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Evidence for solitons in a quantum (S- —, ) XY system
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The heat capacity and nuclear spin-lattice relaxation of the quasi-one-dimensional compound
(C6HiiNH3)CuBr3 have been measured for 1.5 K & T & 7 K and magnetic fields up to 7 kG. All data are
in good agreement with classical soliton theory, both for in-plane and inclined fields, yielding the first evi-
dence of solitons in a ferromagnetic quantum XY chain.

The suggestion that solitons might be considered as ele-
mentary excitations in one-dimensional systems' has
prompted a large theoretical effort. It appeared that —in the
continuum limit —the equation of motion of a classical fer-
romagnetic chain with XY anisotropy could be mapped to a
sine-Gordon (sG) equation, which is known to support soli-
ton solutions. Next, such a mapping was obtained2 for
several other types of magnetic systems.

The first experimental evidence of solitons in magnetic
systems was observed in the neutron scattering cross sec-
tion of the S-1 XY ferromagnet CsNiF3. Allthough this
evidence has been disputed, ' more detailed results as well
as spin-lattice relaxation time and specific-heat measure-
ments' confirmed the relevance of solitons in this system.
Recently a soliton contribution was also observed ' in the
S-

2
antiferromagnet (CH3)4NMnC13 (TMMC). In both

compounds a substantial reduction of the classical solitori
rest energy had to be assumed to describe the experimerital
data. This fact was associated with quantum effects, " since
the mapping to a sG equation explicitly exploits the classical
nature of the spins.

In this Rapid Communication we present the first experi-
mental evidence of solitons in a real ferromagnetic quantum
(S =

2 ) chain with X1' anisotropy. We measured both the

nuclear spin-lattice relaxation (NSLR) time Tt and the
specific heat C of the recently discovered system
(C6HttNH3)CuBr3. We will show that both the dynamic
behavior measured by Ti and the equilibrium properties
monitored by C can be understood if we assume that soli-
tons are the dominant excitations in the appropriate tem-
perature and field range.

(C6HttNH3)CuBr3 (CHAB) is the Br isomorph of the Cl
compound known as an excellent one-dimensional fer-
romagnet. ' Several investigations"' showed that the sys-
tern can be characterized by the Hamiltoniari

~= —2J X[S; S;+t+ (J J)/JS,*S,'+)]—

The measurements reported here are performed at T & 7 K
and thus in the XY region. The ordering temperature of
CHAB amounts to T, =1.50 K (Ref. 13) at B =0.

The magnetic array consists of ferromagnetic
-Cu-Br3-Cu-Br3- chains running in the crystallographic c
direction. The moments in each chain have a slight prefer-
ence for the x direction in the easy XY plane where y coin-
cides with the c axis. The x axis is located in the ab plane at
an angle P from the b axis. Two symmetry-related types of
chains are present with @= + 25' and $ = —25', respective-
ly. The anisotropy (J —J~)/J within the easy XY plane
has been determined by ferromagnetic resonance" (FMR)
and amounts to 7 x 10 . Our experiments were performed
in the paramagnetic state in magnetic fields along the a, b,
and c axes. For both types of chains, the c axis coincides
with the easy plane.

The specific heat of a single crystal of 2.5 g was measured
by means of a heat-pulse calorimeter" with an accuracy of
2%. Temperature readings were obtained from a germani-
um thermometer and were corrected for magnetic field ef-
fects (at most 30 mK), if appropriate. Figure 1 shows the
excess heat capacity 4C obtained by subtracting the zero-
field results from the data obtained from 8 II c. In Fig. 2
the field dependence of bC is plotted. No demagnetization
corrections were applied, since these amount to at most 50
G.

Although 4C certainly includes the effect of 8 on the
linear spin-wave excitations, this contribution on itself
would yield a decrease of the specific heat with increasing
field in the present region. Furthermore, a contribution
arising from isolated magnetic ions (or impurities) can be
ruled out. Since, as will appear below, the NSLR measure-
ments on this system also suggest a soliton contribution, we
will now interpret 4C in that light.

The soliton contribution to 4C is"
1/2

5Cg = —— (16JS ) 'kT(E, /kT)
a m

—Xgtt, sB ~ S;
x i(E,'/kt ——,)' ——,) exp( E,/kT)—(2)

which can formally be mapped to a sG Hamiltonian. ' The
iritrachain interaction J/k = 55 K; (J J)/J = —0.05. The-
interchain coupling J'= 10 3 J is not included. From these
values one may estimate a crossover from Heisenberg to XY
behavior' for

T ( Tctt = 0.44JS (S + I )/k = 16 K

where E,o= 8S (2Jg p, aBS ) 't, the soliton rest energy. With
the appropriate values for CHAB (E,o/k=10. 85MB), a
good qualitative description of the data is obtained, but it
seems that both the overall magnitude of 4C and E, have
to be adapted.

From Eq. (2) it appears that tt Cs/kT is uniquely deter-
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FIG. 1. Temperature dependence of AC. Drawn lines are
guides to the eye. Dotted curves represent classical soliton theory
with E,c/k = 8.4MB. The calculated magnon contribution is

shown by a dashed curve. The inset shows the orientation of the
easy XY planes.

