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Temperature and magnetic-field dependence of the lattice constant in the spin-Peierls cuprate
CuGeO; studied by capacitance dilatometry in fields up to 16 T
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We present high-resolution measurements of the thermal-expansion coefficient and the magnetostriction
along thea axis of CuGeQ in magnetic fields up to 16 T. From the pronounced anomalies of the lattice
constanta, occurring for both temperature- and field-induced phase transitions, clear structural differences
between the uniform, dimerized, and incommensurate phases are established. A precise field temperature phase
diagram is derived and compared in detail with existing theories. Although there is fair agreement with the
calculations within the Cross-Fisher theory, some significant and systematic deviations are present. In addition,
our data yield a high-resolution measurement of the field and temperature dependence of the spontaneous strain
scaling with the spin-Peierls order parameter. Both the zero-temperature values as well as the critical behavior
of the order parameter are nearly field independent in the dimerized phase. A spontaneous strain is also found
in the incommensurate high-field phase, which is significantly smaller and shows a different critical behavior
than that in the low-field phase. The analysis of the temperature dependence of the spontaneous strain yields a
pronounced field dependence within the dimerized phase, whereas the temperature dependence of the incom-
mensurate lattice modulation compares well with that of the dimerization in zero magnetic field.
[S0163-182607)00405-0

I. INTRODUCTION the U phase also influence the spin-Peierls transition. It is
argued for example that due to a frustration of the magnetic
Since the discovery of a spin-Peierls transition in the in-exchange in the quasi-one-dimensional cH#finggp is
organic cuprate CuGey Hase, Terasaki, and Uchinoktira strongly enhanced in CuGgO
this unusual magnetoelastic transition occurring in quasi- The influence of a magnetic field represents a further
one-dimensional antiferromagnetic insulators has again atharacteristic feature of the spin-Peierls transition, which can
tracted considerable attention. Compared to the well-knowibe directly compared to the different theoretical predictions.
organic spin-Peierls systefshe structure of CuGeQis  Due to the additional Zeeman term in the Hamiltonian the
rather simple. This fact and the possibility of growing largenonmagnetic dimerized phase is destabilized when applying
high-quality single crystals allows for a much better study ofa magnetic field. Consequently an additional phase with a
the spin-Peierls phenomena in CuGe®an in the organic finite susceptibility occurs at high magnetic fields, in
compounds. CuGeQ for H=12 T. An incommensurate lattice modula-
Most properties expected from the well developed theorytion has been predicted theoretically for thiphase and was
of the spin-Peierls transition, e.g., the Cross-FisteF) recently observed by x-ray diffractichHowever, the knowl-
theory®* are observed in CuGeOFor example elastic neu- edge about this phase is still very limited, e.g., the spatial
tron and x-ray scattering show a doubling of the orthorhom-character of the incommensurate lattice modulation—domain
bic unit cell below the transition temperatufge=14.3 K  walls or sinusoidal modulation—is still a subject of debate.
leading to two nonequivalent Cu sites in the magnetic chains. The theoreticaH-T phase diagrams which have been cal-
This lattice distortion leads to alternating Cu-O-Cu superex<culated with different treatments of spin-1/2 Heisenbg@ng
change paths, i.e., alternating intrachain magnetic exchang€Y) chains differ significantly. A detailed experimental de-
constants. Also in agreement with the CF theory a gap in théermination of the phase diagram in CuGgetberefore al-
magnetic excitations is observedyhich scales with the lows for a test of these theories and future descriptions in-
structural order parameter, i.e., the dimerization. Whereasorporating, e.g., a frustration of the magnetic exchange. The
these properties of the dimerizeD ) phase of CuGeQseem theories yield different predictions for the positions of the
to be well represented by a model of spin-1/2 Heisenberghree phase boundariesD, U/I, and D/I—in reduced
chains with a spin-Peierls transition, some significant deviafield and temperature scales. Moreover, the CF theory and
tions from this most simple treatment are present in the unithe earlier theory by Bulaevskii, Buzdin, and Khom&kii
form (U) phase, i.e., fof >Tgp. Most strikingly the mag- predict a discontinuous first ord&/I transition, whereas a
netic susceptibility in thé&) phase of CuGegdisagrees with  continuous transition is obtained within the soliton picttire.
the temperature dependence calculated for one-dimensional So far the H-T phase diagram of CuGegChas been
spin-1/2 Heisenberg chaing:’ There is evidence that the mainly studied via measurements of the magnetization. The
corrections which are necessary to explain the magnetism iphase boundaries roughly agree with the predictions of the
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CF theory'? though when analyzing the data in detail somephase, and the pronounced discontinuous changes of the
deviations seem to be present. Up to now there is only littlespontaneous strains at the field driviefl transition are dis-
information on the thermodynamic and structural propertiesussed. Finally in Sec. V the temperature dependences of the
in high magnetic fields, particularly with regard to the in- order parameter well beloWgp are analyzed. We find a re-
commensurate phase. markably strong field dependence within th& phase,

In this paper we will present a detailed study of the coef-whereas the temperature dependence of the incommensurate
ficient of the thermal expansiom along thea axis in mag- Modulation compares well with that of the dimerization in
netic fields up to 16 T3 As shown in Ref. 14 there is a very Z€ro magnetic field.
large anomaly ofx at theU/D transition. Therefore, a very
detailed investigation of thél-T phase diagram is possible
via measurements af in external fields. Moreoverg rep-
resents a thermodynamic property similar to the specific The single crystal of CuGeQused for the present study
heat. Therefore it allows us to study the nature of the differwas cut from a large cryst&80 mm along the axis) grown
ent transitions and the critical behavior. Furthermareis by a floating-zone techniqué.The sample is of cylindrical
per definition a structural property, i.e., the temperature deshape with dimensions of aboux6x8.3 mnt for thea, b,
pendence of the relative lattice constant. Because of that thendc axis, respectively. Various experimental investigations
giant anomalies ofx at Tgp measure the development of on samples prepared in this way have already been pub-
spontaneous straing) at theU/D transition. The spontane- lished. Some details of structural and magnetic properties of
ous strains of th® phase in CuGegQare surprisingly rather these crystals are described, e.g., in Ref. 20.
large (=10° ) and have been observed not only by high- The measurements were carried out with a capacitance
resolution capacitance methods but also by diffractiordilatometer. It was originally designed to allow for measure-
techniques®/ ments of the coefficient of the thermal expansion

A comparison with neutron-diffraction data reveals thata=1/L-JL/dT (L is the length of the samplén fixed ex-
the spontaneous strains are proportional to the squared ordernal fields only. Besides, it enables us to measure the mag-
parameter of the spin-Peierls transition. Thus, the highnetostriction, i.e., the field-induced length changégH)/L
resolution measurements efyield a precise measurement at fixed temperatures. Both types of measurement can be
of the order parameter in th2 phase as a function of both performed during a single run, i.e., for exactly the same ori-
temperature and magnetic field. In addition, we will showentation of the crystal in the dilatometer. During the mea-
that reduced but still large spontaneous strains are present surements the dilatometer is mounted into an evacuated
the | phase, and thus the temperature dependence of the istainless-steel tube, which fits into the 40 mm bore of a su-
commensurate lattice modulation can also be determinederconducting 16 T magnet. Although the dilatometer is
from our data. based on our conventional one described in Ref. 21 some

The thermal-expansion measurements performed at fixesignificant differences exist. The main difference is a thermal
fields yield information on the phase transitions occurring aslecoupling between the sample and the plate capacitor, i.e.,
a function of temperature. In order to allow for the discus-the temperature of the sample is changed, but the capacitor is
sion of a completdd-T phase diagram, we will also present thermally coupled to the liquid-He bath. Therefore no ther-
some measurements of the magnetostricton,e., the mal expansion of the capacitor itself occurs during a mea-
changes of the lattice constant as a function of a magnetisurement and the capacitance changes mainly reflect the
field at a fixed temperature. The magnetostriction shows$ength changes of the samplésmall cell effect”). More-
anomalies at field driven phase transitions and thus it is possver, the mass whose temperature has to be controlled is
sible to determine th®/l phase boundary which is nearly drastically reduced. It only consists of the sample itself and a
parallel to the temperature axis in tih&T phase diagram small sample holdef=50 g Cy. This allows for a rapid and
and therefore difficult to analyze by thermal-expansion meaaccurate control of the temperature using, e.g., a software
surements. technique. The temperature range is restricted by the maxi-

