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Interchain coupling effects and solitons in CuGeQ
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The effects of interchain coupling on solitons and soliton lattice structures in Cy@eOexplored. It is
shown that interchain coupling substantially increases the soliton width and changes the soliton lattice struc-
tures in the incommensurate phase. It is proposed that the experimentally observed large soliton width in
CuGeQ; is mainly due to interchain coupling effec{$0163-18207)51022-§

The inorganic spin-PeierlsSP system, CuGe@ has at-  strongly dimerized regime weak interchain coupling cannot
tracted much attentidnrecently. Pure CuGeQhas a SP affect the spin singlet ground state. Similarly, weak inter-
transition atTg~14.3 K. Below Tg,, the system is in a chain coupling has very little effect on the susceptibility
dimerized spin singlet state, and the gap to spin triplet exciaboveTg,. From mean-field theory, it can be shown that the
tations isA~24.5 K22 It has been arguéd that the spin  €ffects are typically of the order of 3%.
susceptibility measurements in this system can be understood The low-energy excitations involving broken spin singlets
only if the nearest-neighbor Heisenberg Hamiltonian is augare more sensitive to interchain coupling. Once a singlet pair
mented by a substantial next-nearest-neighidN) cou- IS broken in one chain, it is energetically less costly to break
pling, J,~0.2], whereJ is the nearest-neighbor coupling. @nother pair in a neighboring chain due to the interchain
The NNN coupling has been shown to be important in othe€oupling. Thus, the interchain coupling will affect the low-
experiment$as well. Recently, the soliton lattice structure in €nergy excitations in the dimerized phase. For the same rea-
CuGeO; was studied using neutron and NMR SON, the interchain coupling can lead to an increased soliton
measurements® An important observation is that the soliton Width: the local magnetization of a soliton in SP chain is
width £~13.6, wherea is the lattice spacing, is much M(x)~cosh*(x/¢) (cf. below), and the gain in the interchain
larger than the theoretical predictfofor the unfrustrated SP  coupling energy increases with the increased soliton width
chain, éy=Jaw/(2A)~8a. ¢, hence an increased soliton width.

The soliton width in CuGe@ can be changed by inter- In this paper, the effects due to the interchain coupling are
chain Coup”ng and frustratiodz_ Without interchain cou- studied USing bosonization. We consider the Hamiltonian

pling, the soliton width is generallg<v /A, wherev is the

spin-wave velocity and\ is thetriplet gap in the SP chain. H:E [J(1+Bui’j)§’j.§i+1’j+ aOJs,j . §i+2’j]
From the nonlinear sigma model (Ref. 10, i

v=v9y1—4J,/J,, and the dimensionless coupling constant .. K
(Ref. 1) ge(J,)=g.(0)/\1—4d,/d;. So, the frustration P2 S S et 52 Ul (6
will decrease the soliton width. One can show that the soliton h

By
width £=Jav/A. The triplet gapA will depend on both SP whereS; ; (u; ;) is the spin operatafattice distortion of site
coupling and frustration. However, to compare with experi-j in chainj, andK is the spring constang is the spin-lattice
ments, the triplet gagA ~24.5 K, while v decreases with coupling constantag=J,/J is the strength of frustration
increase of frustration, so the frustration will make the soli-and y=J, /J is the interchain coupling constant. Note that
ton width in a CuGeQ chain smaller than-8a. Thus, the we have used the adiabatic approximation for the phonons.
observed soliton widtlg/é,~1.7 is not an effect due to the The interchain coupling is treated in the mean-field ap-

frustrationJ, in CuGeQ;. . o proximation (Refs. 12 and 1B S ;S ;=S (S} .-
It is known that the interchain coupling in CuGe®@ not  Thys, the Hamiltonian is transformed into a single chain
small (Ref. 2: J;=120 K, J,=0.1J;, andJ;=—0.0..  model and the interchain coupling term transforms into

The phase diagram of the unfrustrated SP system in the pres-< _ 5, zy 1 h2 il N__ (5
ence of interchain coupling was studied by Inagaki andZ 2iyIZhiSt 3 yIZZihy, where hi=(S;,,)=~(2/

Fukuyama? In the present paper we calculate the effect of )(S5,) is the effective field. We have iptroduced the notion
interchain coupling on soliton width. Although the singlet SPOf an effective coordination numbeZ to account for
ground state is destroyed by large interchain coupling, in th¢S’ ;. ,)# —(S/;). In the soliton lattice phasg, is site de-
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pendent. The effective Hamiltonian is then transformed to & describes the renormalization gf andg; due to fluctua-

fermionic Hamiltonian using the Jordan-Wigner transforma-ong of  aroundé.. Note the derivation is appropriate for
tion, and the fermionic model is bosonized. The resultin

. iitonian 14 gsystems with a finite gap, otherwise, hasinfrared diver-
continuum Hamiltonian gence. In deriving these equations, we have used the self-
_ consistent equations

