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Abstract. We present an analysis of experimental specific heat data measured in the vicinity
of the spin—Peierls transition of a CuGg®@ingle crystal. The aim of the investigation was to
analyse the type of the transition, including the character of the fluctuations, and to give a proper
determination of the critical temperature. We used and successively compared the Gaussian and
critical fluctuations models to fit the experimental points detected in magnetic fields up to 21 T.
Our results present new information about the influence of a magnetic field on fluctuations in
the CuGe@ compound. Within the framework of the Gaussian fluctuations model, there is no
significant magnetic field dependence of the fluctuations. Using this model, the critical region is
estimated to be as small as 10 mK in zero field, which excludes the possibility of observation of
critical fluctuations in the present experiments. In spite of this, a critical fluctuations type of analysis
can also be carried out, with a critical exponent value lying between the three-dimensioaat

the Heisenberg universality classes. We also note the absence of broadening of the fluctuations
regime under magnetic field. Taking into account the scatter of the data, the two models are equally
suitable in the fitting process.

1. Introduction

Itis now well established that the compound CuGeén exhibit a spin—Peierls (SP) transition
driven by magnetic interactions in one-dimensiofiat 1/2 antiferromagnetic chains. Atthe
spin—Peierls transitiorfgp = 14 K) the uniform antiferromagnetic chains become unstable
with respect to a lattice distortion which dimerizes the chains, introducing a gap into the
chain—spin excitations spectrum. The examination of this transition suggests the presence
of a fluctuation regime evident from both structural and magnetic measurements. In x-ray
investigations, pre-transitional lattice structural fluctuations were observed above the transition
temperatur@sp (or 7.) [1,2]. In the paper [1], critical fluctuations were observed over a broad
temperature range abo¥%ep (Up to~40 K), with a strong anisotropy in the correlation lengths,
showing a predominant quasi-1D character. In [2], pre-transitional lattice fluctuations were
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observed withi 1 K aboveTsp, with alength scale about one order of magnitude larger than that
characterizing the thermal fluctuations. This was attributed to random-field defects in the near-
surface region of the sample. A strong coupling between magnetic and structural fluctuations
near Tsp was confirmed by neutron scattering experiments, as was suggested in [3]. The
explanation involving magnetic fluctuations stressed the importance of next-nearest-neighbour
interactions in the chain, competing with the main nearest-neighbour interactions. Moreover,
the competing antiferromagnetic interactions were claimed to lead to the SP transition without
spin—lattice coupling [4] described by the Cross and Fisher theory [5].

In the vicinity of Tsp a narrow asymptotic critical regime was observed by fitting the
x-ray data with @8 = 0.36 critical exponent, which is consistent with the standard three-
dimensionalXY or Heisenberg universality classes [6]. The analysis used so far to explain
the behaviour of CuGefnear its transition temperatufep pointed towards non-mean-field
treatments [7]. But the calculated critical exponents span a wide range for different possible
universality classes from tri-critical to 3D classes. For example; 0.25 was found from
elastic measurements [7] as well as from earlier neutron scattering studies [8]8whi0236
was found from other neutron measurements [3]. Similarly, specific heat measurements have
yielded estimates giving both a highly divergent heat capacity wite- 0.4 [9], as well
as—0.15 < o < 0.12 [10] which restricts the behaviour to that described by the standard
three-dimensional universality class.

Shortly after the discovery of HTSC materials, the specific heat of YBaCuO single crystal
was studied. At first sight the zero-field behaviour was accounted for by a sum of a BCS-type
step and 3D Gaussian fluctuations [11]. Later, after the measurements had been repeated
in non-zero fields, this picture had to be changed due to the broadening of the specific heat
peak atT,, satisfying a scaling relation which is a signature of critical fluctuations, rather than
Gaussian ones [12]. Finally, the authors claimed that at zero field the two approximations
were equally suitable. In the work reported here, we started with the same motivation to probe
the Gaussian fluctuations around the jump of the second-order mean-field transition and the
critical approximation due to the expected large low-dimensional fluctuations very close to
Tsp, by checking the specific heat under different magnetic fields up to 21 T.

