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Experimental data for the uniform susceptibility, magnetization, and specific heat for the material
Cu,(CsH15N,),Cly (CuHpC) as a function of temperature and external field are compared with those of three
different dimerized spin models: alternating spin chains, spin ladders, and the bilayer Heisenberg model. It is
shown that because this material consists of weakly coupled spin dimers, much of the data are insensitive to
how the dimers are coupled together and what the effective dimensionality of the system is. When such a
system is tuned to the quantum critical point by application of a field, dimensionality shows up in the
power-law dependences of thermodynamic quantities on the temperature. We discuss the temperature window
for such a quantum critical behavior in CuHpC80163-182¢08)05838-X]

Quantum disorder and spin-gap phenomena in insulatingigh-temperature expansions. But unlike those, the strong-
and doped magnetic systems have attracted much interesbupling expansions show excellent convergence down to
recently. A number of novel materials have been synthevery low temperatures for a range of parameters, and thus
sized, which have a gap in the spin excitation spectrum andllow one to reliably compare experimental data with model
consequently exhibit activated thermodynamic behavior aHamiltonians over the entire temperature range. We have
low temperatures. Examples of such systems includealculated the uniform susceptibility, magnetization, internal
(o \VA (VO,)P,05,2 SrCw03,° CuGeQ,* energy, and specific heat of three different classes of model
Na,Ti,Sh,0,®> and a number of organic materials such asHamiltonians by this method. These include two quasi-one-
Cuy,(CsHyoN,),Cl, (CuHpC).%” While the relationship of dimensional models, the alternating spin chain and the two-
spin-gap behavior to high-temperature superconductivity releg spin ladder, and one quasi-two-dimensiotelasi-2D
mains one of the most intriguing problems in condensed matmodel, the spin bilayer. These models have been the focus of
ter physic$? insulating materials are of interest in their own numerous theoretical investigations in recent yéhrs
right, providing a rich interplay of quantum chemistry, However, ours is a comprehensive numerical study of the
strong quantum fluctuations, frustration, and dimensionalityfield- and temperature-dependent thermodynamics of these
Crossovers. models.

The material CuHpCI is particularly interesting for a va- The material CuHpCI consists of quasi-1D polymeric
riety of reasons. First, from the point of view of spimnod-  chainst* where two spins copper atoms are relatively close
els, it is truely in the strong-coupling limit, where pairs of to each other and are physically quite far from other pairs of
spins are strongly coupled to each other, forming a spiratoms. Based on the linear polymeric structure, quasi-1D
dimer, and these pairs are then weakly coupled to the rest ehodels of weakly coupled spin dimers have been favored for
the system. This provides a testing ground for strongthis system. However, the physical distances for pairs of at-
coupling theories of the quantum disordered phase. Secondms between different polymers and those within a given
the exchange energy scale is small enough so that by appipolymer are comparable. Furthermore, one can identify ex-
cation of an external magnetic field one can drive the systemhange pathways that lead to an interaction between spins on
through a phase transition from the quantum disordered to different chains as well as those in a given chain. Thus, in
magnetically ordered phase. Third, there is, potentially, dhe absence of any first-principles calculation, the spin
hierarchy of energy scales so that there is a temperature witdamiltonian for this system and the effective dimensionality
dow of low-dimensional quantum critical behavior, which atis nota priori obvious. The majority of the experimental data
the lowest temperatures will crossover to three-dimensionabn the material has been interpreted in terms of one-
behavior. dimensional dimerized spin modété°where the exchange

We present here results of finite-temperature strongeoupling for the dimers is about 13 K, whereas the coupling
coupling expansions around dimerized Hamiltonians. Webetween spins on neighboring dimers is about 3 K. However,
have developed a method combining a conventional manythere are two pieces of experimental data which are in con-
body perturbation theory in the interaction representatiorlict with this picture. First, on application of a strong mag-
with cluster expansion techniques to carry out these exparpetic field when the spin gap vanishes, a finite-temperature
sions by fully automated computer programs. Technical detransition has been observed at temperatures of order 1 K,
tails of these calculations will be presented elsewh®rmt  whereas no such finite-temperature phase transition can exist
high temperatures, this approach is related to conventiondih a strictly one-dimensional system. Second, neutron dif-
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fraction spectra on powder samples do not show any evi- 0.025 T - T
dence of Van Hove singularities expected from the quasi-1D
mOde|S7. 0.020 F
In this study, we find that the uniform thermodynamic
quantities for these models in zero field are very insensitive _
to the way in which the dimers are coupled together. In par- 2 0015
ticular, the susceptibility data for this material are well de- £
scribed by either an alternating chain model or a spin-ladder = 0010
model or even a bilayer model. This may appear surprising
as the latter model is not apparently consistent with the struc- 0,005 b
ture of the material. The fact that one can nevertheless obtain
a good quantitative description of the susceptibility measure-
ments is a strong argument that thermodynamic properties 9000 = 00 200 200 200
are determined by local effects, thus rendering them almost T [K]

insensitive to the dimensionality. This is easily understood in _ o _ _

leading order of perturbation theory: in a strongly dimerized FIG- 1. Uniform susceptibilityy in zero field per spin vs tem-
system the Curie-Weiss constay,, which is the important peratureT. The lines are partial sums of series for the three models
parameter controlling the high-témperature susceptibilitydiscussed in the text. The curves are almost indistinguishable and
and the singlet triplet excitation gaj which is the relevant provide an excellent fit to the experimental data of Hametaal.