H o v o , Ku?(x)
Ja_ 27K, J AXKL(G0$)"+ (0xh)"1+ f X253 u(x)=(BIK)asin24s), )

- %f dxcog ) — ﬁzf dxu(x)sin(2) h(x)=(2/Z)sC0s2¢y). 8

a a The *“uniform” ground state [i.e. uj=(—1)'upa and
V7 vZ hi=(—1)'hpa] calculated from Eq.(3) corresponds to

- _2f dxh(x)cos(2¢)+f dthz(x), 2 sin(4¢y)=0. Therefore, eithekps=0 or 7/4. When ¢,=0,

a a u(x)=0, hy#0, the system has long-range AFM order;
wherea is the short distance cutofti(x)=(—1)lu;/a and  When ¢s=m/4, h(x)=0, u#0, the system is dimerized.
h(x)=(—1)'h;/a are slowly varying variables. The bare The spin-lattice coupling and interchain coupling strengths
value of the Umklapp term igs=1— 3, and we shall as- dictate the solution that has the lowest energy. It is clear that
sume that the renormalizegl, has approximately the same on symmetry grounds these two homogeneous solutions are
o dependence mutually exclusive.

OHereu_is the.s in-wave velocity anK is a critical ex- The calculation of ground-state energy and excitation
ponent. For thep unfrustrated gntifer’;omagne GAFM) spectrum in the self-consistent Gaussian approximation is

Heisenb in chain. the followi lized val straightforward and can be found in Ref. 9, so we will just
eisenberg spin chain, the following renormalized Valu€S;iqia the results. The excitation spectrum corresponding to

should be usedRef. 15: v =m/2 andK,=1/2. However, yniform &, is
the values oy andK,, in the frustrated Heisenberg model is .
dependent omy. With increase of frustration, the spin-wave wg=Jav N qoz . 9

Elocity decreases. In the nonlinear sigma mdéRaf. 10, In the dimerized phase,— 7/4 and ¢o=0, and it can be
S ]

v =voV1—4ea, for small ¢y. In a recent numerical_calcula— easily shown thatjy=1/£,. From Eq.(9), the spin triplet
tion, it is shown that the variation aknormalizedv with o iiotion gap is\ =Jav q,. The scaling of the spin triplet
ag is approximatelyRef. 16 p,=2v/7=(1—1.12xy). Al- excitation gap is
though we do not knowK, at finite o precisely, it is
known'” thatK ,=1/2 at small frustrationry< a§~0.3. De- A\
o §2=20)(3=pg)
v

fine px=2K,—1, thenp,<1 andp,=<1. P (10

For the ground stataj(x)=ug, h(x)=h,, andZ=2Z. If
there is no Umklapp interactiogy, the model(2) is exactly ~Where 5=pu is the bond alternation induced by lattice
soluble by Bethe ansat?.Due to theg; term, an approxi- dimerization. For the unfrustrated SP chaik,,= 1/2,
mation has to be employed. We use the self-consistentx=0, and we obtain the correct scaling relaffon o 573,
Gaussian approximation, which was previously shown to be Comparing the ground-state energies between dimerized
reliable for the SP chains. To this end, we write phase (s=m/4) and AFM phase ¢;=0), we get, for

B(X) = do(X) + (X), where s is the semiclassical solution Pk<1, that the crossover fromp=0 to ¢s=m/4 is deter-

and¢ is the fluctuation aroungbs. We retaing to quadratic mined by
order in the action. The first-order term vanishes at the Jyz[ A \Px
saddle point. Then, Ck= A—pv(;zJ—pv) =1 (17

If Ck<1 then ¢=m/4, 6=pBu, h=0, and the system is
dimerized; otherwiseé=yZh, u=0, and the ground state
has long-range AFM order. A similar critical value of the
where interchain coupling for the unfrustrated SP model was de-
rived by Inagaki and Fukuyamid.Using A=24.5 K and
J=120 K, we find thatCx~0.98,(0.021jp,)x<1, which
is consistent with the fact that CuGg@® dimerized at zero
temperature. Sincg, (pk). which is lesqgreatey than X0),
and decreaseéincreasepwith increase of frustration, the frustra-
tion pushes the SP-Netransition to stronger interchain cou-
pling. If p,<1 andpk<1, the interchain coupling is close to
the critical value for the long-range AFM order to be real-
ized. This is probably significant, as materials with only 3%
The quantityo is given by Zn exhibit long-range AFM order.
_ Consider the nonuniform solutions of E@®), which cor-
o=e" %), (6) respond to the solitonic excitations of the dimerized phase.