From the thermodynamics point of view, at reduced temperature vatles s (the
Ginzburg criterion; see later), the usual Ginzburg—Landau mean-field results are approximately
valid. Much closer toTsp (|| < 15), there will be a shift from the mean-field regime
towards the critical exponents regime due to large fluctuations. Inthe intermediate-temperature
regime a proper renormalization-group solution should be necessary, but no such theory has
been attempted. Here, the so-called Gaussian fluctuations theory is used, which treats small
fluctuations around the second-order mean-field solution.

2. The sample and experimental technique

Experiments were performed on a single-crystalline sample (0.45 g weight) cleaved from a
larger monocrystal several cm long and 5 mm in diameter, which was prepared by a floating-
zone method associated with an image furnace [13]. Its valfigroh zero field was 14.25 K.

The main specific heat results obtained for this sample have been published elsewhere [14,15].
Inthis article we present an investigation with magnetic fidld c-axisupto 21 T. The applied
magnetic field was produced by a 12 T superconducting magnet in the CRTBT Laboratory and
on a resistive Bitter-type magnet, up to 22 T, in the LCMI Laboratory, both in Grenoble. Heat
capacity data were obtained with a transient-heat-pulse technique, with relative temperature
increments of the order of 5% under high field, and with a high resolution of the order of 0.1% in
the zero-field experiment. The high-field experiments are particularly delicate due to the noise
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induced by the resistive Bitter-type magnet and the magneto-resistance of the thermometers.
We used film-deposited Au—Ge thermometers, characterized by a weak magneto-resistance
(less than 20% of the correction fér> 6 K in 21 T), developed at CRTBT.

3. Analysis

Specific heat(,) experiments are generally limited to collecting data sufficiently close to
the expected value dfsp, and the experimental uncertainty of the measured values hides the
detailed shape of the transition. Determination of the phase diagram requires knowigg the
values precisely, and consequently some fitting method has to be usedTgdfamtl the type

of the transition. Usually, the fitting methods include some fluctuations contribution to treat
the pronounced smearing around the transition. We applied two advantageous methods for this
purpose, the so-called Gaussian and critical fluctuations models. In the Gaussian approach we
supposed a BCS-type behaviour (i.e. the discontinuity,adt 7sp) and a Gaussian fluctuations
contribution above (+) and below-| Tsp, given by

CE = Cy (&)~ 42

wherer = T/ Tsp— 1 is the reduced temperature ahthe dimensionality of the fluctuations.

We fixedd at 3 (C; ~ |t|7°5, close toTsp) due to this system being a 3D phonon-coupled
one. This assumption is supported by studies of the spin—Peierls compound [6] and of Peierls
compounds (quasi-1D electronic systems coupled to 3D phonons) [16]. For the uniform phase
(where fluctuations in the specific heat are negligible) we used the simplest mean-field (MF)
assumption:C, = yT + BT?3, the sum of the magnetic and lattice terms. Acoustic meas-
urements have shown that the variation of the lattice term is negligible for calorimetric data,
since it is of the order of G when crossing the phase boundaries [17]. Therefore we used
Cn, = C, — BT? as the magnetic term for further analysis. At this point we applied a fit for
C,./ T, where the BCS termi{ < Tsp) is compatible with Mihlschlegel’s results [18]:

Cu/T =B;+EGT+Cg /T T < Tsp

1
Cn/T =Bi+C5/T T > Tsp @)

whereBZ are constants anfl;; is the linear MF coefficient.

In the fitting procedure, we only set up one requirement—nar@gi§C, = V2. This
requirement was fulfilled by varying the value Bfp and the fitting range, while verifying
from log—log plots of the fluctuations term that, near the singularity, the behaviour is indeed
described by a power law with the same exponent above and #jewThe 3D Gaussian
fluctuations analysis gives another formula for the fluctuations which can be used to predict
the appearance of critical fluctuations:

CE/ACZN/(Tg/I) T > Tsp
Co/AC = (e/2l) T <Tsp

whereAC is ajump atTspin zero field. We introduce here the Levanjuk—Ginzburg parameter
76 [19,20], which has an important meaning since it represents an estimate of the relative width
of the temperature region; Tsp Where critical effects (logarithmic divergence) dominate.