The paper is organized as follows. After a short descripmum heater current t§ <200 K.
tion of the capacitance dilatometer we will give an overview We use platinun{Pt 103 and “Cernox CX-1050" tem-
of the experimental observations in Sec. Ill. The pronouncegperature sensorf_ake Shorg¢ for temperatures above and
differences between the lattice constants of the three phaseslow 100 K, respectively. The field dependence of the latter
of CuGeQ are already visible in these raw data. THeT  can be neglected, since its magnetoresistance is extremely
phase diagram obtained from our measurements is presentsthall—the deviation is 2% at 2.5 K fot =16 T and rapidly
and discussed in Sec. IV. Section V is divided into five partsdecreases with increasin§. The length changes of the
Before discussing the influence of the magnetic field on thesample are calculated from the capacitance changes mea-
lattice constant in detail we will shortly repeat some resultssured by a temperature stabilized capacitance bridge
extractable fromy in zero magnetic field. Then we are going (Andeen-Hagerlingwith a resolution of %107 pF. Thus,
to discuss the reduction of the anomaly @fat Tgp with length changes of less than 0.01 A can principally be re-
increasing field by considering its relationship to thesolved. Due to mechanical vibrations, etc., the resolution is
anomaly of the specific heat. The next part deals with thdimited to =0.1 A in practice. The thermal-expansion mea-
critical behavior of the order parameter, which differs for thesurements are performed in a continuous mode, i.e., capaci-
U/D and U/l transitions, respectively. Hereafter the tance data are recorded while the temperature is continuously
magnetic-field dependence of the dimerization at low temincreased with a small and constant rate, usually 2—3 mK/s.
peratures, which is found to be extremely weak in the For calibrating the dilatometer we measured the well

II. EXPERIMENTAL
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knowrf? thermal expansion of aluminum samples of several - - . - . - -
lengths(4 to 8 mm). The calibration was checked by mea-
suring a 5 mmcopper sample. The relative resolution, i.e.,
the scatter of the data, amounts4&x 10 ¢/K and the de- .
viation to the data reported in the literatfrés less than f
=1x10 %K for temperatures up to 200 K. In the tempera- <
ture range below 45 K, which is considered in this paper e
only, the maximum deviation is even less thanx10 /K. =
For the magnetostriction measurements temperature is
held constant and length changes are detected while the mag-
netic field is swept from 0 up to 1¢br 16) and backto 0 T
with a rate of 2.5-4 mT/s. For calibration we performed -10E ; ' : L : ! -
magnetostriction measurements a 5 mmsilicon sample. 0 10 20 30 40
The cell effect—due to magnetic impurities and eddy cur- Temperature (K)
rents which cause stresses on the dilatometer via the Lorentz
force—amounts up to 250 A, which corresponds to FIG. 1. Thermal expansion of CuGg@long thea axis in dif-
~5%10%foras mmsample. The reproducibility of this cell ferent magnetic fields. .The solid line represents the extrapolated
effect and thus the accuracy of the absolute values of thioW-temperature behaviate,, of the U phase.
magnetostrictiom\L/L is better than=5Xx10"". The scatter

in AL/L amounts to=2x10"°, which corresponds to 0.1 A H=14 T is distinctively smaller than that foH=8 T,
as mentioned above. whereas the sizes of the anomaliesHbr8 and O T are very

similar.
This nonlinear change of the size of the anomalies is re-

. RESULTS lated to the different low-temperature phases occurring as a
A. Thermal expansion function of magnetic field. It =8 T the anomaly still arises
from the spin-Peierls transition between thé the D
Phaseg28whereas the anomaly of for H=14 T is due to
a phase transition between tbleand| phases. Although the
anomaly forH=14 T is reduced in size, a clear structural
change between thd and| phases of CuGeQis inferred

Since some organic spin-Peierls compounds show a pr
nounced hysteresis of the magnetic susceptiBitt§as well
as of the structuf@ when changing the magnetic field at low
temperatures, all measurementsaofvere performed in the

field-cooled mode. After applying the magnetic field well from these data. Moreover, this transition is strongly pres-

aboveTsp, usually atT=25 K, the sample was cooled down sure dependent and leads to a spontaneous lengthening of the
to 4 K (or 2 K). Then the data were taken while the tempera- b b g 9

. . ; a axis, similar to that in zero magnetic field.
ture was continuously increased with a rate of 2 mK/s. In Figure 2 shows an expanded view of the temperature and
order to check the presence of hyster_etlc behavpr we havf;r]agnetic-field dependence of up to 17.5 K and for 0
also performed some measurements in the zero-field-coolefl_|} 15 T with increasing magnetic field the anomaly of
mode, e.g., after applying magnetic fields-of11 and 14 T
at 4 K and after decreasing the magnetic field from 14 to 11
T at 4 K. In all cases studied the data agree with those ob- 60
tained from the field-cooled measurements at the same mag-
netic fields. In CuGe@the hysteresis of the lattice constants
as well as that of other propertf852¢!2in the H-T phase
diagram is apparently rather weak and restricted to a very
narrow field range, i.e., the data in Figs. 1 and 2 represent the
behavior of the lattice constaatin thermal equilibrium ex-
cept for the regiorH=12.5 T (see below.

As shown in an earlier publicatidhthere is a very pro-
nounced decrease af along thea axis at the spin-Peierls
transition in zero magnetic field. This decrease is related to a
large negative uniaxial pressure dependeti¢g/dp,=—4
K/GPa on the one hand, and to a spontaneous lengthening of
thea axis in the dimerized phase on the other hand. Figure 1
gives an overview of the changes of the thermal-expansion
coefficient along the axis occurring as a function of mag-
netic field. A pronounced field dependence wifs present
only below 20 K, i.e., in the spin-Peierls phase. First of all -10 .
the transition temperatui®sp reduces with increasing field, a 0 5 10 15
result known, e.g., from measurements of the Temperature (K)
susceptibility?®?° In addition, a change of the anomaly ef
as a function of the magnetic field is apparent from Fig. 1. In  FIG. 2. Thermal expansion of CuGg@long thea axis in dif-
all cases the phase transition shows up by a pronounced dferent magnetic fields given in the figure. The curves are shifted by
crease ofa. However, note that in Fig. 1 the anomaly for 5x107%K for clarity.
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FIG. 3. Thermal expansion of CuGg@long thea axis in mag- g

netic fields close to thB/I phase boundary. The additional anoma-
lies reflect temperature-dependent transitions betweebthad|
phases and vice versa.

a is systematically shifted to lower temperatures, reflecting ; L - L - L
the decrease of the transition temperature with increasing 0 4 8 12
magnetic field. This decrease amounts to about Magnetic Field (T)

Tsp0)—TgH) =2 K for fields up toH=11 T and to=4 K o . )
for H=16 T, respectively. Considering the shape and size of FIG- 4. Magnetostriction of CuGe(along thea axis at differ-

the anomalies the curves can be clearly classified into thre§t temperatures given in the figure. Upper panel: Discontinuous
groups: (i) Up to 12 T the anomalies remain nearly un- :Lansmons bﬁtwehe andl pfhahses. Wlt_h_|ncrea3|n'g”(|nd;10ated b)f/
changed.(ii) A very pronounced decrease ofA%” as a e arrows$ the character of the transition gradually changes from

: — . : ther strong to weak first order. Inset: Field derivatives
function of the magnetic field is present in the rather smalf® . : i
field range betweegn 12 and 13 ?I' Besides the strong ﬁelilL-aL/aH at 3.4 K measured with increasiri®) and decreasing

. . h ) magnetic field. The hysteresis, resolved up-tbl K, system-
dependence this second group of curves is characterized ically decreases with decreasifigLower panel: Continuous tran-

additional anomalies occurring below 10 K. As shown in sitions betwee andU phases. The transition fields as well as the

Fig. 3 very strange thermal_ ?XpanSionS ingicating the PréSsverall magnetostriction rapidly decrease with increadingVithin
ence of several phase transitions as a function of temperatufga phase(T=18 and 14 K forH=8 T) a positive magnetostric-
are found in the entire field range between 12 and 13 T, mosion is present.

pronounced foH =12.5 T(see Fig. 3. (iii) In the field range

between 13 T and the maximum field of 16 T again only 0nGead to spontaneous strains. Especially within the CF theory
transition is present. The sizes of the anomalies are MuChressure dependences fp and thus anomalies of the
smaller than those at low fields and they further reduce withhermal-expansion coefficients are obtained only if one adds
increasing magnetic field. Despite of the limited field rangean anharmonic coupling between elastic degrees of freedom
for the investigation of this third group a stronger magnetic-5,q zone-boundary phonotfs®! Such a coupling is of
field dependence of the anomaly size than in the first grougourse no general property of the spin-Peierls transition and

