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Spin-Peierls order parameter and antiferromagnetism in the dimerized and incommensurate
phases of Zn-doped CuGe@
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Measurements of the thermal-expansion coefficient, the magnetostriction, and the specific heat of Zn-doped
CuGeQ single crystals X<3.3%) in magnetic fields up to 16 T are presented. Measuring the lattice constant
as a function of temperature, magnetic field, and doping concentration allows us to determine the concentration
and field dependence of the averaged spin-Peierls order parameter. A strong reduction upon doping is observed
and interpreted in terms of solitonlike defects of the dimerization. From these data the relationship between the
averaged spin-Peierls order parameter in doped C4y@®&@ the transition temperatulieys is extracted. The
specific heat at low temperatures is dominated by doping induced low-energy excitations. The temperature and
field dependence of the corresponding contribution to the specific heat is discussed in a model with random
magnetic exchange constants. Studying the thermodynamic properties as a function of an external field, we
determine the magnetic field vs temperature phase diagrams,of ZhGeO;. Several systematic changes
upon doping are revealed. In particular, we find a strong enhancement of disorder in doped;CwBe®
entering the incommensurate phase with increasing field which we attribute to an additional randomness of the
order-parameter phase. Moreover, this field-induced phase transition between dimerized and incommensurate
phases is accompanied by a pronounced increase of the antiferromagnetic ordering tempgrafughe-
nomenological description assuming a coupling between the spin-Peierls and the antiferromagnetic order
parameters is presented, which allows us to interpret simultaneously both field and concentration dependences
of Ty . [S0163-182€09)08305-9

I INTRODUCTION Tsp Which lead to a nonmagnetic singlet stat&? How-

ever, AFM correlations develop in inhomogeneous systems,
The discovery of the inorganic spin-PeielSP) com-  since the solitonlike defects carry a spin-1/2, and therefore a
pound CuGe@ (Ref. 1) opened the possibility of studying long-range Nel state can occur beloWgp.
the influence of doping on this magnetoelastic transition, oc- The response to an external magnetic field is one of the
curring in spin-half antiferromagnetic chaifid.During the  characteristic features of SP systeh$®*~*"Due to the ad-
last years several surprising features are revealed from ttéitional Zeeman energy, the nonmagnetic dimerizéy

intensive studies of the concentration vs temperdt(xgr)] ~ Phase is destabilized in comparison with @ magnetic high-
phase diagrant <17 \While the spin-Peierls transitiofSPT) field phase. Instead of a doubling of the unit cell present in

is drastically suppressed already by a small amount of do the D phase, the high-field phase is characterized by an in-

) ’ commensurate(l) modulation of the uniform(U) high-
ants, a long-range a”t'feff‘?m?‘g”eWM) order de"e'OPS- temperature sﬁu)cture. Similar to the case of do(ping, t%ere are
The Neel temperature Ty) initially increases upon doping nodes of the order parameter in the | phase, whose distance
and, more surprisingly, the AFM and the SP state coexist ijecreases with increasirlg. Some experimental observa-

a considerably large range of dopitf'#1***?*This is  tions indicate that the | phase should be described in terms of
observed for various dopants, such as Zn, Mg, Ni at the Cu regular lattice of solitons for both CuGg(Refs. 38—40)
site and also by replacing a small amount of Ge by Si. In-as well as, the organic SP compound TTF-AuBf3TEach
deed, an universalx(T) phase diagram for all dopants is soliton carries a spin-1/2, leading to the finite magnetization.
observed, when taking into account a different scale on thdlore recently, it was shown that this soliton description of
concentration axis for CuGe,Si,05.* the | phase is only possible close to the field induced D/
Triggered by the experimental observations, several thedransition atHp,, whereas at higher fields a simple sinu-
retical studies of doped SP systems have beegoidal modulation is preseft.Besides the stabilization of
performed®~31One important result of these studies was thethe | phase, the external field also redudeg. Theoretical
explanation of coexisting SP and AFM phases, which mutustudies predict a universaH(T) phase diagram in SP sys-
ally exclude each other in a homogeneous systeth.is  tems, i.e., the phase boundaries are determinetspiH =0)
argued that the dopants cause solitonlike defects in the altealone3®333637.2 The experimentally observedsgH) in
nating structural deformation of the lattice. In a homoge-CuGeQ is in fair agreement with these predictiosee, e.g.,
neous SP system this structural dimerization implies alternaiRefs. 43,3. There are, however, significant deviations for the
ing magnetic exchanges below the SP transition temperatutg/| transition at high magnetic field<.
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Measurements of the thermodynamic properties specifioetostriction measurements in external fields in Sec. IV. The
heat C), thermal expansiond«), and magnetostriction al- (H,T) phase diagrams of all studied samples are shown and
low for a detailed study of the H,T) phase compared in Sec. V. A detailed discussion of the structural
diagram?*4441:45-41\ot only the phase boundaries, but alsodistortion of the | phase in doped CuGg@ presented in
characteristic properties of phase transitions are revealed t8ec. VI. In this section we will, in addition, discuss the cou-

