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Tricritical to mean-field crossover at the spin-Peierls transition in CuGeG,
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The spin-Peierls phase transition in CuGéfas been extensively studied utilizing a variety of experimental
techniques. Interpretations of the phase transition behavior vary from tricritical to mean field to Ising critical to
XY critical. We show that the behavior in the vicinity of the phase transition of each of the order parameters,
the magnetic energy gap, and the heat capacity can be quantitatively fitted with few adjustable parameters with
a mean-field model incorporating a tricritical to mean-field crossover in the transition region.
[S0163-182609)03246-4

I. INTRODUCTION characterizing the bulk critical fluctuations.
In spite of this large amount of work, it is still not agreed
The spin-Peierls transition corresponds to the dimerizawhether the observed transition behavior reflects mean-field
tion of a one-dimensionaB=3 antiferromagnetic chain or critical behavior. Extant models include) tricritical to
coupled to a three-dimensional elastic medifh. Until 3D Ising crossover behavidf’® (b) mean-field
relatively recently, spin-Peierls transitions had only been obhehavior'®!® (c) 3D XY with corrections to scalindf, and,
served in organic charge transfer compounds such as coppgfost exotically,(d) a 2D XY to 3D XY crossover aJ sp is
bisdithiolene (TTF-CuBDT).>"® Experimental information approached® Harris et all first argued that because of the
obtainable in such systems has been limited both by the sizg,e_component nature of the dimerization order parameter
of available single crystals and by the sensitivity of thesey, 5 gpin_peierls phase transition, asymptotically the transi-
materials to damage by x rays or electrons. Neverthelesg,, ) st e in the 3D Ising universality class. They argued

Egnmﬁggggﬁnéég?g da?r?r; ?]:g‘gef%?gf?éergﬁtp;aﬁitcranqz'further, that because of the coupling to the elastic strains, the
9 recritical behavior should be tricritical-like. Similar conclu-

terials. Interestingly, in most, if not all cases, the data are .

consistent with a simple BCS-type mean field transifich. slons, albeit based on different physical reasoning, were ar-
Much more complete experimental work on the Spin_rlved at later by Werner and Grbsand by Bhattacharjee

Peierls transition has been made possible by the discover? al® Proponents of 30X behavior typically argue that
that a structurally simple, inorganic chain compound coppef€ copper and oxygen displacements are independent, hence
germanate (CuGe undergoes a spin-Peierls transition at aY'€lding atwo-component order parame.]t%rmpllcnly, Har-
transition temperature around 14°Kthe crystal structure of s et al™" assume that all of the atomic displacements ac-
CuGeQ is orthorhombiC, space grou@bmm with a unit Companying the Spin-PeierIS transition are Iinearly COUpIEd,
cell of dimensionsa=4.81 A,b=8.47 A, andc=2.94 A at hence reducing the system to a one-component order param-
room temperaturé® The C#" ion carries a spirS=3% and  eter. This heuristic argument has recently been confirmed by
forms a (CuQ) chain with the neighboring G ions along a detailed group-theoretical analy%?sThe 3D critical be-

the c-axis direction. The successive €u S=1 spins are havior models seem to be supported by measurements of the
antiferromagnetically coupled through the superexchange inerder parametét*’*®which for reduced temperatures?2
teractions via the bridging oxygen atoms. Below the spin-x10 3<1—T/Tgp<5x10 2 exhibits power law behavior
Peierls transition temperaturé,gp, the dimerization of (1—T/Tgp)”? with 8=0.33-0.02, in good agreement with
Cu-Cu pairs along thec-axis direction, accompanied by both 3D Ising andXY values of 3=0.325 and 0.345,
shifts of the bridging oxygen atoms in tleeb plane, gives respectively’® The heat capacity data are equally well de-
rise to superlattice reflections at thie/2 , k, 1/2) (h,l: odd  scribed by a 3D critical behavior modgsing orXY) and by
andk: intege) reciprocal-lattice positions These have been a mean-field model with Gaussian fluctuatiéh$?