(H<12 T) is apparent even from the raw data. ~ thus the pressure dependences strongly differ for the spin-
The different groups of curves reflect the different kindspgijerls compound®:3!

of phase transitions. Below 12 T there is a transition between
theU andD and above 13 T between theandl phases. In
the field region 12 ¥EH=<13 T the three phase boundaries
U/D, U/l, andD/I meet in a tricritical point. At tempera- Whereas the measurements of thermal expansion are a
tures below this tricritical point two transitions are expectedvery sensitive probe of thd/D andU/I phase transitions, it
with increasing magnetic fielD/I andl/U). A sequence of is rather difficult to determine thB/I phase boundary since
transitions is also possible and presesse Fig. 3as a func-  the temperature dependence of the latter is very small. There-
tion of temperature pending on the details of thd phase fore we also performed measurements of the magnetostric-
boundary, which is nearly horizontal in th&-T phase dia- tion, i.e., measurements of the magnetic-field-induced
gram, i.e., occurring at a nearly constant magnetic field. changes of the lattice constaat at a fixed temperature,
From the data presented so far it becomes apparent that aihere theD/l phase boundary is crossed almost perpendicu-
transitions between the three phases of Cugdeéd to pro- lar.
nounced anomalies of the thermal-expansion coefficient, i.e., In Fig. 4 we showAa(H)/a (H=0) obtained with in-
each phase transition causes spontaneous strains. It shoulddseasing magnetic field at several temperatures between 3
mentioned that a dimerization alone, which is characterizeénd 18 K. At the lowest temperature there is only an ex-
by the development of alternating distances between nearetsemely small magnetostriction in th® phase and at
neighbors, i.e., an antiferro distortion, does not necessarilfip,;=12.5 T a large jumplike decrease of the lattice con-

B. Magnetostriction
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stanta occurs reflecting the first-order phase transition be- IV. H-T PHASE DIAGRAM
tween theD and thel phase. With increasing temperature

the “jump” of the lattice constant at thé/I transition S : : )
expansion it is possible to determine a complete and precise

strongly decreases indicating that the phase transition gradllj_i__r hase diagram of CuGeGince both quantities show
ally changes from a discontinuous to a continuous one. Note P 9 k q

however, that,, and the total magnetostriction up to 14 T pronounced anomalies at the different phase transitions. The
i a(l4,T)—a(DCSIT) remain roughly constant below 11 K, anomalies of the magnetostriction give the fields atité

Moreover, a large magnetostriction is found in tephase and D/U phase transitions at different temperatures while

: : ! . those ofa give the temperatures at th/D andU/I transi-
in this temperature range. A comparison with the thermal-. . L :

: - ... tions at different magnetic fields. It is apparent from the raw
expansion data in Fig. 2 shows that all magnetostriction

X S . data presented so far th@t the phase boundaries in CuGgO
curves obtained in this temperature range reflect dlfferenceI‘S(‘)Ilow the characteristic course expected for the spin-Peierls
of the lattice constant between tBeand thel phases. The P P

gradual change from a clearly first-order transition to a conlransition and thatii) our observations are in rough agree-

tinuous one can also be extracted from the hysteresis of tH& e with ,thg Zé‘lndmgs from other properties, e.g., the
magnetostriction aroundip, (see inset of Fig. 4 At low magnetizatiort*** We did, however, not observe any
temperatures a small hysteresis with a maximum value ofnomaly of the thermal expansion or magnetostriction at
about 0.2 T(at T=3 K) is determined when comparing the H=8 T, where Poirieet al.found evidence for an additional
measurements with increasing and decreasing magnetic fielahase boundary from ultrasonic studfés.
With increasing temperature the amount of this irreversibility ~ The A-like shape of the anomalies ef but also of the
systematically decreases and vanishesTfarl1 K. specific heat signal the presence of pronounced fluctuations
At temperatures betweer=11 and 14.5 K, i.e., for in CuGeQ, which have to be taken into account when de-
Ts0T)>T>Tgd12 T) (see Fig. 2 the field-driven transi- termining the transition temperatures. In literature quite dif-
tions are no longer between tii2 and| phases. The still ferent ways have been used to defing from the anomaly
very pronounced and continuous decrease of the lattice comf the specific heat>*?Ignoring the fluctuations and describ-
stanta up to a critical field now reflects the continuous phaseing the anomaly as a broadened mean-field step as in Ref. 33
transition between the low-field and the high-temperature one would obtain a transition temperature=ef4.5 K for our
U phase of CuGeQ In contrast to the behavior at lower crystal. However, this description is apparently not appropri-
temperatures both the transition field and the total magnetate for our more homogeneous sample. If one assumes a
striction rapidly decrease with increasing temperature. Thénearly) symmetric shape of the anomaly on a reduced tem-
first observation arises from the decreas@ gfas a function perature scale and a linear regular parie., the behavior
of the magnetic fieldsee Fig. 2, which implies a decrease expected for critical fluctuations, the transition temperature
of Hp,y with increasing temperature. The second observais distinctively smaller. It is found close to the maximum of
tion reflects the temperature dependence of the spontaneoGg or the minimum ofe, i.e., at 14.16 K for our crystal.
strain, i.e., the continuous increase of the structural differHowever, the experimentally observed anomalies of the ther-
ence between thB andU phases with decreasing tempera- modynamic properties of CuGgQll show a pronounced
ture. asymmetry even close tgp. Therefore the temperature at
At temperatures above 14.5 K no phase transition ighe minimum of« only yields a lower limit for the transition
found. However, a finite magnetostriction is clearly observ-temperature. In this paper we have defiffeg at the maxi-
able also in théJ phase. Note that in contrast to the findings mum slope of the anomaly yieldintse=14.35, which lies in
at lower temperatures the lattice constanhow increases between the two extreme values mentioned above. We em-
with increasing magnetic field. This magnetostriction in thephasize that, despite this rather large uncertainty of the ab-
U phase is not related to fluctuations of the spin-Peierls ordesolute value, the decrease B§y as a function ofH is ob-
parameter. It measures the magnetoelastic coupling itainable with very high precisiotbetter than+0.05 K) from
CuGeQ, which is a precondition for the occurrence of a our data, e.g., from the shift of the minimum én since the
spin-Peierls transitiofi It should be mentioned that this posi- shape of the anomalies does not change significaiséy
tive magnetostriction is found in the entire temperature rangéelow).
studied, i.e., up to 80 K. A detailed discussion of the mag- In Fig. 5 theH-T phase diagram of CuGeQor fields
netoelastic coupling in the uniform phase as extracted fronparallel to thea axis is displayed. The transition fields mea-
the magnetostriction and its anisotropy will be given in asured via the magnetostriction are defined in a similar way as
forthcoming publication. The finite and slightly temperature-Tgp, i.€., at the maximum value of the field derivative. As
dependent magnetostriction in tle phase implies a field visible in Fig. 5 the boundaries obtained from the two ex-
dependence of the thermal expansionTor Tgp. However,  perimental methods perfectly agree. For the transition fields
in agreement with the findings presented in Fig. 1 this fieldbetween théd andl phases two values are given represent-
dependence is estimated to be extremely weak. As an upperg the hysteresis at this phase transition. The lofhaghen
limit for the difference «(0T)— «(14T) we obtain value corresponds to the transition field found with decreas-
2x107 8K for 20 K<T<80 K corresponding to a relative ing (increasing magnetic field. The inset of Fig. 5 shows the
change ofa smaller than 1%. However, this finite magneto- D/l phase boundary on a smaller field scale. The hysteresis
striction in theU phase has to be taken into account for acan be clearly resolved at least up to about 10 K. This hys-
guantitative comparison of the results of thermal expansiotteresis and the shape of the anomalies of the magnetostric-
and magnetostriction measurements at low temperatsees tion (see Fig. 4 show that the field drive®/I transitions are
below). of first order. The shapes of the additional anomalies in the

From the measurements of magnetostriction and thermal
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———— 1.081° whereas Cross calculates 0.77 and 1(R&f. 4 for

1 the reduced tricritical temperature and field, respectively.
] Apparently, our data very well agree with the prediction of
i Cross, especially with regard .. The deviations from the
calculations of Bulaevskii are somewhat larger. This is ex-
pected for quite general reasons, since more reliable results
] are obtained from Cross’ Luther-Peschel treatment of the
4 one-dimensional spin excitations than from the Hartree-Fock
approach used by Bulaevskii, Buzdin, and Khomskii.