these data, such as, e.g., fluctuations and hystetg&es44  pling between AFM order and the SP order parameter. Fi-
Moreover, the specific heat and the thermal expansion corffally, our main conclusions are summarized in Sec. VII.
tain information on the magnetic excitations and on the

structural deformations, respectively, which are both impor-

tant in the case of a SPP*3415 |nvestigations on pure Il. EXPERIMENT

CuGeQ reveal that the specific heat is mainly determined by 1, Cy_,Zn,

the magnetic excitations showing a spin gap) (in the D _g500 mg used in the present study are cut from larger crys-
phase**®**!whereas measurements @fand the magne- 5/ grown from the melt by a floating-zone techni§h€
tostriction allow us to study in detail the temperature andyieasurements are presented for Zn concentrations of 0.66%,
field dgpendegg%ﬂ}lhe SP order parameter, i.e., the sifug-494 and 3.3% and compared to the findings in pure
tural distortion.™""" , CuGeQ. The stoichiometry of the Zn-doped crystals was
Some measurements of the above-mentioned thermod etermined using inductively-coupled plasma emission spec-
namic properties have also been reported for dope foscopy. The obtained Zn contents are smaller26%)
CuGeQ,>***®focusing on quite different aspects. It was han the inal i Crvstal 4 i th
shown that Zn and Si doping drastically affects the behavio} an the nominal compositions. ©Iystals prepared In the
of bothC anda at Tspand in the SP phagdOne conclusion  >&M€ Way or even other pieces of the same crystals have
of this study was the increase of the pressure derivative ogeeef’g ulsfgggsgzgglpztfif;ngics)gﬁdv&g t\t]vﬁl I';T;Z(E;%(SW
Tgpupon doping. This was later confirmed by measurement AR
atspfir?ite pr%ssguré'?é and explained qualit)ziltively by a _and/or refer to measu_rements on Si-doped crystals, prepared
pressure-dependent frustration of the quasi-one-dimensiond] the same way. While there is not much controversy con-
AFM exchang€®®! leading to a pressure-dependent solitoncerning the findings on different Gu,Zn,GeG; crystals, the
width. A second focus was the study of the field dependencéeported §,T) phase diagrams markedly differ for
of the AFM state in Si-doped CuGgGrom measurements CuGe_,Si,0;.4%%2462015The properties of our Si-doped
of @ and C.***® As a main result of these investigations, crystals are discussed in detail in Refs. 4,18,6,14. In particu-
indications for an unusual AFM state in the dimerized phasegar, it is shown there that the phase diagrams of
of a Si-doped CuGegcrystal are derived>*® Cu;_,Zn,GeO; and CuGe_,Si,O; are identical besides an
The properties of doped CuGg@ high magnetic fields  about three times larger influence of the Si content on both
have also been studied by other experimental techniqueghe SPT and the AFM order. Note that for the Si-doped crys-