We did not impose conditions aB, = y during the fitting procedure since it should be
fulfilled in the true MF regime (with no fluctuations any longer) and consequently it might
be checked ifl' > Tsp, where there are not enough experimental points, particularly under
high fields. For the reason that our temperature range did not extend over a large enough MF
interval, the extraction g8- andy -parameters involves some uncertainty in their values, due to
the influence of the remaining fluctuations and the original scatter of the experimental data. To
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extractg- andy -parameters in our present analysis, we used a linear fit to the high-temperature
tail of theC,,/ T versusT? curve, with an uncertainty related to the scatter of the data and the
choice of the starting point for the high-+ail interval, which remains rather similar for the
different fields (except for zero-field data) [21].

Fortunately, the manifestation of the uncertaintg endy in the amplitude of the Gaussian
fluctuations is negligible in the vicinity dfsp (within the~+1 K range), where we intended
to apply the Gaussian fit. Note that, in zero-field measurements, the condtica y is
fulfilled within 7%, as a consequence of a higher density of data points in comparison with
other experiments, and in this way we can estimate the valyenodre accurately.

To perform the critical analysis we followed the usual procedure, assuming a cligp at
We fit C,, (without the lattice term) as

Cpn = (AT )a)|t|™ + B+ Et

with the condition thar = o™ = o~ and that we have a linear expansion of the regular
contribution close tdlsp, €.9. B = B* = B~ (i.e. no discontinuity ofC,, at Tsp) and

E = E* = E~ (i.e. differentiable smooth background) with a linear expansion of the regular
contribution close td@, [10]. We varied thelsp-value to find the best least-squares fit.

4. Results and discussion

Figure 1 shows the magnetic part of the specific heat figaat different magnetic fields.
The values 0, 8.1, and 10 T correspond to the dimerized—uniform phase transition and the
18 T value to the incommensurate—uniform phase transition. Upon increasing the field, the
transition temperatures shift to lower temperatures, in agreement with the phase diagram
defined earlier [14], and th€,,-values become smaller [22]. These dimerized—uniform and
incommensurate—uniform transitions are second order, so the experimental points&®und
were not sensitive to the sweeping direction of the temperature (there are no metastable states
or hysteresis at these phase boundaries). There are two fits, the dotted curve for the critical
fluctuations one, and the continuous curve for the Gaussian one, including the BCS-type step
(the dash—dotted curve) and the Gaussian fluctuations contribution. The critical fluctuations fit
was performed directly on th&, -data and was then scaled to display€hg T versusT plot.
We chose the interval T = +1 K as the fitting range; then it was slightly adjusted around this
value to get the best fit. Usually the fits were not sensitive to this adjustment, especially in the
case of the zero-field data which show the best statistics. In the high-field cases, with poorer
statistics, the fit was sensitive to the change of the number of fitting points. The first conclusion
drawn from the examination of figure 1 is that the two models yield similar qualities of fitting.

Table 1 collects the results obtained in the fitting procedures for both critical and Gaussian
cases. The differences in tiige-values obtained in each case differ by 1-20 mK, which is too
small to be resolved in our experiments. The Gaussian fluctuations amp(IIgU'd;eshown to
be constant in different magnetic fields, in disagreement with the theoretical calculations of Lee
and Shenoy who predicted a field dependence for the Gaussian fluctuations contribution [23].
The field independence of the extracted Gaussian fluctuations data versus reduced temperature
is clearly pronounced in figure 2: the data points collapse onto one branch, excluding a
broadening character. The same property can be seen in figure 3 wherg-thdata are
shown. The curves shift to lower values upon increasing the field but their shape remains more
or less unchanged. Furthermore, in the incommensurate pBase 13 T) the data points
define one branch, showing the absence of the expected broadening behaviour.

Another important item of information obtained from the Gaussian analysis is an estimate
of the critical (logarithmic divergence) range from the parametdisp. These intervals are
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Figure 1. The magnetic specific heat scaledys/ T versus temperature in the vicinity of the spin—
Peierls transition of single-crystalline CuGgQrhe different runs (a), (b), (c), (d) were obtained

in magnetic fields of 0, 8.1, 10, and 18 T, respectively. The experimental points were fitted by two
methods: a Gaussian fit (continuous curve) as a sum of a BCS-type step function (dash—dotted
curve) and a Gaussian fluctuations contribution, and a critical fit (dotted curve). The latticg term
used to define,, was 145 x 1073, 1.74 x 1073, 1.85x 103, and 155 x 103 mJ g1 K—* for