observed in electron diffractiolf,x ray }* and elastic neutron In this paper we discuss the implications of an alternative
scattering® experiments. Using coarse resolution x-ray dif- model for CuGe@, namely, a Landau-Ginzburg model in-
fraction techniques, Pouget al® have measured the pre- corporating a tricritical to mean-field crossovér® As we
transitional thermal lattice fluctuations whose correlationshall show, this model describes all available data very well
lengths diverge anisotropically with decreasing temperaturgvith few adjustable parameters. The format of this paper is
in @ manner consistent with mean-field theory. These samas follows. In Sec. Il we introduce the model including its
fluctuations have been studied at high resolution using syngenesis in studies of critical phenomena in thermotropic lig-
chrotron x-ray diffraction techniques by Harris and uid crystal system&>—2° Section Il presents an analysis of
co-workerst* These latter authors observe within about 1 Kthe available data for CuGegQusing this model. Finally, in

of Tgp large length scale fluctuations with characteristicSec. IV we give a summary, our conclusions, and sugges-
length scales about an order of magnitude longer than thogens for future experiments.
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Il. MODEL Order Parameter Squared
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AN tricritical-mean field crossover

The conundrum described above for CuGe®reminis-
cent of a similar divergence of views which occurred in the
interpretation of experiments on smecfie-smecticE phase
transitions in thermotropic liquid crystal systefis?In par-
ticular, in that case, measurements of the tilt order
parameter?® typically reveal power law behavios~ (1
—TI/Tac)? over the temperature range X30 °<(1
—T/Tac)<5X10 2 with 8=0.36+0.02. However, this di-
vergence of views was resolved by Huang and \ihand
Birgeneauet al,?® who showed that all of the data including o L . . .
the heat capacity, order parameter, and tilt susceptibility, 11 12 13 14 15
were consistent with the predictions of a simple Landau T (K)
model with an anomalously large sixth order term. Clearly, it

is of interest to carry out a similar analysis for the available ; ) i . L
data for the spin-Peierls transition in CuGeO synchrotron x-ray diffraction techniques. The peak intensity is pro-

) L ortional to the order parameter squared, The dashed line is the
For the Landau-Ginzburg model the free energy is glVerfesult of a fit of the data forr|=1—T/T5p<<0.04 to a single power

by law ¢?~ ¢3(1—T/Tgp)?? with B=0.314+0.01. The solid line is
the result of a fit to Eq(6) with 7cg=0.006.
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FIG. 1. (3/2, 1, 3/2 superlattice peak intensity measured with
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F=ar¢’+bop*+cgb+-- -+ |V, 0|? ) lIl. ANALYSIS

We now apply this tricritical to mean-field crossover
wherer=T/T.—1. model to CuGe@. The first test isTsp itself or, more pre-
With 7,=b?/ac, standard calculations yield for the order cisely, the ratio of the spin gap,, to Tgp. In the mean-field
parameterg, the specific heaC, the susceptibilityy, and  theory of Pytte?® the spin-Peierls transition is BCS-like so
the correlation lengthé, : that in the weak coupling limit &/ Tgp=3.5. In the charge
transfer salts TTF-CuBDT® TTF-AuBDT° MEM-
(TCNQ),,” and SBTTF-TCNQG),® this ratio is found to be
3.5, 3.7, 3.1 an&< 3.5, respectively, in good agreement with
the BCS value. Critical fluctuations, either Ising XiY in
(3)  character, would act to increase this ratio. For Cuge®
=245 K andTgp=14 K implying 2A/Tgp=3.5, consistent
with a BCS mean-field theory descriptiBA’ At the mini-
mum, this value for A/Tgp argues against any quantita-
tively important effect of critical fluctuations ofgp in

¢=(b/3c)" (1-31/79)?~1]"% <0, (2

0, >0,
€= (@%T/2bT?)(1—37/79) Y2, 7<0,

x=1/2ar, >0, (4)