FIG. 2, Field dependence of AC, and the location of the max-
imum of AC(8). Dotted curves represent classical soliton theory
with E,c/k = 8.4JB.

mined by E, /kT and has a maximum for E, /kT = 3.9. If
the data obey the relation Eg' ——ex@8 pledlcted fot a pure XY
system, the maximum in AC(8) determines n through
B,„k= (3.9kT/cr) . The data shown in Fig. 2 clearly reveal
a quadratic dependence of 8„„kon T and result in an exper-
imental soliton energy E, „„,/k = 8.448, indicating a reduc-
tion of —20% compared with the classical value
E,c/k = 10.85MB. This reduction may be compared with the
prediction of Maki" which yields E, /k = 9.4MB for this
case. The dotted curves in Figs. 1 and 2 are calculated with

E,o,„p, and show a perfect qualitative agreement with respect
to both the field and temperature dependence.

%ith respect to the overall magnitude of AC we recall
that the data include the contribution of linear magnetic cx-
citations. To illustrate thc effect of this contribution we

have included in Fig. 1 some results of a linear spin-wave
calculation based on the field dependence of the energy gap
observed by FMR, '~ The corrected magnitude of AC, how-

ever, is still too low. The reason for this discrepancy, which
was also observed in CsNiF3 (Ref. 8) and TMMC, ' is yet
unclear.

Measurements of 4C werc also performed with 8 along
the 6 and a axes. The data for 8 II 6 almost coincide with
those for 8 II c. The data for 8 II a are sho~n. in Pig. 3 for
two representative values of 8. Since a field 8 Ila can be
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FIG. 3. Comparison of AC measured ln lflcllncd flclds with AC
Hlcasurcd ln ln"plane fields of IHagnltudc 8 sin@.
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decomposed into a component 8 sing in the XY plane and a
component 8cosg along the real hard axis of the individual
chains, we have also shown the data obtained in a field with
a magnitude 8 sin@ along c. This comparison reveals that
the data for 8 II a can almost completely be explained by the
effect of the in-plane component of the field. This observa-
tion corroborates an interpretation in terms of solitons
since, as long as the out-of-plane component of the field is
smaller than the out-of-plane anisotropy, only the in-plane

component induces the symmetry breaking required for soli-
ton excitations. Our results can be considered as the first
experimental observation of this effect. One should note
that the out-of-plane component of the field may alter the
stability range of the solitons. ' " The present data, howev-
er, which have been collected at fields well below the in-
plane critical field above which kink solitons are ustable (1S
kG for CHAB), " do not indicate such an effect. Of
course, the data should be corrected for the magnon contri-
bution, but since this will not exceed AC= —2X10 1/
mole K in the present field and temperature range the con-
clusion of our analysis will remain unaltered.

The NSLR time T~ has been measured in the paramag-
netic phase, 1.2 K & T & 10 K, in fields 1.5 kG & 8 & 7 kG
at nuclear hydrogen positions. The data were obtained on
single crystals, using conventional pulsed NMR, with 8 ap-
plied along the crystallographic axes. The results for 8 II c
are shown in Fig. 4 in reduced form. The drawn lines in

the insert represent the result of a calculation of T~ assum-
ing linear spin-wave excitations. Although the qualitative
behavior is similar to what is actually observed, especially at
low T, serious deviations appear at higher temperatures.
Therefore we will interpret the data on the basis of the soli-
ton concept. When NSLR is due to collision with a one-
dimensional soliton gas, the relaxation rate Tj ' is

Tt ' ———exp( —E, /kT) =—exp( —nJB/T), (3)1 p 1

T ' T

where E, /k = n JB is the soliton rest energy.
Equation (3) results in a linear relationship of ln(TTt )

and JB/T for all fields and temperatures. As can be ob-
served in Fig. 4, the data are located on a straight line for
1.8 K & T & 8 K. At lower temperatures, where a spin-
wave description is adequate, deviations occur. The data
result in E,a/k=8 1JB, which agr.ee surprisingly well with
the value 8.4MB obtained from the AC measurements.

Measurements of T~
' with 8 along the a and b axes were

also performed. If only the in-plane component of 8 is con-
sidered, the data for 8 I!b can also be described by Eq. (3).
The data for 8 I I a, however, cannot simply be scaled by the
same procedure.

In conclusion, we state that both the measurements of
4C and T~ reported here yield strong evidence of kink soli-

1
tons in a ferromagnetic quantum (5 =

2 ) XY system. The

field and temperature dependence of both T~ and 4C can
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very well be described by classicai soliton theory, both for
in-plane and inclined magnetic fields. This is surprising,
since in the present quantum limit the validity of the map-

ping of the spin Hamiltonian to the sG Hamiltonian is not
clear. Although this question triggered part of the exten-
sive theoretical effort, ' which has been devoted to the
properties of S = —, systems, general results for the infinite

system in the presence of a symmetry-breaking field are not
yet available.
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FIG. 4. Experimental behavior of ln(TT~ ') as a function of
JB/T The solid line r.epresents the classical soliton model with

E, /k=8 1JB. The ins.ert shows the prediction from linear spin-

wave theory.
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