(a), (b), (c), (d), respectively.

too small to be checked using experimental data, even when they increase ff®dmK to

~400 mK upon increasing the magnetic field (see table 1). It is difficult to find a tendency
for the expected critical intervals as a function of field, but their values in the incommensurate
phase are systematically larger by an order of magnitude than those in the dimerized phase.
In spite of these small intervals predicted by the Gaussian model, the results of the critical
analysis fitting performed on a broader intervalH1 K, like for Gaussian fits) are of a
quality similar to that relative to the Gaussian fits. Obviously, one needs more data points
with less scatter to exclude any alternative fitting possibility. The critical expandiets

in the interval—0.025 > o > —0.044 in different fields, so it involves a state between the
standard Heisenberg-0.12) andxY (—0.008) universality classes. This agrees well with the
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Table 1. Results of the Gaussian and critical fluctuations analysis as functions of different magnetic
fields. The parameter; Tsp of the Gaussian analysis gives the expected region for the critical
fluctuations. D—U and IC-U in the magnetic field column denote the transitions from dimerized to
uniform and from incommensurate to uniform phases.

B (T) Cy Critical Critical
(magnetic  Tsp (K) Tsp (K) (Mg 1K) t;Tsp exponent, amplitude ratio, Data points/
field) Gaussian fit ~ Critical fit (C} = v2C5) (MK) -« A*/A™ fitting range
0 D-U 14.2478 14.247 0.2 8.8 0.0255 1.12 86
2.7 D-U 14.1664 14.146 0.1976 6.9 0.044 1.19 50
81 D-U 13.1621 13.169 0.2338 253 0.034 112 25
10 D-U 125505 12.55 0.2017 21.58 0.034 11 31
15 IC-U 10.0625 — 0.2163 370 — — 16
18 IC-U 9.8545 9.875 0.2164 184.7 0.037 1.05 28
21 IC-U 9.754 — 0.1921 2204 — — 22
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Figure 2. The Gaussian fluctuations term versus the reduced temperature in different magnetic
fields after subtraction of the BCS background from thg-data. Note that the fluctuations
amplitude below and abovgsp, and the broadening of the transition, do not change with magnetic
field as shown by the superposition of the data.

specific heat results of reference [10], where possible valuesvi@re obtained over a rather
wide range between0.15 and 0.12 in the zero-field measurements, and also from the x-ray
measurements of reference [6]. In our zero-field analysis, due to the much better statistics in
this high-resolution experiment (wit¥"/ T increments of~0.1%), the tolerance for suitable
fits was 0.02 > « > —0.03), which is narrower than the literature data range. The ratio
of the critical fluctuation amplitudes*/A~ was close to one in all of the field studies (see
table 1).

Finally, we give details of the zero-field results in view of the corresponding very good
statistics. The Gaussian fit was displayed on(l’@e|t| plot (with B; = —3.5; B, = 0.761;
E. = 0.355) shown in figure 4 in such a way that inspection of the fit was carried out during
the procedure. It is worth noting that after determination of the BCS-type step function, we
obtainedAC/Cy ~ 1,to be comparedtotheC/Cy = 1.43 BCS value reported earlier [14].
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Figure 3. The magnetic part of the specific heat versusigure 4. Zero-field Gaussian fluctuations data below

the reduced temperature in different magnetic fields. Itiand abovel'sp versus the absolute value of the reduced

shown that the transition shape is independent of the fiel@mperature shown in a log—log plot in order to easily

and that, in the incommensurate phasehevalues are confirm the Gaussian fit after removing the BCS-type

also unchanged. background. The error bars are set to 2.5% of@he
data.
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Figure 5. Magnetic specific heat versus the absolute value of the reduced temperature in zero field.
The continuous curve represents the critical fit. The error bars are set to 2.6% dfiote the
good accuracy at low values pf which is a consequence of the high quality of the sample.

The critical fit to theC,,—|z| plot shown in figure 5 demonstrates the high quality of the sample.
Usually, as|¢| is decreasing, the data points deviate from the fitting curve and converge to a
common value [10] due to sample inhomogeneity and volume distribution dfsfhealues.