8 . .
such as ultrasound measuremefits; magnetization a5 ysed in Refs. 45,46,20,15 the corresponding factor is
measurementS, and diffraction technique:® The phase ch smallefbetween 1.5 and 2, see also the discussion in

boundaries expected for a SP compound have been found{@
I

GeQ; single crystals with a typical mass of

he doped q h h Y Refs. 20,15 In the context of this paper, we are mainly
the oped compounds, too. There are, OWEVET, SOME SIgNMiarested in the magnetic-field dependences at fixed disorder
cant differences in the reporteti(T) phase diagramésee,

strength and their systematic changes. Therefore we intro-

€.g.. Refs. 46,5 duce an effective doping. in the case of Si doping in order

In this paper we present a comprehensive study of th o allow a direct comparison with the observations in
specific heat, the thermal expansion, and the magnetostri% i pa S :
u _Zn,GeQ;. This effective doping is estimated by com-

tion measured on a series of LyzZn,GeQ; single crystals : ) . )
in magnetic fields up to 16 T. V%z foéus%q the concentratiorP2iNg the measured'sp and/or Ty with the findings in
and field dependence of the averaged SP order-parameteth-xZNxGe0s, i.e., for our CuGe (SiO; crystals Xe
square(A?) as extracted from the temperature, concentra™ 3y. ) o
tion, and field dependences @fand the magnetostriction. A For our measurements of the linear coefficients of the
strong reduction of A%) upon doping is revealed which is thermal expansiom=(1/L)AL/AT (L is the length of the
explained in terms of a soliton picture. Thél(T) phase Sample at fixed magnetic field as well as for the measure-
diagrams as well as their systematic change upon doping argents of the magnetostriction, i.e., the field-induced length
shown and discussed. In particular, from our data we extraathanges (L/)AL(H) at fixed temperature, a high-resolution
relationships betwee(A?) on the one hand, and the transi- capacitance dilatometer described in Ref. 43 was used. Mea-
tion temperature3 gp and Ty on the other hand. Moreover, suring these macroscopic length changes on a single crystal
we present an analysis of the specific heat, revealing botim a given direction allows to extract the normalized tem-
signatures of the singlet triplet excitations and a dopingperature and field dependence of the corresponding lattice
induced contribution dominating at low temperatures. constant with very high resolutidi.Even the small effects
The paper is organized as follows. After a short descrip-due to the magnetoelastic coupling in the U phase are clearly
tion of the experiments we show and analyze the dopingesolved from both the thermal expangidnand the
dependence of the SP order parameter in zero magnetic fielthagnetostrictiori>+*
Focusing on one crystal doped with an intermediate doping In all reported measurements, the magnetic field was ap-
of x=1.4% Zn, we present the results of awiC and mag- plied parallel to the measuring direction. Data were recorded
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obtained from the data in Fig. 1 after subtraction of a concentration
independent extrapolation of the high-temperature behavior. Right:
Same data, plotted in reduced scales.

FIG. 1. Thermal-expansion coefficient along #heirection for
Cu,_,Zn,GeG; crystals with different Zn contents given in the fig-
ure.

for all three lattice directions of the orthorhombic structure.that the large anomaly ok, at Ty signals a pronounced
In all cases the anisotropy is similar to that found in purecoupling between the AFM order and lattice strains.
CuGeQ.**5® In particular, there is no qualitative difference  In order to analyze the strong decrease of the anomaly of
between the findings parallét) and perpendicular to the @a at the SPT upon doping, we consider the spontaneous
AFM chains. Here we will mainly present results along ¢he Strainse, i.e., the differences of _the Iatt|c_e constants in the D
axis, i.e.,a, and Aa(H)/a, which we have also shown in and U phases. These are obtained by integration of the dif-
detail for pure CuGe@in previous publication§®*! Some ~ ference between measured and extrapolatgdas shown,
representative data for the other lattice and field orientation§-9-, in Refs. 49,50,43,53,41. Since our data do not show any
are shown in addition, in order to demonstrate the similarity Significant change o, as a function o above 14 K, we
The specific heat of the crystal doped with 1.4% Zn wasUse the same background for all samples. The extracted
measured in fields ranging between 0 and 16 T applied alongisplayed in the left part of Fig. 2. It is apparent tlaat low
the ¢ direction, using a quasiadiabatic heat pulse methodtemperatures shows a similar reduction due to Zn doping as
The relative resolutiofiscatter of the dajeof the calorimeter the anomalies ofr, at Tgp.*
is better than=0.5%, whereas the error in the absolute val- As has been pointed out previou§ly>*!¢ is closely re-

ues is slightly larger £1%). lated to the SP order parameter, i.e., the alternating displace-
mentsA=(—1)'A, of the atoms in the D phase. Both a
Il ZERO-FIELD DATA: DOPING-INDUCED SOLITONS Landau expansion of the free energy as well as a comparison