In Fig. 5 the phase boundaries calculated by Cross are
compared to our experimental findings. As mentioned above
there are clear discrepancies. However, the shape of the
boundaries is very similar and there is an easy way to obtain
a perfect agreement between the theoretical curve and the
experimentald/D phase boundary. As also shown in Fig. 5
L _ the experimental data follow a theoretical curve, when the

FIG. 5. Magnetic-field temperature phase diagram of CuSeO g ce field scale is divided by 1.1dotted ling. The “ef-
derived from thermal-expansideircles and magnetostrictioftri- fective” magnetic field, which acts in CuGeQseems to be

angles data. The solid line shows the result of Cross’ calculation.Iarger than that calculated. Cross himself already gives some
An almost perfect agreement to the experimental results for the . )

entire U/D phase boundary is obtained by dividing the caIcuIatedpo_SSlbletreasonsllfor thlts kind ?[f devmtlérﬁ?{).ﬁxatrgpéee’ ive
field scale by 1.12dotted line, see text Inset: Hysteresis at the using a too small zero-temperature susceptibility v

D/l phase boundary obtained from the magnetostriction measure?tﬁ1e phase diagram causes an_ “effective” magnetic field that
with increasing(closed trianglesand decreasing fieldopen tri- 1S also too small. Thus, the discrepancy between theoretical

angles. and experimentaH-T phase diagrams might be related to
the striking discrepancy between the measured and calcu-
thermal expansiofFig. 3), which show up very close to this lated susceptibility of CuGeQn theU phase. The latter has
phase boundary, also indicate a weakly first-ofdér tran-  been attributed to a next-nearest-neighbor excHahigethe
sition as a function of temperature. guasi-one-dimensional chains in CuGe®ecently, first cal-
Similar to the experimental results found in the organicculations of theH-T phase diagram within a model incorpo-
spin-Peierls compoundfs the H-T phase diagram of rating a next-nearest-neighbor exchange have been
CuGeQ does not support the soliton theories of the spin-published®® At the present stage these calculation do, how-
Peierls transition. Most of the arguments given in Ref. 34 ever, not improve the agreement with the experimental data.
which favor the traditional theories, e.g., the CF theory, in  Since particular properties of CuGg@ight influence the
the case of TTF-BDTAu) also hold for CuGe@ For ex- H-T phase diagram, a comparison to the findings in other
ample the soliton theory predicts a continu@s$ transition,  spin-Peierls compounds seems worthwhfleds shown by
whereas experimentally a first-order transition is foundHaseet al'?*! the H-T phase diagrams of all spin-Peierls
Moreover, the D/l transition is predicted to occur at compounds roughly coincide on reduced temperature and
gugHp, =0.6Ey, whereE, denotes the spin-excitation gap field scales. However, some small but systematic differences
at zero temperatur€:®® Using the excitation gap derived are present. This is most clearly visible for tBél phase
from inelastic neutron-scattering studiéghe D/ transition boundary, which is located at largéreducedl magnetic
should occur aHp,=8.5 T, which is significantly smaller fields in the organic compounds than in CuGeDespite the
than the experimental value. rather large scatter of the data for the organic compounds the
The experimental data agree much better with the calcusame trend is also found when comparing BvJ bound-
lations of Cros$ and the earlier treatment of Bulaevskii, aries of the organic compounds to our data of CugGeO
Buzdin, and Khomskit® A simple comparison to these cal- Thus, an enhanced “effective” magnetic field, which desta-
culations is possible by considering firstly the decrease obilizes theD phase of CuGeg) can also be inferred from a
Tgpat small magnetic fields and secondly the tricritical point,comparison to the organic spin-Peierls compounds.
where theU/D, U/I, andl/D phase boundaries meet. Both  In order to compare the phase boundaries toltiphase
theories yield in leading order a quadratic decrease obne has to take into account a particular property of the or-
Ts(H) with H, e, [TgdH)-Tsd0)]/Tsg0) ganic spin-Peierls compounds. A pre-existing soft phonon,
=—mgH/2TsH0))%. The predicted quadratic field depen- which stabilizes the commensurate lattice deformatfdh,
dence is confirmed by our data up to about 6 T. The prefactoseems to be a characteristic feature of all these systems. In
amounts tor=0.21 K¥T?, which agrees with the data re- CuGeQ the experimentally observed field at tBé| transi-
ported by Poirieret al?® Taking into account the factor of  tion is rather low compared to the calculated one. Moreover,
2.15 for fields parallel to the axis® the theoretical treat- the transition temperatures at thi| transitions are larger
ments of Bulaevskiet al. and Cross yield=0.19 K¥T?and  and less field dependent than predicted by theory. Thus, the
7=0.16 K3T?, respectively. The tricritical point is derived H-T phase diagram yields no evidence that details of the
from our measurements &.=12.25 T andT.=11 K (see  phonon spectrum favor thB phase compared to the other
Fig. 5. The reduced valuesT./Tg40)=0.77 and phases. In agreement with this conclusion drawn from the
gH./2T¢40)=0.92 T/K can directly be compared to theory. H-T phase diagram no pre-existing soft phonon has been
Bulaevskii, Buzdin, and Khomskii find ratios of 0.63 and observed so far in CuGeO

(0) (T/K)

SP

0.5 | 0.94

gH /2T

|l 0.0

0.0 —
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V. FIELD DEPENDENCE OF THE THERMAL EXPANSION . T r T x T x T
AND THE SPIN-PEIERLS ORDER PARAMETER H=0

The presented data of the magnetostriction and the ther-
mal expansion in magnetic fields do not only allow for an o
accurate determination of the phase diagram. Information on [ °
thermodynamic properties of the phase transition as well as &
information about the field and temperature dependence of [ %&&)
the structure are also obtained from these high-resolution :
measurements of the lattice constantBefore we discuss 5
the field dependences in detail, we recall the basic conclu-
sions drawn from the zero-field data in the following section.
In addition, all properties, whose field dependences will be

. . . . o Neutron scattering intensity
anatlyzed in the subsequent four chapters, are defined in this | (Regnault et al. Phys. Rev. B) % Qe .
section. sonseene

-« Spontaneous strain

0 5 10 15 20
Temperature (K)

A. Zero magnetic field

The main conclusions from the anomalies of the thermal-
expansion coefficient algp in zero magnetic field have al- FIG. 6. Comparison between the spontaneous s¢@jrand the
ready been presented in a previous publica{fb[ﬁrom gen- intensity of a superstructure reflecti¢®) found from neutron dif-
eral thermodynamic arguments an anomalyra$ expected fraction (Ref. 4. Main part: Zero-field data. Inset: Spontaneous
for each phase transition with a finite pressure dependence 8frain inH=10 T and neutron-scattering intensity =9.85 T.
the transition temperature. This yields not only for mean-
field jumps, where the anomalies afand the specific heat temperature dependenau(T) = a(T) —aeu(T), strongly
C, are related via the Ehrenfest relation, but also for phaséiffers from that of the specific heat. This is found experi-
transitions strongly affected by fluctuatidfsas the spin- Mmentally, but also expected from, e.g., CF the@{T<Tsp)
Peierls transition in CuGeﬁAvngssuming a finite pressure is dominated by the magnetic excitations and therefore
dependence of s one expects the same temperature depenshows activated behavior at low temperatuffe¥;*whereas
dence of the leading singular parts@©f and« at the phase da is closely related to the structural order paramet},(
transition. Quantitatively both quantities are related by d-e., the dimerization of the lattice. By definition it measures
scaling factor measuring th@ositive or negativeuniaxial ~ the development of a spontaneous stré in the D
pressure dependence of the transition temperature. Thus, pRase’* ™'
long as one treats the anomalies of the thermal-expansion T0 describe the temperature dependence afd 5o and
coefficient(Ae) and the specific heat\(C) in a similar way, their relationship t&® one can start from the usual Ginzburg-
one can determine the uniaxial pressure dependence of th@&ndau expansion of the free energy. Taking the expression
transition temperature in the limit of vanishing pressure. Thediven by Cross and Fishérdding the elastic energy 1#2°

relationship reads (c=elastic constant and assuming a coupling between
dimerization and lattice strainaQ? (u=cons}, which is
aTs Aa quite common for structural phase transitidishe free en-
Ty paozvaSPE' (1)  ergy reads
. . T 1 [H\? 1 1
whereV,, denotes the volume per mol. Experimentally itis F=vy|1— —— = 7| =—| [Q%+ = vQ*+ uQ%e+ = cé?.
Tsp 2 N\ Tsp 2 2

found that in CuGe@the similarity betweerC, and « is
restricted to a very narrow temperature rarfigg.—T|<0.2 2
K, where sample inhomogeneities may strongly alter theThe constants, », andv are related to the mean-field ther-
temperature dependence. Therefore it is not possible to exnodynamic properties beloWspand the leading order of the
tract the critical behavior of the specific heat in CuGeO decrease of spin magnetic fields.In thermodynamic equi-
(Ref. 329 from the thermal-expansion data. Nevertheless, Eglibrium without external stress, i.e., foF/de=0, it is easy to
(1) is valid for CuGeQ, since the hydrostatic pressure de- obtain the relationship betweenand the order parameter
pendence calculated from the thermal expansion and speciffoom Eq. (2). The spontaneous strain is proportional to the
heat* perfectly agrees with the hydrostatic pressure depensquare of the order paramétet® and thus the anomalous
dence that is directly determined via susceptibility measureeontribution of the thermal expansion represents the tem-
ments at finite pressuréd. perature derivative 002