£,=(2am,7) Y2,

70,

©)

CuGeQ.
The behavior of the order parameter in CuGe® of

particular importance since this observable appears to pro-
vide the strongest evidence for true critical rather than mean-
field or tricritical behavior. A number of groups have re-
ported measurements of the temperature dependence of the
order parameter in CuGeO*!"*®The measured phase tran-
sition temperaturd gp varies between 13.3 K and 14.6 K in
different samples. Nevertheless, near-universal behavior is
observed for the order parameter provided that it is plotted as

with similar expressions for<0 for y and&. Equationg2)
and (3) are conveniently rewritten in the form

T 1/2 1/2
1+3L) —1} . 7<0, (6
Tsp—Tcr

b= o

0, >0, i
1 a function of the reduced temperatuléTgp. As noted
C= c T(1+3 Tsp— <0 () above, fits of the order parametéy(T/Tgp) for 1—T/Tgp
- Tsp—Tcer/ ' <0.05 to a single power lawp~ (1—T/Tgp)” all yield val-

ues of 8=0.33:0.02. As discussed by Gaulin and
where Ty is the crossover temperature from tricritical to co-workerst’ inclusion of a correction-to-scaling multiplica-
mean-field behavior. We note that in the above expressiongve factor (1+ B| 7|°) in the expression fo both improves
the exponents are fixed and only the amplitudes and the twthe goodness of fit and, not surprisingly, extends the range of
temperaturesTsp and Tcr, are variable. A log-log plot of validity of the fit.
Eq. (6) reveals that for the order parametérthe effective We show in Fig. 1 our own measurements of the order
exponentg crosses over gradually frothto 3 asT varies  parameter squared in a sample of CuGa@h Tsp=14.6
from less than to greater thailcg. In the smectic- K. These data are consistent with those measured by both
A—smecticC case the measurements spigi and accord-  ourselves and other groups in a variety of sampté$8Fits
ingly intermediate exponents3=0.36, are found even to a single power law fof7|<0.04 yield 8=0.314+0.01.
though the actual transition is mean-field-like for tempera-However, as noted by Harris and co-workéiand as may be
tures in the immediate vicinity of oc.?® seen in Fig. 1, the data fall significantly below the power law
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Magnetic Gap Specific Heat
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FIG. 2. Magnetic energy gap in CuGgOThese data are from
Ref. 18. The solid line is the result of a fit to the fori(T) FIG. 3. Magnetic specific heat in CuGgCOThese data are from
=A(0)¢%® where ¢ is given by Eq.(6) with 7cg held fixed at  Ref. 21. The solid line is the result of a fit to E@) with 7cg held

0.006. fixed at 0.006.

curve for |7/>0.04. We show, in addition, in Fig. 1 the Sample OfS%“GeQWith Tsp=14.24 K from Lasjaunias and
results of a fit to the tricritical to mean-field crossover form, CO-WOrkers:” Hegmanet al™ have carried out an extensive

g : analysis of these data using both a mean-field “BCS plus
Eq' (6)a.ngr}|s f|tThhei1§ izntlﬁ;hsrsgsﬂﬂsmtzglreo??zgﬁiﬁlrs a Gaussian fluctuation” model and a critical behavior model.
CR:» SP-

those in the single power law fits discussed above and tw hey find that both models descri®, quite well in the

less than the number of adjustable parameters in fits to 4'mediate vicinity ofTsp, albeit at the cost of a rather large
power law with corrections to scaling with bof and & number of adjustable parameters. The critical behavior

varied. (We note that Lumsdeet al!” fix §=1/2 whereas Omogil I'r:: ?)I:/heezri ;}'ZI#(;E f&rethéaizifgf QEQLZEF;?]”;?EG;; im-
Lorenzo et al!® allow & to vary; the latter group find an : Y

optimum fit for 6~1). It is evident that Eq(6) describes the plies that the true critical behavior is confined to the region