with neutron-diffraction data reveal thatis proportional to

In Fig. 1 we show the thermal expansion of the latticethe square of the structural dimerization, i.e(T,H)
constanta for pure CuGe@ and three Zn-doped crystals. «A?(T,H).*® Note that such a strain order parameter cou-
The drastic influence of the Zn doping on the SP transition iling is quite usual at structural phase transitions, signaling,
obvious. The transition temperature reduces upon doping.g., a small anharmonicity of the lattice. The simple scaling
with a rate of about £ Tgp/AX)/Ts0)=15 in agreement betweene andA? has been used to study in detail field and
with other observations in Gu,Zn,GeQ,.54%1Besides this temperature dependence of the SP order parameter from
well-known decrease ofsp, there is a drastic influence of high-resolution dilatometr§®-504341
the Zn doping on the anomalies of,. For small doping As long as a well-defined SP transition is present, Zn
amounts, i.e.x=0.66% andx=1.4%, a, still shows a doping does not change the temperature dependenee of
well-defined phase transition. The anomaly size, howeversignificantly. This is displayed in the right part of Fig. 2,
strongly decreases with increasing Zn concentration. For thevhere we plote vs T in reduced scales. The same curve is
sample with the largest concentration=3.3%), the SPT is obtained for the samples with<1.4%. This scaling behav-
hardly visible. A closer inspection af,, as well as the field ior is also found for the spontaneous strains of the incom-
dependence shown below, clearly reveals a SP-like phase fanensurate high-field phas&*34:%¢Dgping-induced defects
this sample, too. However, a well-defined transition tempera¢for small x) as well as the nodes of the order parameter in
ture in the thermodynamic sense does not exist anymorghe high-field phase do not alter the temperature dependence
Instead the anomalous decreasexgfoccurs in a wide tem- of e. Plotting the strain data fat=3.3% in the same way,
perature range. does, however, not lead to a meaningful result. The anomaly

Whereas the anomaly af, at Tgpis reduced, a second is extremely broad and, as a consequence, the curvature of
anomaly of the thermal expansion develops at low temperathe € vs T curve is different for temperatures above about 6
tures, which is connected with the transition to long-rangeK. Moreover, at low temperature the data for3.3% are
AFM order>? In the sample withk=3.3% this transition at dominated by the anomaly at the AFM order.
Ty=4.5 K is apparent. Precursors of this second transition For a homogeneous structural distortion in the dimerized
are also visible for thex=1.4% sample(see below. Note  phase, scales with the SP order-parameter square as men-
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tioned above. However, a homogeneous dimerization is very LO®— T : T - T
unlikely in the case of doped compounds, since the Zn ions
cut the antiferromagnetic chains into segments. Theoretical
treatments, which are supported by recg8R studies:® 08 N(n.  © Cule SiCu0ix =3y 7
show that due to these defects, local AFM correlations de- b 0.66% Zn A

velop. Simultaneously, the SP order parameter is locally sup-

pressed. Solitonlike defects of the dimerization ocdar:
Thus the dimerization amplitud®varies spatially. The mac-
roscopic quantitye does not reveal any direct information on
this variation, since it measures the spatial avera®.
However, theoretical predictions for the defect structure can
be easily compared to the measurement$A®) (see, e.g., 0.2
Ref. 41. - H%zn |
As shown by Mostovoy and Khomskii, one soliton devel- , , , ,
ops in each chain segment with an odd number of Cu atoms 0 1 2 3 4
in a strictly one-dimensional systeth?® The spatial dis-
placements of the atoms close to the defect are described by

CuGeCu, Zn O:x =x
1x  x 3 eff

06  14%Zn g . g

0.5% Si

04

s(xeﬂ) / (0)