To obtain a quantitative measure of the anomaly size we
consider the largest deviation of the measured thermal ex-
pansion from the extrapolated behavior aboVg (@eyq
solid line in Fig. 3 Aa=max [a(T<Tgp— ey i.€., the
height of the asymmetric peaklike anomaly. Note tAat In Fig. 6 we show that in zero field the scaling between
does not correspond to a real jump @fin the sense of a the spontaneous strain obtained from the thermal-expansion
mean-field theory. Below ¢p the anomalous contribution to coefficient and the intensity of a superstructure reflection
a, i.e., the difference between the measured and extrapolatdétbm neutron-scattering ddfais fulfilled in the entire tem-

M= em=- (" satrar. @
7 ) '

Tsp
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perature range beloWgp (see also Ref. 16 The intensity of : T : T : T - .
the superstructure reflection is proportional to the square of 099899%@
%S0,

—_
o
T

the dimerization, i.e., of the structural order parameter. % r HRON (14.35-T)061
Moreover, it is apparent from Fig. 6 that the thermal expan- g 08 % y
sion yields a high-resolution measurementQ@¥(T), since b o &T)/&0)
the scatter of these data is much smaller than that of the & 0.6 oo BCS T
diffraction experiments. 3 (T =14.35K)

S 04F SP 4

At this point we mention that it is also possible to deter- ol BCS
mine the temperature dependence of the spin-Peierls order
parameter in external fields from E@). In this case one has
to define the anomalous contribution @fwith respect to the
extrapolated behavior ofc measured in the corresponding . . . . . . . .
field. For quite general reasons a finite field dependence of 0 4 8 12 16
in theU phase, i.e., a finite magnetostriction, is expected due Temperature (K)
to the magnetoelastic coupling which is a precondition for
the occurrence of a spin-Peierls transition. This magnetoelas- FIG. 7. Symbols: Temperature dependence of the squared order
tic coupling also implies a magnetic-field dependence ofarameter in zero magnetic field as obtained from the thermal ex-

Square
o o
= o
T T
-
I_Il
o
o]
=2
i

Qeyy- HOwever, in our analysis o@(T,H) which we will  pansion. Solid line: Power law14.35-T)%-6! representing the
present in the subsequent sections we will neglect this fiel@rder-parameter fluctuations close @sp. Dotted line: BCS
dependence of,,, for two reasons. mean-field behavior folf g=14.35 K. Dashed line: BCS mean-

First, as shown in Fig. 1 the field dependencevdh the  field behavior for a hypothetical§{~=15.8 K (see text
U phase is extremely smalhot resolvablg Note that this
does not contradict a finite magnetostriction, since the magAlthough there is a large uncertainty and in addition to that
netic part ofa does not scale with the magnetostriction itself no real physical meaning afa5, we emphasize that a quan-
but with its temperature dependence, which is very weak iritative comparison to mean-field theories has, in principle,
the U phase as mentioned in Sec. Ill B. Second, althougho consider a decrease &y which is due to fluctuations.
Qeyr IS NOt known exactly, it is apparent from Fig. 1 thatitis  Close, but not too close, to the phase transition the tem-
much smaller than the anomalous contributifan Thus, any  perature dependence of the spontaneous strain is well de-
reasonable choice of the background as a function of temscribed by a power lavex (Tg— T)?P¢ (Fig. 7, see also
perature and field yields the same anomalous contribfiion Refs. 14 and 48 From a fit to our data we find2=0.61(5).
within our resolution. Therefore in the following we will The large error in the exponent is a direct consequence of the
assume a field independemi,,,. Up to now there are only uncertainty in the absolute value @fsp discussed above.
few diffraction data of CuGeQin magnetic fields available Renormalization-group theory predicts an exponent
to check our assumption. The inset of Fig. 6 compares th®=0.325 for the order parameter of the three-dimensional
spontaneous strain in a field of 10 T to the intensity of astructural transition in CuGeQuniversality class 8 Ising).
superstructure reflection in a field of 9.85*TAlthough  This prediction is confirmed by our data when assuming the
there are small differences in the fields as well as their oriscaling betweer and Q? [see Eq.(3)]. However, note that
entations with respect to the crystal axes the agreement of tbe large error bar of @ prevents a further discrimination
data is quite good. We mention that the same scaling factdvetween different three dimensional universality classes
was used for comparing the zero-field and field data, resped¢XY, Heisenberg Moreover, deviations from the power-law
tively. behavior of the spontaneous strain occur very closége

Let us now turn to the discussion of the temperature deThis is only partially due to sample inhomogeneities, since
pendence of the spin-Peierls order parameter in zero field. Isuch deviations are also expected for a more general reason.
Fig. 7 we compare the experimentally determinedAs mentioned above the critical behavior of the thermal-
Q%(T)/Q?0 K) to a theoretical BCS temperature depen-expansion coefficient for temperatures very closelig is
dence(dotted ling, which has been found for other spin- expected to scale with that of the specific heat. Therefore the
Peierls compound¥. Obviously, there are strong deviations critical behavior ofe= [ da should change very close Tsp
in the entire temperature range beldwp for CuGeQ. For  and finite values of S aboveTgp are expected.
T—Tgpthis is of course due to the fluctuations of the order In the following four sections we will investigate the field
parameter. As a further consequence of these fluctuatiordependence of the quantities defined above, i.e., the field
the transition temperature is reduced compared to a hypadependence df) the anomaly sizé«, (ii) the critical expo-
thetical mean-field transition temperatuf€ll). Since the nent 28, (iii) the spontaneous strainand(iv) the tempera-
mean-field temperature dependenc&oadlepends o gpthe  ture dependence of the order parameéder
fluctuations may also explain the deviations between the
measuredQ?(T) and the dotted line in Fig. 7 at low tem-
peratures. Vice versa, assuming a BCS mean-field tempera-
ture dependence at low temperatures one can estimate the As can already be inferred from Figs. 1 and 2, the size of
decrease of the transition temperature due to fluctuations. fe anomalies of markedly decreases as a functiortfin
corresponding analysis is shown in Fig. 7. Below about 10 KFig. 8 A« is plotted as a function of the magnetic field. The
the experimentally foun®?(T) follows a BCS temperature correlation between this field dependence f&f and the
dependence with A0=15.8 K, i.e., (T~ Tp)/TM=10%. phase diagram is apparent. A dramatic changA®bccurs

B. Field dependence oA«
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FIG. 8. Left panel: Anomaly siz&a=max a— aey,) as a func- Note that the expression in the brackets of E&j, which is
tion of magnetic field. Right panela/Tep versus magnetic derived from the quadratic decreaseTai(H) (see Sec. IV,
field (see text The dashed vertical lines denote the field at theiS larger than 1. This means that the absolute value of the
tricritical point. pressure dependence Bfp increases with increasing mag-
netic field. Combining Eqg.1) and(4) the field dependence

exactly at the field, where the character of the phase tran5|Qf Aais given by

tion changes. Therefore a clear discrimination betwdén
and U/l transitions is possible, when considering the tem- Aa(H) = AC(H) - H (TsdH) (6)
perature dependence of the lattice constants. Furthermore, Aa(0) AC(0) Tse(H) dH

our data indicate significant structural differences betweery g apparent from this equation that one expects a rather
theD and| phases. The much smaller anomaliesdt the  goa1 change of\« as a function of the magnetic field. Es-

