in linear conducting1€"®, the tvxgiglgmensmnal(ZD) Jordan-Wigner (JW)
chains and later observed in several organic compounds Sugrz@nsformatloﬁ ~Is adopted so that the intrachain and
as N-methyl-N-ethyl-morpholinium-ditetracyanoquinodi- interchain exchanges may be treated on an equal footing

methanidel MEM-(TCNQ),].? It has attracted renewed at- from thg beg.mnmg. N L .
tention since the discovery of the inorganic compound _In adla_batlc approximation, we begin W'th the following
CuGeQ in 19933 anisotropic 2DXY model on a square lattice:

In the adiabatic limit, it is well understood for the exact
one-dimensional(1D) XY or Heisenberg model that the H=32 (1+au )(S;- S+ )
dimerized (D) state, relative to the uniforriU) one, is al- b
ways stable for arbitrarily weak spin-lattice coupling in the K
ground staté. In the presence of some extra mechanisms +3, 2 (S-S 0+ S?’,j~5?’,j+1)+§2 u?j, (D)
these two states may compete, leading to an interesting phase b b
diagram. Up to now there are several mechanisms that wemheresff’jy represents thet/y component of the spig-op-

found to destroy theD phase, for example, small Ising erator at site’; j=ii+j37 (X, y are unit vectors along the
anisotropy* Another mechanism is quantum lattice fluctua- andy axis, respectively J(J,) is the intrdintenchain ex-
tion, which was intensely studied recen?lgl.B_eyond adia-  change coupling along they) axis, a represents the spin-
batic approximation it was found that the spin-phonon couyattice coupling constant, arkl is the intrachain elastic con-

pling must be larger than some nonzero critical value for thgiant, Here the lattice displacement is assumedugs
SP instability to occuf® The interchain exchange coupling =(—1)'*ly, i.e., corresponding to a wave vectorrr)

is also a possible mechanish?. This mechanism is often Not hich was found to be the case in CuGeBy neutron-

negligible for real SP materials, especially for the materialyiftraction measurementé.in the following we take] as the

CuGeQ where a relatively large interchain coupling, about it of energy and use several dimensionless parameters: the
J, /3=0.1 (J represents the intrachain exchahgeas found  gimerization parameted=au, the interchain couplingh

experimentally:® Theoretically the importance of the inter- =3, /13, and the spin-lattice coupling=a2J/K. The total
chain coupling was also stressed by many authors in descri@l-umbe’r of lattice sites ibl.

H 11-13 P
tions of CuGeG@. Therefore it is necessary to study the  The gpin operators may be represented as fermions by use

SP transition for a genergjuast1D system with the inclu- 4 the 2D Jw transformation, which has the advantage that
sion of interchain coupling. This should be discussed by ang|| spin commutation relations, as well as the so-called spin

swering a central problem of how the interchain couplinggn_site exclusion principle are automatically preserted.

modifies_ the dimerized ground state of the exact 1D case. This method has been proven well for application to real
In this work we propose to study the above problemmaterialsi®9 For concreteness, the following formulas are

through a two-dimensiondRD) XY model with anisotropic adopted®7

intrachain and interchain coupling and leave the generaliza-

tion to the case of the corresponding Heisenberg model for S[j=ci,jexp{iqbi,j}, Sf,:exp{—i(i)i,j}cifj )
later study. The reason is twofold) the problem is simpli- , " 2
fied, especially the 1D limit, which can be exactly solved and Sij=¢icij—1/2
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with
4
i-1 o ji—1
dij=m > > N m+ Niml, 3 D
I=0 m=0 m=0
<
where ciT’j(ci,j) is the creation(annihilation operator for a 2 U
spinless electron aﬁ” and ni,j=cf’jci'j is the particle num- 7
ber operator. The original Hamiltonian can then be trans-
formed into 0
0 0.2 0.4 0.6 0.8

H=2 [1+(-1)""8](e"ic] ciyq+H.c)2
IEJ [1+(=1) I L ) FIG. 1. TheD/U phase diagram for the anisotropic 20Y
model in the parameter space of interchain couplingnd spin-