Effective doping concentration X (%)

| FIG. 3. Normalized low-temperature spontaneous strain as a
c function of effective doping for Zn and Si-doped CuGeQhe
A(l):(_l)IAO tan)'(g ! (1) solid (dashed line corresppogrllds to a calculationpassum(i%lz BR).
with a correlation length of=13.6 (10) lattice constants.
where c denotes the lattice constant along the chain direc-
tion, | is the site index, and is the correlation lengtfsoliton ~ data are also fairly well described, i.e., Zn- and Si-doped
width) which is of the order of 1€ in the case of crystals with the sam&gp and/orTy exhibit a similar(A?)
CuGeQ.'*?1723293n the limit of low soliton densitfA%)  at low temperatures.
decreases linearly with increasing defect concentratig, ( Figure 3 indicates a good agreement between our experi-
i.e., (A%)/(A?(x=0))=1—2ng&/c. If solitons occur only in  mental findings and a theory assuming defect-induced soli-
odd chain segments, i.e1g=0.5x, one expects a 10% re- tons at each doped Zn atom. We mention, however, that we
duction of (A?) for 1% Zn doping. Apparently, the experi- have assumed a particular spatial shape of the solitons. The
mentally observed decrease efis much stronger. That spatial modulation oA\, as described by Eq2), is periodic,
means that the number of solitons is larger than that obtaineice., instead of random there are periodic positions of the Zn
in a strictly one-dimensional treatment, since there is no reaatoms. However, as long as the overlap of the solitons is not
son to assume the extremely large soliton widthéef30c. very large, this simplification is not crucial for the result of
Again following Mostovoy and Khomskii, a larger num- the averageA?) considered here. Equatid2) contains a
ber of solitons is expected when taking into account an insecond approximation. The suppression of the order param-
terchain coupling which may originate, e.g., from the cou-eter is assumed to be symmetric with respect to the node of
pling of structural deformations in neighboring chaiisee the order parameter. If, however, the pinning of the solitons
also Ref. 30. This interchain coupling "pins” the spin de- at the defects is important, as suggested by the number of
fects to the Zn atoms and consequently one obtaigsx. A solitons, this symmetry is questionable. The spatial shape of
similar case has been previously considered by Fukuyamte suppressed dimerization depends on the distance between
et al,?! assuming defects at the doped atom. Again, bothhe soliton and the Zn defect, which is determined by the
descriptions yield a tanh shape of the structural defects affective interchain coupling and probably changes with dop-
low doping. In order to consider also higher soliton concen-ng due to the decrease ¢A?) (see, also, Ref. 30 Unfor-
trations, the spatial displacements are described in Ref. 21 bynately, there are—to our knowledge—no corresponding
theoretical predictions of the shape of the solitons, which
could be compared quantitatively to our data.
' 2 In Fig. 4 we plote at low temperature as a function of
Tgp, Where both axes are normalized to the corresponding
where snk’,k) is a Jacobi elliptic function of moduluk,  values found in pure CuGeOSince the doping concentra-
which is determined by the intersoliton distarge 1/ng. tion is not important in this kind of representation, the data
As shown in Fig. 3, a reasonable agreement between th@easured on Si-doped crystals can be added without any
data and EQq.(2) is obtained for a soliton width off  scaling. Indeed, the results for Si- and Zn-doped compounds
=13.6c, which has been inferred from x-ray-diffraction data fall on a common line when plotting as a function ofT gp,
for the soliton lattice in the incommensurate high-field phaseas indicated above.
of pure CuGe@?® This absolute value of revealing the Superimposed to the data there are two lines in Fig. 4.
best description of our data crucially depends on the accuApparently, a straight line reveals an almost perfect, but
racy of the Zn content, whereas the qualitative picture doepurely phenomenological description of the experimental
not. For example, taking the larger nominal Zn concentrafindings. The slope of this line corresponds #®.3, i.e.,
tions would give a comparable agreement §er10c. Note ~ (A?) decreases about 2.3 times stronger upon doping than
that we have also added in Fig. 3 two data points measure@isp. Describing the data with this linear dependence leads,
on Si-doped crystal¥ Assumingx.s= 3y (see abovethese however, to a rather strange result. As visible in Fig. 4 the

Ic K
k_gl

A(I,ns)=(—1)'A0ksr<
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T " T " T " T " T Refs. 11,12. However, in our opinion, the corresponding

1.0 » phase boundary between the U and the low-temperature
® Zn-doped (0.66%,1.4%,3.3%) ] phase, which is present up to high Zn contents, should not be
A Si-doped (0.5%, 0.7%) interpreted as & g4(x). From our raw data in Fig. 1 it is