energy scale controlling the low-temperature susceptibility,(Ref' ?.

are altered from their noninteracting dimer values in theHere,SA’i andS,; represent the two spins in the unit cetf

same combination, independent of how the dimers ar \ : S )
coupled together. Still, the extent to which one is able to fit?he chain. The antiferromagnetic intradimer coupling>0

the experimental data by adjusting the parameters in th'Wm%CZi?ftr?nrﬂeaimaP thV?/ eﬁirlllapge Co?ﬁ“%%ﬁ%ﬂ
three models is surprising. The theoretical calculations of th ee ere ers. e. ocus on e two imiting
specific heat in the three cases are also close to each oth 'ses of this general modgl. the alterne}tlng spin chain with
although they deviate from what is found experimentally. _'0_0’ Ja#0) and the spin ladder defined by, ¢0, J,
It should be noted that the asymptotic low-temperature ). . . .

In order to compare with a quasi-2D system, we consider

behavior of thermodynamic quantities do indeed depend o . ; ; A
the spin dispersion along different directions. The dimen-ﬂqe bilayer Heisenberg model, with Hamiltonian

sionality enters directly into the power-law prefactors multi-
plying the activated behavidf. This study shows that such H=3,2 Sai-SeitJdz2 2 [Sai-Saj+Ssi Ss;l, @
prefactors are essentially impossible to see in strongly ! (L5

gapped systems. ) ) . where(i,j) are nearest neighbors on a square lattice, Aand
We argue that a robust way to determine the dimensionangp represent spins in the two layers. The coupling of the

ality of the spin system is by tuning it to the quantum critical system to an external field is described by
point by application of a magnetic field. The spin gap in zero

field, together with the factors, determines the critical field. , ,
As the spin gap disappears, the thermodynamic quantities Hexi=—usH X (Shi+Sh)). 3
develop power-law dependences on the temperafu@éven '
that these materials are ultimately three dimensional, an im- e perform numerical investigations of these models by
portant gquestion is, is there a temperature window where thﬁpplying finite-temperature  strong-coupling expansidns.
low-dimensional quantum critical behavior can be observed3pe expansion parametaris given by ratio of the inter-
We find _that at temperatures above 1 K, where our expangimer to the intradimer coupling, i.e\=J,/J, , J,;/J, , and
sions still show good convergence, the asymptotic low-3,/3 for the alternating chain, ladder, and bilayer model,
temperature power laws are difficult to determine in an Unyggpectively. The coefficients of the expansion are polynomi-
biased manner. However, in a crude sense, quantum criticals in the variables), /kgT, 1/f=1/(1+exy —gugH/ksT]
behavior begins to set in at a temperature of order 5 K. By, exdousHksT]), and 1Z,=1/(1+f exd—J, /kaT]),
studying the consistency with expected behavior in one an%herezo is the partition function of an isolated dimer.
two dimensions, one can determine the dimensionality of the ' ggries for the uniform susceptibility, the magnetization
systems below this temperature. This crossover temperatu[\ﬁ, the internal energf, and the specific he& are calcu-
scale for the onset of power laws is consistent with recenfy;aq complete to ordex®, for arbitrary temperature and
NMR measurements. , , magnetic field. The series coefficients will be presented else-
The quasi-1D models that we wish to study are given by, here and made available on the world wide web.
the Hamiltonian To begin our comparison with the experimental data, we
consider first the uniform susceptibility in zero field. We
- note that there are some deviations between the susceptibilit
H_lei SaiSeitd 2 [Sai-SaieatSsi-Spieal measurements of different groups. We will consider hel:r)e they
measurements of Hammat al.” and use them to fix ex-
o change parameters within the three models. In Fig. 1 we
+Ja2 Ssi Snir1: @) compare the experimental data with the models with param-
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FIG. 2. Specific hea€ in zero field per spin vs temperatufe FIG. 3. Knight shift vs InT). Partial sums of series for the

The lines are partial sums of series for the three models discussed jadder model at various magnetic fields compared with experimen-
the text compared with experimental data of Hamregal. (Ref. tal data of Chaboussaet al. (Ref. 6).
7).

when the correlation length becomes large.