+hY, (cfici .1+ H.c)l2+ N8 27, (3y  lattice couplings.
]

* (8 sink,+hsink,)*+cosk,. However, the ground-state
energyEgs (i.e., the summation over the Brillouin zonis

Hamiltonian (3) i di h fot changed by the new spectrum, nor all the subsequent
amiltonian (3) is exact and it may recover to the corre- results derived from it. A similar discussion was given in

sponding one derived from the 1D JW transformation Wherhef 16. Then we go on to search for the valdie, which
h:0_. When going on one has to treat the phase facto_r aBmay be obtained from the conditiofEgs/d5=0, yielding
proximately. Following previous works, we select a configu-
ration (see Fig. 1 in Refs. 14, 15, and)lWhere the phase
factor €'¥i.i has alternative values ™ and 1, i.e., it varies K
: i . L o ' . m 7Ky 6 cosk,+ h cosk, ) cosk

with (—1)'*) (note that this coincides with the above dimer- s= izf dkxf dk, ( X Y)z S
ization patteri This configuration ensures that each elemen- 27 Jo ke V(8 cosketh cosky)?+ sin’k,
tary plaquette encloses a net flux ®f**1° Then the Hamil- 5)
tonian can be rewritten as follows in terms of fermion i js interesting to notice that Eq5) will reduce to the cor-

operatorse andf correspo_nding to the two _sublatticAsand responding rigorous equation for the exact 1D &agfewe
B respectively(constants irrelevant té are ignoreg seth=0, which means

where the phase fact@'/ii=¢e'(¢+1i~ %) describes an ef-
fective gauge field acting on spinless fermions. Note that th

the following equation:

1 .
sz_Z [—(1-8)(f]_y e, +H.c) 1= [ sin’k, ©
rijeA mJo " \[8%sintk,+ cofk,
T T
+(1+0)(efirytHC)+h(f; & Equation(6) always has a single nonzero solution ®ras
el fi 1 +H.C) ]+ N2, (4) long asy>02% which predicts a dimerized ground state. For
' h#0, Eq.(5) may give one or two nonzero solutiods (i
In the following we want to study the SP transition Bt =1,2) except for the trivial solutiod@=0. We need to con-

=0 based on the above Hamiltonian. Depending on the opsider the sign of&zEé\S(/aéZl&:ﬁi, as well as compare the

timal value 6*, which minimizes the ground-state energy, energies between @= &, and at end points= 0,1 to obtain

the system may be iD phase ¢*#0) or U phase ¢*  the actuals*. Without details, we give the results shown in
=0) in the parameter space of interchain couplim@nd  Figs. 1 and 2. Figure 1 gives th&/U phase diagram in the
spin-lattice couplingy. parameter spacen(z). As expected, the interchain coupling

The Hamiltonian(4) may be exactly diagonalized. The tends to suppress th® phase. As long as the interchain
electronic spectrum is written as g=

+ /(8 cosk+hcosk,)*+sirtk, within the (reduced Bril- 0.5
louin zone:— 7<k,*k <, and the ground-state energy is

simply given byEgs=—3|ey| +N&%/27. Before continu- 0.4
ing we add a comment here on the above-used JW transfor- 0.3
mation. In the definition ofp; ; in Eq. (2) the summation is Y
selected over the lattice sites along the direction perpendicu- 0.2
lar to the chains so that the phase factor appears in the intra- 0.1
chain hopping term as shown in E®). One may also think

to do the summation along the chain direction, i.e., redefine 0

b =[S o+ 2125 ;1. and then the phase fac-
tor will appear in the interchaitrather than intrachajrhop-
ping term. With the similar treatment for this phase factor as FIG. 2. The order parametef* as a function ofy for h=0,
done above one may obtain an alternative spectrund.05, 0.1, and 0.2.
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couplingh>0, the spin-lattice couplingg must exceed some coupling may induce a rapid increasesf away from zero,