order parameter data extremely well over the complete rang|eT| =0.0006. - . ) .
Given the uncertainties connected with the fits described

ifott(e)rglp (iarLatluri(re]s. tr;rar\]tethftlat c)r/:)(es!g:\sgr:frlo_rn-rtcrii/r;[ii;l:t%(r)r?eezan- above, the best one can hope for is to determine whether or
o plying not the tricritical to mean-field crossover model is consistent

field behavior occurs at a quite small reduced temperature._ : - oo
We now discuss the energy gap Using a simple scaling ywth t_he experimental rgsults_ f@), shown in Fig. 3. First, it
is evident that Eq(7) will be inadequate since one must, at

: 4213 ;
ansatz, Cross and Fisfleargue that ~ 4. We show in the minimum, include Gaussian fluctuations abdvg. We

Fig. 2 the data of Lorenzet al!® for the magnetic energy : . .

. . therefore include the fluctuations abovegplin the simplest
gap forT<Tgpin a sample of CuGeQwith Tgp=14.4 K. In way possible by replacing Eq7) by §p P
part because of the apparent jumpA(fT) at Tsp, Lorenzo

et al¥® interpret these data as indicating a XI¥ Kosterlitz- ToTgp |2

Thouless transitiof? In fact, these data are readily explained CuTl1+ 3?) ++T, 7>0,
using the model of Cross and Fishéngether with the tric- _ SPCR

ritical to mean-field crossover form fap, Eg. (6). In this _ Tsp— <0
case we holdl'sp fixed atTgp=14.4 K and set-cr=0.006 CuT 1+3TSP_ Ter +B., 7<0,

as determined above so that there is only one adjustable pa-
rameter, the overall amplitud&(0). Theresult so-obtained Wwhere yT is the regular linear term for a 1D Heisenberg
is shown in Fig. 2. It is evident that the tricritical to mean- antiferromagnet an8_ is the background term beloWsp.
field model withA (T) ~ ¢?° describes the measured gap en-The background_ should, in general, be temperature de-
ergy A(T) extremely well over a wide range of temperaturespendent; however, given the narrow range of temperatures
with only one adjustable parameter. Indeed, this is by far th&ve consider, a constant background is adequate. Equaion
best test to date of the Cross-Fisher model. We should noté closely similar to the BCS plus Gaussian fluctuation model
that this model cannot explain the inferred pseudogap aboveonsidered by Hegmaat al** since the Gaussian fluctua-
Tsp.® However, the “pseudogap” is deduced using a heu-tions give rise to ar| Y2 contribution toC,, both above and
ristic line-shape analysis which lacks a firm theoretical basisbelow Tsp. The solid lines in Fig. 3 correspond to fits to Eq.
The specific heat in CuGeChas proven to be the most (8) with ¢ fixed at 0.006 andCy,, Cy,, v, B_, andTsp
difficult thermodynamic quantity to interpret varied. Clearly Eq(8) describe<Cy, quite well; indeed the fit
unambiguously?? This is, in part, because of the extreme appears to be better than those for either of the models tested
sensitivity of the specific heat ned@ip to sample inhomo- by Hegmanet al?! The fit shown in Fig. 3 give<,,/Cy,
geneities and, in part, because of the inevitable large numbet 1.1+ 0.13; this ratio is expected to be nonuniversal so it
of adjustable parameters required to describe the critical speannot be simply interpreted. Lastly, we note that specific
cific heat in any physically relevant model. Figure 3 showsheat data by Liu and co-workéfsare also well described by
high resolution magnetic specific hea€Cyq) data for a our model in the same temperature range. In this case, how-
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ever, the specific heat peak at the transition temperature igext-nearest neighbor exchange interactions along the chain
broader than that shown in Fig. 3, and consequently a Gausseuld generate the tricritical instability:>° Specifically, the
ian distribution of the transition temperatutkill width at  ratio of the next-nearest neighbor to nearest neighbor ex-
half maximum 0.25 K had to be introduced into Ed8). change interaction along the chain is close to or possibly
Summing up, we conclude that the tricritical to mean-fieldeven exceeds the critical value for spontaneous formation of
crossover model describ&3,, well although not uniquely a magnetic gap independent of lattice distortidideuristi-
S0. cally, it seems that this could generate tricritical behavior in
Finally, we discuss the correlation length and the stagthe phase diagram. Another possible source of tricritical be-
gered susceptibility. Pouget al® have found that the cor- havior is competition between the dlestate and the spin-
relation length over a wide temperature range follows thePeierls state, that is, competition between the coupling of the
behavior é~(T/Tsp—1) Y2, consistent with mean-field S=1/2 chain to the lattice and the interchain exchange cou-
theory; however, the number of data points in their experipling. Clearly, a multidimensional theoretical analysis of the
ment nearTsp is sufficiently small that their results do not spin-Peierls phase diagram including magnetostriction, com-
meaningfully differentiate between various theoretical mod-peting intrachain exchange interactions together with the in-
els. Harris and co-workeYshave reported a high resolution terchain magnetic and elastic coupling is required.
synchrotron x-ray study of the critical fluctuations abdwg Of course, the mean-field behavior itself in all of these
in CuGeQ. They find pretransitional lattice fluctuations spin-Peierls systems is not yet well understood. In TTF-
within 1 K aboveT s, whose length scale is about an order of CuBDT there is evidence for a soft phonon at very high
magnitude longer than those characterizing the bulk thermdemperaturésand Cross and Fishespeculate that the pre-
fluctuations. The line shape of the large length scale fluctuasursive soft mode accounts for the large length scale under-
tions is consistent with a Lorentzian-squared form. The mealying the mean-field behavior. In CuGgno soft phonon at