This limit is better than 16° for the sample under investigation. It can be seen that the critical
fit works well up tojz| = 0.1 > 14, disagreeing with the Gaussian prediction.
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5. Summary

We have studied the specific heat data in a narrow temperature range near the SP transition.
The analysis was performed by two fitting methods, of the MF Gaussian and critical types,
the physical bases of which are different and even contradictory for the temperature range
where the critical fluctuations were calculated well, in comparison with the interval value
predicted by the Gaussian method. Within the experimental data statistics, we could not
rule out either the Gaussian or the critical fit applications. The critical fit parameters and
the corresponding universality class determination agree well with the results reported in
the literature. Surprisingly, the magnetic field has no significant influence on the fluctuations
parameters for both methods, and no pronounced magnetic field broadening has been detected.

Acknowledgments

One of us (HN) is grateful for support from the French—Hungarian Network of Doctoral Studies.

References

[1] Harris Q J, Feng Q, Birgeneau R J, Hirota K, Shirane G, Hase M and Uchinokura KP1885Re\B 5215 420
[2] PougetJ P, Regnault L P, Ain M, Hennion B, Renard J P, Veillet P, Dhalenne G and Revcolevschi Ah}894
Rev. Lett724037
[3] Hirota K, Shirane G, Harris Q J, Feng Q, Birgeneau R J, Hase M and Uchinokura KPt§85Re\B 5215 412
[4] Buchner B, Ammerahl U, Lorenz T, Brenig W, Dhalenne G and Revcolevschi A P898. Rev. Let77 1624
[5] Cross M and FisheD S 1979Phys. Revl9402
[6] Lumsden M D, Gaulin B D, Dabkowska H and Plurmé L 1996 Phys. Rev. Let76 4919
[7] Saint-Paul M, Monceau P and Revcolevschi A 188id State Commu®37
[8] Harris Q J, Feng Q, Birgeneau R J, Hirota K, Kakurai K, Lorenzo J E, Shirane G, Hase M, Uchinokura K, Tanaka
I and Shibuya Y 199#hys. RevB 5012 606
[9] Sahling S, Lasjaunias J C, Monceau P and Revcolevschi A $88d State Commu®2 423
[10] Liu X, Wosnitza J, von bhneysen H and Krem® K 1995Z. PhysB 98163
[11] Inderhees S E, Salamon M B, Goldenfeld N, Rice J P, Pazol B G, Ginsberg DuM, Ziand Crabtree G W
1988Phys. Rev. Let601178
[12] Salamon M B, Inderhees S E, Rice J P, Pazol B G, Gigsbevl and Goldenfeld N 1988hys. Re\B 38 885
[13] Revcolevschi A and Dhalenne G 1988v. Mater5 657
[14] Renenyi G, Sahling S, Lasjaunias J C, Hegman N, Brison J P, Buzdin A I, Dhalenne G and Revcolevschi A
1997J. Low Temp. Phy4.07243
[15] Lasjaunias J C, Monceau P, Renyi G, Sahling S, Dhalenne G and Revcolevschi A 196lid State Commun.
101677
[16] See, e.g., Pougd P 1989Low-Dimensional Electronic Properties of Molybdenum Bronzes and Oxides
Cl Schlenker (Dordrecht: Kluwer) p 87
[17] Saint-Paul M, Reranyi G, Hegman N, Monceau P, Dhalenne G and Revcolevschi ARB9S. Re\B 5215 298
[18] Munhlschlegel B 195%. Phys155313
[19] Levanjik A P 1959Zh. Eksp. Teor. FiZ36 810
[20] Ginzbug V L 1960Fiz. Tverd. Tel&2 2034
[21] The preseng- andy-values can vary more or less significantly with respect to our previous determinations in
reference [22], also obtained from a linear fit@f T versusT'2, but with the assumption of rapid vanishing
of fluctuations close t@sp, i.e. within less tha 1 K aboveTsp. Generally, the preseptvalues lie within the
error bars shown in figure 3 of reference [22] and, anyway, such variations gfpaeameter have only a
minor influence on the value @f,,. However, the determination gfis much more sensitive to the presence
of fluctuations, as mentioned above.
[22] Hegman N, Reranyi G, Lasjaunias J C, Sahling S, Dhalenne G and Revcolevschi A3@#8State Commun.
106647
[23] Lee P A and ShenoS R 1972Phys. Rev. Let81025