1
I5(4s) + 25465 =0, (3)

1 1 4yZ?

gz_g_g_a?_zaz’ (4)

1 4p% , 8gs ,
2 KT 2 ©
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In zero magnetic field, the soliton solution has lower en&rgy
than the spin-triplet excitation with the gdp In this case,
we can continue to assume thatZ is a constant, and the
soliton solution from Eq(3) is

63
X >
u(x)ocsin(2¢g) = itanhé , (12 5’
with the half-width =
_ % o .
Hav /= = — M()X10 N ’
&= T/ 1-(Z/Z)“C. (13 o--= IN(x)I S~e_ 7
The corresponding magnetizatiav,(x), is 0 T
M (x) = cosh Y(x/&)/(21) (14) 0 50 100
X
and the staggered magnetizatidi(x), is
Joa FIG. 1. The lattice distortion and magnetizations in the soliton
N(x)=(—)* ECOSW Yx/¢). (15)  Ilattice phase witht=13.6,k=0.8. The scale ofi(x) is arbitrary.
From Eq.(13), we can see that the soliton width is increased 1 X
by interchain coupling, while the effects of frustration M(x)= Zwkgdn k_g’k , 17
ag=J,/J appear only ilMA anduv.
Without interchain coupling, the soliton width is 902 .
go=Jamp,/(2A)=<8a for CuGeO, With Z=2, N(x)z(—)X\/ZLcn<k—§,k), (18)
(Sj+,)=—(Sij), the soliton excitation described by Eq. T

(12) is an array of antiferromagnetically coupled solitons in awhere¢ is the soliton width defined in Eq13), and sn, dn,
direction perpendicular to the SP chains. As discussed in thgnd cn are the Jacobi elliptic functiofisThe intersoliton
introduction, the spins are antiferromagnetically ordered ingistance is K(K)ké [see Fig. 1, where the moduluk of the
side the soliton, therefore increased soliton size will lead to @lliptic integral K is related to the total magnetization in-
gain in the interchain coupling energy. This is the physicalyyced by the external magnetic field that can be derived from
origin of the increased soliton width in the presence of interyne minimization of the energd. These equations are the
chain coupling. When the interchain coupling is so strongsame as those of the soliton lattice without interchain
that the soliton width diverges, i.eCx=1, the system coupling?* Close to the commensurate-incommensurate
crosses over to the long-range antiferromagnetically ordereglnsition, M(x)~0<|N(x)|, we can assume that these
phase. This criterioiC, =1, derived from consideration of equations still approximately describe the soliton lattice in
the soliton size, is the same as that derived from(Ed). for  he presence of interchain coupling: each chain has a mag-
small py . . . . ) netizationM (x), and the neighboring chains have staggered
If the solitons are excited locally without forming a regu- magnetization®(x) and— N(x). The effective coordination

lar a”aY’<SZ,jJ_r;L>7& ._<SIZ.,]'>’ andZ/Z is smaller than unity. numperZ/Z is smaller than unity. Thu€/Z=constant is a
The SO|It0n Slze W|I| St|” be |ncreased W|th the |ncreasedreasonab|e approximation close to the commensurate-
interchain couplingy, and AFM domains will form and in-  jncommensurate phase transition, where most of the experi-
crease in size. We propose that for the solitonic excitationgnents are carried out.

due to magnetic or nonmagnetic impurities similar AFM do- | the experiment of Kiryukhiret al,” the value ofé is
mains will form. The percolation of these AFM domains measured in the soliton lattice phase. The measured value of
must be relevant to |m%lérl|ty induced AFM ordering in the ¢ js ¢=(13.6+0.3)a, which is substantially larger than the
doped CuGeQ systems?” value £,~ 8a without interchain coupling. If we use an av-

In a high magnetic field, t.here. will be atransition from the erageZ/z, from £=(13.6+0.3)a we estimateZ/Z~0.8 at
zero-field commensurate dimerized phase to the incommen- o i — )
=0. With finite «, the estimated/Z will be larger. In

surate soliton lattice phagéThe ground state of this soliton %0 ) X 5 ‘ 4
lattice phase corresponds to the self-consistent periodic sol{’€S€ experiments the intersoliton distance is-40a, so
tions of the coupled nonlinear equations similar to B).  K~0.7—0.9. The magnetizatioM (x) and staggered magne-
Here, we consider only the qualitative aspects of the effect oization N(x) are shown in Fig. 1 fork=0.8. The ratio
the interchain coupling in the soliton lattice phase. To this(M (X))/ V{N*(x))~0.1, which is the right order of magni-
end, we assume a constantn Eq. (3) for each chain. The tude to give effectivdRef. 25 Z/Z~0.8—1.0. In the NMR
effect of the interchain coupling is to renormaligeas in Eq.  experiment$ the maximal value of the effective local spin is
(13). The periodic solution of Eq3) is measured to b&,,,,~0.065, which is smaller than the value
corresponding to a single chain given by
\/A/(szpv)20.14. However, because the solitons in the

X
u(x)ocsn(— k) ' (16) neighboring chains are antiferromagnetically coupled, the ef-

ke’
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fective local magnetization at each site is reduced by thaize of the soliton diverges. The analysis of the soliton struc-
interchain effects; a reduction factor of the order of 2—-3 ofture presented here is consistent with experimental
Smax IS quite reasonable. observations:®
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