08 / . apparent that the shape of anomalies changes drastically

upon doping. Whereas shows rather well defined SPT's for
smallx, the data for the sample with=3.3% signal a broad
crossover to a “SP”-like state. It is the characteristic tem-
perature of the crossover phenomenon, which remains high
and replaces th€égpof a SPT in a thermodynamic sense. The
latter clearly does not exist anymore for=3.3%. Such a
change from a SPT to a gradual crossover into a SP-like state
has also been anticipated from recent ultrasound
measurement®. Moreover, this description is supported by a
recent neutron-diffraction study, which confirms the appear-

0.0 . : L M . L . L ance of weak superstructure reflections at high doping

0.0 0.2 0.4 0.6 0.8 1.0 levels®” However, according to this study these small and
TH(/T(0) broad peaks have to be attributed to short-range order phe
nomena.

FIG. 4. Normalized low-temperature spontaneous strain in Taking into account that the meaning of thep given in
doped CuGe@as a function of the normalized SP transition tem- Fig. 4 changes at high doping, and therefore considering only
perature. The dashed line is a guide to the eye and the solid linthe concentration range with rather well-defined SPT, offers
corresponds texTg (see text an alternative interpretation of the data. As shown by the

solid line, the data fox<3.3% are also well described by
straight line extrapolates fbss~0.56Ts{x=0)=8 K. The  the power law(A2)xT3,. We emphasize that this cubic de-
ordering temperature seems to remain high, while the avempendence is not purely phenomenological. It is related to the
age order parameter at zero temperature vanishes. Rematkeoretical results for a SPT with homogeneous dimerization.
ably, this strange description is reminiscent of various exBoth the theory of Cross and Fisfitas well as numerical
perimental studies of thex(T) phase diagrams of doped calculations for frustrated chaftisyield that the T=0)
CuGeQ 5440101411130 none of these studies has a spin-dimerizationA of the magnetic exchange scales with the spin
Peierls transition with & gp below abot 8 K been found. gapA at zero temperature vi#|?3<A. Moreover, it is rea-

We stress, however, that the straight line in Fig. 4 doesonable to assume thagpis proportional taA(0), since the
not imply a linear decrease dfgp from 14.3 down to 8 K experimentally observed gap ratioA @)/kgTgpare close to
with increasingx. As visible in Fig. 3, a linear decrease ©f the BCS value of 3.52 for SP compounds. Taking into ac-
is only present for small doping. For larger concentrationscount these results leads to the following scaling between
the decrease of strongly reduces as expected from the soli-Tgp and e at zero temperature:
ton picture, since the solitons start to overlap. Therefore,
assuming a linear dependence betwdep and € as sug- e(T=0)0<A2(T=O)o<A3(T=O)ochp 3
gested by the straight line in Fig. 4 and calculatifg) from _ i o i
Eq. (2), yields a linear decrease @fp only for low doping This scallng.corresponds tg our_flndlng§ in doped Czug%eO
(X=2%). For larger x, however, Tep saturates and ap- for small x, if we replaceA“ by its spaual averageéA?).
proaches very slowly the minimuficp=8 K with increas- T_hus,_our data suggest that th(_a sc_::_:lllng bet\_/veen the average
ing x. Q|mer|zat|on andT gp does not significantly differ from tha;

At first glance, this seems to be in striking discrepancyil @ homogeneous SP compound as long as a well-defined
with the (x,T) phase diagrams reported from susceptibility SPT 1 presegﬁ’f Knowing the scaling between the low-
measurements, which only show a linear decrease dEmperatur§A) andTsp, we can quantitatively derive the
Tep. 4614509 owever, in the magnetic susceptibility the sig- reduction of Tgp as a functl_on ofx in a very S|mple_ way.
natures of the SP transition disappear already at rather lof?nce the correlation lengthis known, the microscopic soli-
doping*®1451%or example, a recent susceptibility study of ton picture predicts(x,T—0) (see Flgi/3$ Tspis then ob-
Cu_,Zn,GeO;, which was performed on identically pre- tained from the scaling sg<[ e(T—0)]™ as well. Thus, a
pared and characterized single crystals, reveals no SPT fgheoretical explanation of the scaling betweéd) andTsp,
x=3.3%1 For the same concentration our data show d-€:- the justification of our extension of the Cross-Fisher re-
broad crossover phenomenon to a SP-like state which occur8ult to doped systems, simultaneously reveals a quantitative
however, at a rather large temperature of about 9.5 K. Notéheoretical explanation 6fsg(x) in Zn-doped CuGe@
that this value is much larger than that obtained from an
extrapolation of the linear decrease at smallrevealing IV. THERMODYNAMIC PROPERTIES
Tegp<7.5 K. OF Cug ggZN0.0143€0; IN EXTERNAL FIELDS