U/l transitions mean that the spontaneous strain inlthe pecially, the decrease of the relative anomaly sizeH)/

phas% 'T strongl_):j redli]c_ed compared to that inBhehase 5 () is expected to be much weaker than that of the specific
(see below Besides this pronounced changedi(H) at  poat However, a detailed knowledge of the field dependence
the tricritical point the data in Fig. 8 also show a smaller ¢ e gpecific heat is necessary to analyze the simple scaling

decrease ofAa| with increasing field for bottJ/D andU/I : : -
" ~ .. we find betweenyTgp and Aa (Fig. 8). Simple models for
transitions. Although we could follow the latter only within a C(H), e.g., based on the free energy given in Ref. 3, are

restricted field range, our data suggest a rather strong fiel bt sufficient. Assuming a mean-field behavior

dependence ofAa at the U/l phase boundary, which : : :
amounts to about 5%/T. This rather strong decrease, whicﬁgr(;;)s;;s?(i;()j Ovr;f,i;\feig ?st%lgzgrgér:ﬁ;i?sﬂﬁlbkrgtzata

occurs at a roughly constaiik, indicates the presence of Studies of the specific heat in high magnetic fields are in

continuous structural changes within thgghase as a func- progress and a detailed comparisonAdE(H) and Aa(H)

tion of H . . X 4 .
' ) . ,Obtained at the same crystal will be given in a forthcoming
At the U/D phase boundary we find a much weaker fleIdpublication. At present we conclude that the rather small

dependence ofie, though the transition temperature de- field dependence dk« for fields below 12 T shown in Fig.

creases stronger. Up ©=12.15 T the reduction ofa 8 is in qualitative agreement with the field dependence esti-
amounts only to about 10%. Note that the decreas@ef . from thermodynamic relations
obtained in the entire field range bf/D transitions is much '

smaller than the decrease of the specific-heat anomaly found

for a rather small field of 6 #2 Moreover, as visible in Fig. C. Critical behavior of the spontaneous strain
8|Aa| shows a nonlinear decrease with increasing field simi- in external fields
lar to that of the transition temperatuie4H). Indeed the In zero magnetic field the spontaneous strainlose to

decreases of both quantities can empirically be related tg g, follows a power law expected for the squared order pa-
each other. The ratid a/Tsg(H) (right part of Fig. 8 isa  rameter(see Fig. J. In Fig. 9 we showe as a function of the
constant value for all magnetic fields, i.eAa(H) reduced temperature —IT/Tg4(H) for several magnetic
o\ Tge(H). fields in a double logarithmic scale. From these plots a power
The size of the anomaly ot is related to theguniaxial) law-behavior in a rather field-independent temperature range
pressure dependence Bfp[Eq. (1)], which strongly differs  0.7<T/Tgp<0.95 is found for all fields studied except those
for different spin-Peierls compoundghus, A« itself is not  very close to the tricritical point, where two transitions occur
predicted by theory. However, the field dependencé\af (see Fig. 3 Moreover, it is apparent from Fig. 9 that for low
can be compared—at least qualitatively—to theoretical premagnetic fields the slope in the double logarithmic scale is
dictions. The universaH-T phase diagram of spin-Peierls roughly constant, i.e., the exponergds constant. There is,
compounds implies a similar universality for a single com-however, a pronounced difference between the low-field data
pound when studied at finite pressure. This is valid at least imnd those at 15 and 16 T, where a smaller exponent is
the limit of vanishing pressure, which is sufficient to discusspresent.
our data. A pressure-induced changeTaf{H=0 T) also The field dependence ofis plotted in the lower part of
affects the scaling of the field axis in the phase diagram. Td-ig. 9. As mentioned above and displayed in the figure there
take this into accountT¢d/dp has to change as a function of is a rather large systematic err¢+0.05 of the absolute
H: values due to the uncertainty in the absolute valu& gfat
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1- T/TSP FIG. 10. Spontaneous strai®) as a function of temperature
and magnetic field. The phase boundaries betweet/tHe, and|
phases are given by the closed symkl@s.
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© I L) T the temperature dependence of the spontaneous strain for

. 05F 1 high fields indicates the usual linear quadratic coupling for
. E . the U/I transitions, too. Irrespective of whether the critical

behavior at th&J/I transition is intrinsically characterized by

a smallerB, or the tricritical behavior is found in a larger

- field range, the critical exponents indicate a qualitative dif-

M ’

agnetic Field (T) ference between thB and| phases.

0 4 8 12 16

FIG. 9. Critical behavior ofe. Upper panel:e versus reduced
temperature on a double logarithmic scale. The curves are shifted D. Magnetic-field dependence of the spontaneous strain
for clarity. Lower panel: Magnetic-field dependence of the critical . - .
exponents .. From_ our data of the thermal-expansion coefﬁmgnt in
magnetic fields we can follow the spontaneous strain as a

a given field. This uncertainty does, however, not affect thdunction of magnetic field as well as a function of tempera-
field dependence of, since the field-induced decrease of ture. Figure 10 presents the development of the spontaneous

Tepis extractable with much higher accuracy from our dataStrain as a function oH andT. In addition, we show the
In other words, an alternative definition ®tpin zero mag- spontaneous strain as a function of temperature for some

netic field causes a shift of@ to higher or lower values, but representative fields in Fig. 11. The magnetic-field depen-
g dence ofe is dominated by the field-induced phase transi-

the field dependence of shown in the lower part of Fig. : .
remains nearly unchanged. For théD transitions at low tions. At low temperatures there is only a moderate decrease
©of e with increasing field within th® phase, i.e., foH=<12

fields a large exponent of about 0.6 is found, which de ) , -
creases only slightly with increasing field. Within the error 1- At the discontinuou®/1 transition a strong decrease of

this value is consistent with that expected for @ Bing
transition(B8=0.325 as discussed for the zero-field data. L
The critical exponents of th&)/I transitions are signifi-
cantly smaller than those of thé/D transitions and show a
rather strong increase with increasing magnetic field. The
interpretation of the findings for th®/I transition is more
complicated for two reasons. First the nature ofltiphase is
still discussed controversiaflyand there are to our knowl-
edge no theoretical predictions for the critical exponents.
Second our studies are restricted to a field range rather close
to the tricritical point where theory predicts a smaller expo-
nent 8=0.25. This proximity might be the reason for the :
systematic increase of32 with increasing field and thus, one 0 L .
may argue that the small exponents we observe foUall o 5 10 15
transitions are related to tricritical behavior. However, above Temperature (K)
H. the range of small 2, is much larger than beloW . (Fig.
9). This pronounced difference indicates a critical behavior FiG. 11. Spontaneous strain as a functioTdbr several mag-
within the | phase, which differs from the rather usual onenetic fields given in the figure. The different field ranges represent
found at theU/D transitions. In principle the small values of the different kinds of low-temperature phases. A&12.5 T the
2B, might also arise from a different strain order-parametercompetition betweel and! phase close to thB/I phase bound-
coupling in thel phase. However, as we will show below, ary is seen.

106 Spontaneous Strain
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occurs in a narrow field range followed by a weaker decreasis apparent from Fig. 11 that the field dependence of the
within the | phase. Close to thB/I boundary the tempera- order parameter at low temperatures is extremely weak. Ex-
ture dependence af reflects the competition between thesetrapolating the data t& =0 our measurements are consistent
phases leading to multiple transitions. with a field independen®?(0). In other words, not only the
The field dependence efat fixed temperatures is closely wave vector of the distortion is pinned and thus field inde-
related to the field dependence of the lattice constant, i.e., tpendent up to the critical fieltiy, but also the amount of
our measurements of the magnetostriction presented in Sethe structural distortion fof —0 does not change as a func-
lll. However, small but significant differences occur, whention of H. This is in striking contrast to the strong decrease
comparing the field dependence of the lattice constant of the energy gap in the magnetic excitations due to the
quantitatively withe. The field dependence af is always Zeeman splitting of the triplet stafé.The scaling between
smaller than the magnetostriction at the same temperatusdructural deformatiorQ and the energy gap, theoretically
(see Figs. 4 and 11These differences arise from the finite expected and observed in CuGgQ@or zero magnetic
magnetostriction abov€sp. Whereas the spontaneous strainfield, 1%°is obviously not present at finite fields. However,
is zero and thus field independent abdwg, the lattice con- we emphasize that this is not in contrast to theoretical treat-
stant does depend on the magnetic field. From the definitioments of the spin-Peierls transition. For example, calcula-

of the spontaneous strain one obtains tions within the XY model really yield a field-independent
order parameter a=0.>°
T A similar simple interpretation o&(H) as a measure of

e(H,T)— E(OyT)=f [6a(H,T")dT' = 6a(0,T")]dT"  the amount of the structural distortion is not possible at and
To=Tsp above theD/1 phase transition. The spontaneous strain for an
AL(H,T) AL(H,To) individual field is a consequence of the strain order-
=0 o (7)  parameter coupling, too. According to our dat&s reduced

but still large for theU/I transitions. However, in contrast to
the behavior at low fields the character of the lattice distor-

tion now changes as a function Bf. This has been studied
jith x-ray diffraction showing a field-dependent wave vector