sured critical exponents are=0.56-0.09 and y=2.0 all has yet been seen. Thus, the microscopic origin of the
large length scale in CuGgQ@emains to be elucidated.

+0.3, wherey is the exponent characterizing the divergence™ < . ) ; . .
of the disconnected staggered susceptibffitythe mean- Finally, it would be very interesting to see if the putative
i o — nearby tricritical point could be accessed by changing some
field predictions for these exponents are 1/2 andy=2y  \ariaple such as pressure, uniaxial stress, or doping. Masuda
=2, whereas for 3D IsingXY) critical behavior one ex- gt 4131 have shown that replacement of Cu by Mg both de-
pects v=0.63 (0.67) and y=2.5 (2.64. Thus the data of pressesTsp and appears to drive the spin-Peierls transition
Harris and co-workefé favor the tricritical to mean-field first order. The concomitant tricritical point could well ac-
model but 3D Ising oiXY critical models are not excluded. count for the observed tricritical to mean-field crossover in
Precise measurements of the bulk staggered susceptibiliyjure CuGe@. We note, however, that the actual physics of
using neutrons should yield accurate valuesif@ndy and  magnetic dilution in CuGeQis quite complex since dilution
this, in turn, would definitively choose between the models.introduces frustration of the interchain elastic interacfion.
Replacement of Gii by C* (Ref. 33 or G&" by G

IV. DISCUSSION (Ref. 39 both lead to mean-field behavior over quite wide
temperature ranges; that is, doping with these ions moves
uGeQ away from the ftricritical point into the pure mean
Id regime. Again, further research, both experimental and
eoretical, is required to elucidate these effects more com-
pletely.

In summary, each of the order parameter, magnetic e
ergy gap, specific heat, correlation length, and disconnect
staggered susceptibility are well described by a simplqh
Landau-Ginzburg model exhibiting a tricritical to mean-field
crossover neafl gp. Further, the ratio of the energy gap to
Tsp is consistent with the value for a BCS mean-field tran-

si_tion. We conclude, therefore, that Cu%e_cv_n common ACKNOWLEDGMENTS
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