Remarkably, the phase boundary which is obtained, if we
assume Eq(2) and the straight line in Fig. 4, has also been
reported in the literature. It is essentially identical to that Figure 5 shows the thermal-expansion coefficiegtof
extracted from neutron diffraction on €uZn,GeQ; in  the sample with a Zn contemt=1.4% measured in external

0.6 [

e(x)/e(0)

04

0.2

A. Thermal expansion of Cu ggeZNg 0145€05
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Uls "'--..,,' °°m,% "if N 7] ficient at low temperatures for some representative magnetic fields.
- . Q%“’%.'. .0 ..
Cu  7Zn GeO ...'s.s b Investigating the low-field and low-temperature data in
b MY, N ] more detail reveals precursors of the low-temperature
x = 1.4% . anomaly due to AFM order also in zero field. This can be
= e . extracted from Fig. 6, where the spontaneous strains derived
A from the data in Fig. 5 are displayed for some representative
-80 L ; . 1'0 . 1'5 magnetic fields. FoH =0,e decreases slightly with decreas-
ing temperature below abbw K or, equivalently, the
Temperature (K) thermal-expansion coefficient increases with decreasing tem-

. - . perature belew 4 K as shown in the inset of Fig. 6. Both
FIG. 5. Thermal-e_xpansmn coeff_|C|e'nt alqng t_laeaX|s_ of b fi t | t th imitv of a furth :
Cuy 082Ny 01£5€0; for different magnetic fields given in the figure. 0 S_erva lons strongly S.UQQeS € proximity of a further or
Curves are shifted by 210 /K for clarity. dering phenomenon, sinee has to approach 0 dt=0 for_
general thermodynamic reasons. Moreover, the behavior at
H=0 is qualitatively very similar to the findings in high
fields between 0 and 16 T. Fér<10 T the transition tem- fields where the second phase transition is apparent. In con-
perature decreases with increasing field, whereas the size trhst to the data in zero and high fields, no anomalous low-
the anomaly does not change strongly. Qualitatively, theseemperature behavior is present in the thermal expansion
findings at low fields compare well with those reported forand/or the spontaneous strain at intermediate fields 4 T
pure CuGeQ_43 Pronounced differences are, however,<H=10 T. Thus, the data suggest a nonmonotonous field
present at higher fields. In the Zn-doped compound thé&lependence of the AFM instability. Whereas small magnetic
anomaly at the SP transition drastically broadens for fielddields suppress long-range magnetic order, a strong increase
above 10 T. Following the above discussion of the doping®f T is found, if the field exceeds 10 T.
dependence, these data on the Zn-doped compound re\,e_a|NegIect|ng the addltlonal anomaly due to AFM order, the
some evidence for a change from a rather well-defined Spfteld dependence af found in the Zn-doped compound com-
in zero field to a short-range order phenomenon in high magPares well to that in pure CuG@é_? For fields smaller than
netic fields. In particular, this pronounced additional broadH1=10 T. the spontaneous strain extrapolates to a nearly
ening of the transition occurring in high fields, is obviously field-independent zero-temperature value. Further increasing

not a consequence of sample inhomogeneities, but represerﬁqlfgrrgﬁ%?eelgcrg%il?;fi)swt: dab?/rzs\t/ilceglfge daescigsaer?ctj??irel ds
o Blensfirg:assjcthliosmé)rig)(;;r]:iggpzd flCJ:rl:r?eerpsurprising finding isgbove ?bOUt 12 T._This field depc_ande_ncesdﬁ reIat_ed to the

. > field-driven transition from the dimerized to the incommen-
apparent from Fig. 5. In high fields, a_secqnd rather Shar%urate phase, which will be discussed in detail below in the
anomaly occurs at low temperatures signaling the deveIOpéontext of the magnetostriction data.
ment of long-range AFM order. Note the similarity to the
zero-field data at higher doping. Unfortunately, our measure- -
ments are restricted to temperatures above about 2.5 K and B. Specific heat of Cy 4seN0.014560s

we cannot follow the field dependenceTjf at lower fields. In Fig. 7 the specific heat of the Zn-doped crystal with