Equation(7) means that the field dependenceeddt a tem-
peratureT is given by the difference of the magnetostriction
at the same temperature and the magnetostriction at a te ) . . .

b 9 g of the lattice distortion at and slightly above tH/I

peratureT, aboveT gp. Subtracting the magnetostriction data g - o .
at T,=20 K from the low-temperature magnetostriction lead transition? In this field range it is impossible to correlate the

to a good agreement between the spontaneous strain derivgald dependence of the spontaneous strain to a single quan-
tity. Assuming a homogeneous incommensurate modulation

from the magnetostriction and thermal-expansion data, re fthe lattice the d fth ¢ rai b
spectively. That means that the lattice constant and the spoﬂ- € latlice the decréase of the spontaneous strain may be a

taneous strain follow variations & andH in a reversible consequence of a reduced amplitude of the distortion and/or

way in almost the entire field and temperature range. Th& Consequence of a wave-vector-dependent strain order-
only exception is a small region around ti@1 phase parameter coupling. Similarly, assuming a domain-wall pic-

boundary at low temperatures where hysteresis effects aIIHre'I.:hg de(f:r(tar?se d@;m?y be ilh.coriﬁeqy%r.lc% Ofl adredu_ced
present in the magnetostriction. amplitude of the distortion within the individual domains

Please note that the need for correcting the magnetostri@lnd/or the number of domain Wa_‘"S' W'th the present knowl-
tion data before comparing witk does not imply that the edge of the structural deformation in thephase it seems

magnetostrictive effects present in tbephase are also rel- neither possible to favor one of the two models nor to relate

evant in the dimerized phase. The correction according t6he €(H) to a structural characteristic of tephase. How-

Eq. (7) is just a consequence of the definition of the sponta—ever’ note that the large anomalies at Dél transition

neous strain. There is, however, some experimental eviden&%?arly show structural_ o_llffer_enc_es between “D‘?a”d |

for an unexpected magnetoelastic coupling inBhphase. A phases. Moreover, as V'S.'ble n F_|g. ;1 and als_o m_the mag-
closer inspection of the magnetostriction data in Fig. 4 belowetostriction data, there is no |r.1d|.cat|on for a field |.ndepen-
abou 5 K shows a small increase afwith increasing field dente for T—0 as we observe within ti2 phase. Obviously

in the D phase. Since the sign of this effect differs from thethe .st.ructural paramet(s)_ determining the ;poptaneoys
magnetostriction found at the field driven transitions, it jgStrain in thel phase continuously change with increasing
probably not related to the field dependence of the spontané'—eld‘
ous strain. However, there seems to be a correlation to the
magnetostriction in th& phase, which shows the same sign
and order of magnitude. At present we have no explanation
of this finite magnetostriction in the dimerized phase at low The field dependences of the quantities discussed in the
temperatures. Detailed investigations of the other lattice confast three subsection&a(Tgp), 28., ande(T=cons}, mainly
stants and also for crystals with different impurity concentrareflect the field driven phase transitions. In particular, there
tions are in progress to clarify this low-temperature behaviorare only minor changes within thB phase. A completely

A detailed discussion of the temperature dependen€® of different picture is obtained when considering the tempera-
in external fields will be given in the following section. Here ture dependence of the order parameter. WithinDhghase
we will restrict the discussion ofe(H) to the low- the temperature dependenceeoivell below Tgp systemati-
temperature range, i.e., fr—0. Within the D phase the cally increases with increasing fieldee Fig. 11 For fields
scaling between the spin-Peierls order parameter and thef 15 and 16 T, i.e., in thé phase, a much smaller slope is
spontaneous strain is valid as discussed in Sec. V A. Thus, @btained. In order to analyze the temperature dependences of

E. Temperature dependence of the spin-Peierls order
parameter in external fields
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FIG. 13. Derivativeda- Tsd(H)«dQ?(t)/at versus reduced tem-
peratureg for different magnetic fields given in the figure. Inset:
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-0.2 c) N ! Same data after an arbitrary normalization of yhaxis.
L 1 1 I
0 4 8 12 16 tions due to tricritical behavior and the additional anomalies
Magnetic Field (T) in the vicinity of theD/I phase boundarysee Fig. 3 we

restrict the discussion to fields below 11 T. From the data

FIG. 12. Different representations of the temperature derivativedNalysis given in the previous sections one concludes that the
Sa=del iT=3Q? Jt of the spontaneous strain versus magneticdecrease of the transition temperature is the main conse-
field: (a) da(H) at a fixed temperatur&=5 K. (b) sa«(H) ata  quence of the magnetic field in this field range, whereas only
fixed reduced temperaturet=Ts{H)/2. (c) —éda/Aa at  minor changes occur in all structural quantities. In particular,
t=TsH)/2 (see text the zero-temperature value § as well as its critical be-

havior are roughly field independent. Thus, one might even

the (squaredl order parameter we will not consider the spon-expect a universal relationship between the order parameter
taneous strains plotted in Figs. 10 and 11. Instead of that wand the reduced temperature[Tsg(H) — T]/Tsg(H) within
will directly investigate their temperature derivativéa,  theD phase, i.e., a simple scaling behav@(t,H) = Q(t,0).
where small changes of the temperature dependen€@?of  However, this universality is not present at all in tbe
show up more clearly. phase. To demonstrate this we considerTsgH), i.e., the

As a starting point of this discussion we investigate thederivative de(t)/dt=dQ?(t)/dt (Fig. 13. Obviously there
field dependence of« in the low-temperature range. Figure are pronounced systematic differences of the temperature de-
12(a) showséw at a fixed temperaturef 6 K as afunction of ~ pendence oQ in different magnetic fields. Close to the tran-
magnetic field. It is apparent that this field dependenceition temperature’Q®(t)/dt decreases wittl, whereas at
strongly differs from those discussed in the last sections. Ifow temperatures the opposite field dependence is present. At
particular, it strongly differs from the field dependence of thet=0.44 all curves meet in a single point, i.6Q(t)/dt is
anomaly sizeAa at Tgp. Within theD phasdda| systemati- field independent for this particular reduced temperature. It is
cally increases witt. At the D/I boundary|éa(5 K)| jumps ~ not possible to improve the agreement between the curves
back to smaller values and for higher fields it is roughlyfor different magnetic fields in the whole temperature range
constant. We emphasize that this strong field dependence by any normalization oS« (see the inset of Fig. 33For
sa(5 K) in the D phase is not due to the decreasiig(H). ~ e€xample, when investigatin@*(t) divided by its zero-
As displayed in Fig. 1) at a fixed reduced temperature temperature value, i.e., the quantity shown for the zero-field
(TsH/2) a very similar field dependence 6 is present in the data in Fig. 7, a systematic increase of the derivative With
D phase. However, in this representatjdn| is significantly ~ is obtained at low temperatures. Thus, the BCS-like low-
smaller in thel phase than in th® phase. This difference temperature behavior &(T) present foH=0 (see Fig. 7
can be traced back to the different sizes of the anomalies &toes significantly change with increasing magnetic field.
Tsp (see Fig. 8 In Fig. 12c) the different sizes are taken  Instead of a field-independe@(t) we empirically find a
into account by considering relative values, i.e.,rather surprising result. The temperature dependence of the
da(Tsd2)/Ae, as a function ofH. The result is rather sur- order parameter in different magnetic fields is universal on
prising. The zero-field value roughly coincides with the val-an absolutetemperature scale. Figure 14 shows a plot of
ues at very high magnetic fields, i.e., with those of the Jal/\TsgH) versus[T—TgdH)]: All the curves from O up
phase. However, the pronounced fleld dependencéaof to 11T, i.e., in the entire field range of the dimerized phase,
within the D is still present. perfectly agree within the experimental resolution. Note that

In the following we first analyz€?(T) for different mag-  the factor 1{/Ts(H), which is used to scale the axis, is
netic fields within theD phase. In order to avoid complica- necessary to take into account the slight decrease of the
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FIG. 15. Comparison between the  derivatives
Sa-Tse(H) < 9Q2?(t)/dt versus reduced temperaturén H=0 (O;