critical value 7. to reach theD phase and the valug. in-  i.e., theU state is largely stabilized once the interchain cou-
creases monotonically with. Careful analysis shows that pling is switched on. o _
the critical valuer, has the functional form-1/Inh in the As mentioned before, a natural extension is to consider

regionh— 0, which increases starting from zero much fasterthe case of the Heisenberg model. In this caseUhstate
than any power law. Moreover, we have found that the tranShould imply z-axis (and rotationally invariant antiferro-
sition from theU to D phase with increasing is of first ~Magnetic long-range ord¢LRO).™ But we believe that the
order for at leash>10"32! As shown in Fig. 2 we may see abo_ve_quallta_tlve results for th&Y model, espemal_ly the
how the order paramete®* jumps from zero to finite value '@P!d increasing property for; away from zero, is not
with an increase ofp for severalh values. Although the changed by the extra Ising terms except thathphase in

transition is of second order at the point=0 as can be Fig. 1 is replaced by the more-precisely-calledeNphase

proven from Eq.(6), we speculate that it becomes of first (ie., a uniform state v_\llth_gntlferromagnetlc LRG More
order as long ak>0. work is necessary for justification.

It is also interesting to notice that the excitation spectrum B?fore closing we note that r(_acently there are intensive
may be gapless even for finite dimerization in the presencgtUdles on the mate”al CUGg'@Vh'C.h sho_w surprising phe-
of the interchain coupling. From,, it is easy to find that a nomena under_dopm?ﬁ,_and thepretlcally it has been under-
gap is not fully opened at the Fermi surface until the dimer-s’tOOd that g;%a'”temh?'” coupling plays a key role for th?se
ization 6 reaches the same value as the interchain coupling phenon_1en ~“"For their better understaqdmg our phase dia-
Qualitatively this gives the physical reason for the congi-9ram given herefor the pure system which addresses the

: g . i effect of the interchain coupling, will be helpful. Further-
itlnocr:)?ln Slg’tetrgn::;t:zn (\;\;hti“g>g abs S{Egvé?mbe);izngnl'iSTlTrica_more it is of great interest to extend this work to study the
P P 9 gap by hase diagram for a doped quasi-1D SP system. In addition,

vorable to an adequate reduction for the electronic energy S\%e also notice that the nonadiabatic effect as referred to be-

that the gain from it is not always enough to overcome therore is important for really modeling CuG@éG'B'”so in-

increase of the elastic energy. Here it deserves to be mell; o fd ic oh b d thi K h
tioned that the same property of the excitation spectrum g uston ot dynamic bnonons beyon this work s another
interesting topic for future investigation.

also present for another dimerized state with the pattern cor- In conclusion, based on the 2D JW transformation we

responding to a wave vectorr(0), L€, Ui j (-1) U S€€  have studied the ground stal®U phase diagram for an
Ref. 22. Thus it is reasonable to predict that the similar con-_ _. : . : S .

- > ) L L ..~ anisotropic 2DXY model in the adiabatic limit. It is found
ditional SP transition will occur if this different dimerization that the spin-lattice couplingy must exceed some critical
pattern is considered. P piing

We emphasize that the above results were obtained undgf"lue 77¢ In order to reach th® phase for any f|n|teh.. The
the 2D JW transformation, where the interchain and intra—vaIue 7 has the quendencelllnh onhin the r_eglon.h
chain exchanges were treated on the same level although thg¥ and the tranS|t|on_b3etween theandD phases is of first
phase factor was approximately averaged. One may expeefder for at leash>10"".

that the effect of interchain coupling, i.e., favoring the exis- One of the authors(Q. Y.) would like to thank P.
tence of theU state, could be adequately considered in thisThalmeier, T. Yamamoto, and M. Azzouz for helpful discus-
treatment. Actually, this point has been reflected in Fig. 1sions and the support of the Visitor Program of MPI-PKS,
prominently by the relationship betwees. and h in the  Dresden. This work was also partly supported by the Chinese

regionh—0: .~ —1/Inh. Even an infinitesimal interchain National Science Foundation.
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