In Fig. 4 we show the temperature dependence of the
. ) k i ? magnetization for the two models, when the system is tuned
for the bilayer. The fit was obtained with=2.04 as given 1, the quantum critical point. The difference is quite appar-

by Hammaret al.” We note that the agreement is excellentgnt The low-temperature power-law behavior is kn&o
for all three models. Different models essentially reproducg,q v« T12in d=1 andM =T in d=2. Although asymptotic

the experimental data much better than the difference in difrow-temperature behavior may set in only at extremely low

ferent experimental results. temperatures, the difference between the two curves is quite
We note that a similar ambiguity gas also been encoungynarent In 1D the magnetization approaches zero with an
tered in studying the systefvO,)P,07,” where many initial jnfinite slope, whereas in 2D it appears to do so with a finite
measurements were interpreted in terms of a spin-laddel; ;oo siope. By checking the consistency with linear or
model, but more recent neutron scattering measurementy, are_root behavior one can distinguish the two cases quite
suggest that the alternating chain model is more appropriat@jearly at temperatures as high as 4 K. The material CuHpCI
In Fig. 2 the zero-field specific heat measuremear® qergoes a three-dimensional phase transition around 1 K:
compared with the theoretical models. We note that whilgygnce  the window for observing quantum critical behavior
the shape of the experimental spectra is very similar and it§,ayhe very limited. We note that in recent measurements of
activated low-temperature behavior and peak position arg,e’nyclear relaxation rates for this material Chaboussant

ment with theory is missing. This maybe due to incomplet&nerpret as evidence for quantum critical behavior. This

background subtractions or the presence of nonmagnetiGassover temperature scale is consistent with what we find
phases in the experimental samples. here.

Before we move on to field-dependent measurements, we
turn to the calculation of the critical field. The triplet disper- . . .
sion has been calculated to high orders by zero-temperatur o3¢ | = -
dimer expansion$>8 For the parameters chosen, the gap is —\ ]
determined to be 10.0 K for the ladder model, 10.24 K for
the alternating spin chain, and 9.1 K for the bilayer model,
which takingg=2.04, translates into critical fields of 7.30,
7.45, and 6.65 T, respectively. Given the experimental ob-
servation of critical fields of 7(d) T by Hammaret al.” and
approximately 7.7 T by Chaboussaettal.® this argues in
favor of the one-dimensional models.

In Fig. 3 we compare the Knight shift measurements of
Chaboussanet all® with the M/H ratio calculated for the
ladder model. Again the two models were found to be hardly
distinguishable down to quite low temperatures. We keep the
exchange constants from the previous comparisons, but th 0-0000 5'0 160 15.0
vertical scale is arbitrary. Given that the zero-field data of the ' ’ TIK] ) '
two groups disagree somewhat, the agreement, found here, Is
quite good. The convergence of these expansions breaks FIG. 4. Magnetizationm, per spin vs temperaturg for the
down once the gap closes but only at fairly low temperaturesgritical field H, as discussed in the text.

etersJ, =13 K, J;=3.5 K for the ladderJ, =13.5 K, J,
=5.1 K for the alternating chain, an =13 K, J,=1.9 K
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Assuming the spin-ladder model, a mean-field treatflent for determining the nature of the spin Hamiltonian and the
of the transition temperature would lead to interchain cou-dimensionality of the system. We found that the susceptibil-
pling of the same order of magnitude as the coupling alongty data for the material CuHpCI can be equally well fit by a
the polymeric chaingof order 1 K). This large interchain number of different models.
coupling would explain the absence of Van Hove singulari- we have also shown that field tuning the system to the
ties in the pOWdeI’ neutron diffraction. On the other hand, ifcritica| point may provide a clear way to determine the ef-
the stronger couplings make it a quasi-2D system, with let Ugactive dimensionality of the spin system and to study the
say weaker coupling along the polymeric chains, there couldssociated quantum critical phenomena. Direct measure-
be a finite-temperature Kosterlitz-Thouless phase transitionyents of the spin dispersion by neutron diffraction on single
which could turn into a 3D phase transition even with verycrystals should shed more light on the nature of the coupling

weak 3D couplings. ~ constants in this material.
In conclusion, in this paper we have presented finite-

temperature strong-coupling expansions for the uniform sus- We would like to thank Daniel Reich for making the ex-
ceptibility, magnetization, internal energy, and specific heaperimental data available to us and G. Chaboussant for send-
of a number of dimerized spin models at arbitrary temperaing us a copy of his manuscript prior to publication. One of
tures and fields. These calculations should be quite useful ins (N.E.) acknowledges the hospitality of the University of
the experimental determination of exchange parameters for @alifornia at Davis where the early stages of this work were
class of magnetic materials. We also showed that uniforndone. This work was supported in part by the U.S. National
thermodynamic measurements in zero field are not sufficierfscience Foundation under Grant No. DMR-96-16574.
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