FIG. 14. Universal temperature dependence ofBhphase or-  lefty scalg andH=16 T (@; right y scale.
der parameter. Note, that the temperature axis is only shifted but not
scaled byTsg(H). The division of sa by yTsgH) takes into ac- spontaneous strain and the temperature dependercees-
count the slight decrease of the anomaly size witlisee text sures that of the incommensurate modulafigqgs. (2) and
(3)]. There are no neutron-scattering measurements of the

anomaly sizeAe. We emphasize that the temperature axisSUperstructure reflections. Thus, we cannot prove a linear
for the different curves in Fig. 14 is not scaled but simplyduadratic coupling, as we did for smaller fields in Fig. 6.
shifted by the field-dependent transition temperature. To ouffowever, the similarity between zero and high magnetic
knowledge there is no theoretical calculation of the temperafi€lds strongly indicates the same linear quadratic strain
ture dependence of the spin-Peierls order parameter in magrder-parameter coupling in thephase. This means that the
netic fields, at least none that is consistent with our findingsSPontaneous strain yields a measure of the squared order pa-
For example from the exact solution of they model one ~rameter of the phase, too. In particular, at low temperatures
obtains indeed an increase®?/Jt with H at low tempera-  the order parameter of thephase follows roughly a BCS
tures. However, the opposite field dependences for small arf#€an-field behaviosee Fig. 7. Up to now there are, to our
large reduced temperatures as well as the crossibg@u4  knowledge, neither measurements nor calculationQ(F)
are not obtained® in thel phase of any spin-Peierls compound. Thus, at present
Now we turn to the temperature dependence of the spori¥€ can neither compare our result to other findings nor judge
taneous strain in the phase, which compares well with that Whether the presented data give a possibility to distinguish
in zero magnetic field. At first sight any similarity between between the different models of the structural distortion in
high-field and zero-field data is covered by the much smallefhe! phase, i.e., domain walls or sinusoidal modulation.
size of the anomalies at thé/| transition. However, the data
in Fig. .1.2 already giv_e a first hint on this si_milgrity: After VI. CONCLUSIONS
normalizing theda axis the temperature derivatives of the
spontaneous strains at high fields nearly agree with that in Using a high-resolution capacitance dilatometer we have
zero field afT s¢/2 [Fig. 12c)]. This holds aff ¢¢/2 but also in  investigated structural and thermodynamic properties of the
the entire low-temperature range. On reduced scales the termorganic spin-Peierls compound CuGgQhe temperature
perature dependences & in H=0 and 16 T are very simi- and field dependence of the lattice constanhave been
lar (see Fig. 15 Only close toTgp slight differences are studied via measurements of the thermal expansion and the
present, which have already been discussed in connectianagnetostriction, respectively. Pronounced anomalies are
with the critical exponent 2, (see Fig. 9. The scaling used found at all phase transitions present in the characteristic
to obtain agreement betwedh=0 and 16 T data is quite field temperature phase diagram of spin-Peierls compounds.
natural, since the first—considering the reduced temperatur€hus, clear structural differences between the three phases
Tso2—takes into account the small€gpand the second the are established from our data. The very large anomalies we
reduced anomaly sizAa and/or the reduced spontaneousobserve at all phase transitions allow for a precise determi-
strain in thel phase(see Figs. 8 and 31From Fig. 15 one nation of theH-T phase diagram of CuGgOMoreover, our
thus concludes that apart from the absolute values of bottata show that all phase boundaries strongly depend on pres-
e(T=0) and Tsp the spontaneous strain in the incommensu-sure, since the anomalies of the thermal expansion and the
rate phase corresponds to that found inEhphase aH=0.  magnetostriction are related to the uniaxial pressure depen-
This similarity is also found for the other fields witt/I dences of the transition temperature and field, respectively.
transitions. Summarizing our detailed comparison of the experimental
To connecte in the |l phase to the order parameter of the H-T phase diagram to existing theories, one concludes that
incommensurate modulation, we can follow the procedurdghere are pronounced discrepancies to the soliton theory. On
applied forH=0. A strain order-parameter coupling causes athe other hand, the predictions given by Cross as well as by
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Bulaevskiiet al. are in rough agreement with the experimen-plotting Q? versusTs(H) — T. In contrast pronounced sys-
tal results. This holds for the first-order character of fié  tematic differences are present after scaling the temperature
transition and also for a quantitative comparison of the tranaxes, i.e., when analyzin@? as a function of the reduced
sition fields at the phase boundaries. However, clear devidemperaturgTsg(H) = T)/Tsg(H). Thus, the similarity to a
tions from the latter theories are also present. The temper&CS-like behavior found foH =0 rapidly vanishes with in-
ture at the tricritical point calculated by Bulaevsktial, for ~ creasing field. o ) ) )
instance, is significantly too small. With respect to this point  1he interpretation of our findings involving the incom-
the Cross theory agrees very well with the data. Moreovermensurate phase is more complicated. _In this field range the
the overall shape of the/D phase boundary follows Cross’ wave vector of the structural deformation changes with
calculations although the field scales differ slightly. The “ef-
fective” field acting in CuGeQ is about 10% larger than
predicted by theory. This enhancement indicates that partic
lar magnetic properties of CuGg@etermine the exact po-
sitions of the phase boundaries.

Our high-resolution measurements of the lattice consta

and thus the spontaneous strain is not related to a single, i.e.,
field-independent, structural parameter. The field dependence
dgf € might be a consequence of a field-dependent order pa-
rameter as well as a field-dependent strain order-parameter
coupling. Nevertheless, the temperature dependeneaia

iven field reflects that of the corresponding order parameter.

do not only yield the phase boundaries. Properties of th ta flxe(: te_rter_erature,_ e.%_., Ifdd—r?hq tgere IS a _strongtde-
ordered phase can also be extracted. From a simple treatmefjf 25€ Ol WITh Increasing Neld. 1his decrease 1S most pro-

within Landau theory one obtains a scaling between th@ounc?d ag th&g{? (;r.?emll tr?nlsdltlorln 'tS?/l\];’.t;’]\.'h?reE re-
squared spin-Peierls order parameter and the spontaneo(aléces 0 abou 0 OIS zero-Tield value. VWithin haha_se
€ shows a further decrease with, which indicates continu-

strain, which is experimentally confirmed for th¥D tran- tructural ch funci f field
sitions. Since the anomalous contribution of the therma©Us Structural changes as a function ot neid. .
For fixed fields we analyzed the critical behavior of

expansion corresponds to the temperature derivative of th :

spontaneous strain, our data yield a high-resolution measur lose toTsp as well as |ts_t_emperature dependence well be-

ment of the field and temperature dependence of the ord pw _the transition. The critical exponents in thehase are

parameter. The temperature dependence of the order para gnificantly Sma”e.f thar_1 those found in the phase. Al-
though we could investigate thie phase only in a rather

eter is strongly affected by fluctuations. In zero magneti(;,;ma” field range, the critical exponents indicate a qualitative
field, f le, th d deviati f . ’ "
1e1d, Tof examp'e, Mere are pronouncec deviations rom ifference betweek)/D andU/I transitions. Apart from the

mean-field behavior in the entire temperature range. Close t(a ; | O the tre d d if the |
Tgpa power law as a function of the reduced temperature iée;]glon close ol sp e” eTﬁ?;atur? thepen encdeeo q €

found and the extracted exponent is consistent with the pre[2 ase compares well wi at ot the squared order param-
dictions for a 3-Ising transition. In order to descrit@?(T) eter forH=0. Thus, the incommensurate lattice modulation

at low temperatures by a BCS-like behavior one has to ag_oughly .fOIIOWS a BC?S mean-field b_ehgwor for-0, similar
sume a 10% reduction dfgp, Which is due to fluctuations. to the dimerization in zero magnedic fild.

For the discussion of the field dependence of the sponta-
neous strain one has to discriminate between the different
low-temperature phases. Up to 12€[T,H) measures the We are grateful to W. Brenig, E. Mler-Hartmann, and
dimerization, i.e., the order parameter of fdephase. There A. Kltimper for stimulating discussion on many aspects of
are three main conclusions from our data in this field rangethis work. We thank H. Micklitz and B. Sullewsky for criti-

At very low temperatures the order parameter is nearly fieldtcal reading of the manuscript. A.R. and G.D. acknowledge
independent. The critical behavior at theD transition is  NEDO for financial support. U.A. acknowledges support by

also rather field independent for a wide field range. The thirdhe Graduiertenkolleg GRK14 of the Deutsche Forschungs-
finding is rather surprising. The temperature dependence @emeinschaft. This work was supported by the Deutsche For-
Q? is universal on an absolute temperature scale, i.e., wheschungsgemeinschaft through SFB 341.
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