A pronounced increase @fy in high magnetic field is, how- x=1.4% is shown. The strong suppression of the specific-
ever, apparent from our data. It is worthwhile mentioningheat anomaly at the SPT with increasing field is apparent.
that the magnetic field is applied along theaxis in our  Anomalies due to AFM order are not found in the entire

experiments. Thus, the unusual field dependendg,aé not  temperature and field range. At first glance this is very sur-
related to the spin-flop transition which only occurs for fieldsprising, since the thermal expansion in high magnetic fields,
parallel toc (Refs. 4,58,56,6(see below which was measured on the same crystal, shows clear
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ent magnetic fieldsH||c) given in the figure. Curves are shifted by Magnetic field (T) Magnetic field (T)

0.4 J/mole K for clarity. InsetC/T vs T for three representative

magnetic fields. FIG. 8. Upper panel: Temperature dependence of the low-

temperature specific heat of pure CuGe@®@pen symbols and

anomalies. One reason is the different orientation of th%uo_%gnomﬁeq (closed symbolsfor three magnetic fields given

magr_l_enc field which was applied parallel to _lIhaXIS inthe iy the figure. Lower panel: Magnetic-field dependence of the spe-

specific-heat measurements, leading to a slightly smaller cific heat of pure CuGe(open symbolsand CiggZno 015€0;

(see below In addition we have, however, to conclude that ciosed symbolsfor different temperatures given in the figure.

the anomalies of the specific heat due to AFM in high mag-

netic fields are much smaller than thoseaof Therefore no  worthwhile mentioning that a similar difference is observed

precursors of the corresponding anomaly are observabli@ the concentration dependence of the anomalies in zero

which are clearly present ia for the same field orientation field.>

and temperature rangsee Fig. 13 beloy Note, that a simi- A possible origin of these different field dependences are

lar conclusion can also be drawn from the data recently rethe different degrees of freedom which are relevant for the

ported for a Si-doped CuGeQ@rystal with a slightly higher thermal expansion and specific-heat anomalles.is deter-

Ty .24 mined mainly by the structural order parameter, i.e., the lat-
The suppression of the specific-heat anomaly at the SPfice dimerization, whose zero temperature value hardly

as a function ofH is very large. The size of the anomaly changes for fields below the D/I transition, since it is mainly

reduces already foH=<8 T and, even for this moderate a property of the nonmagnetic ground state. The specific-heat

fields, there is a pronounced broadening of the transitionanomaly is closely related to the decrease of the magnetic

The width of the anomaly further increases continuouslyentropy related to the spin gap. In contrast to the lattice

with increasingH. ForH=10 T it is not possible to extract dimerization, the spin gajd markedly decreases with in-

a well-definedT gp from the specific-heat data. An anomaly creasingH due to the Zeeman splitting of the triplet states.

due to a broadened SPT is, however, visible when plotting The relevance of different degrees of freedom &oon

C/T vs T as shown in the inset of Fig. 7. Comparison of thethe one andC on the other hand is also seen from the low-

anomalies of the thermal expansion and the specific heatemperature behavior. There is a drastic chang€ afpon

reveals no qualitative differences in the high-field rangedoping, indicating a drastic doping dependence of the low

Both quantities indicate a crossover behavior instead of &nergy excitation spectrum in the D phase. This is apparent

well-defined SPT which is signaled &=0. However, a when comparing the specific heat of pure and doped

quite different field dependence of both, size and shape ocEuGeQ. As shown in Fig. 8, the specific heat for=1.4%

the anomalies is found at intermediate fields. Wherea®-  is about one order of magnitude larger than that of CugseO

nals a sharp transition foH=8 T, the specific-heat atthe lowest temperature of our measurement2.8 K). It

anomaly measured on the same sample is already strongiy well known that C fox=0 (andH=0) is well described

reduced and broadened compared to thatHe#0. It is by the sum of a usual phonon contributioT®
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(8=0.3 mJ/moleK) and an activated behavior
[exp(—A/T)], representing the magnetic singlet triplet ex-

citations(see, e.g.. Ref. 50A similar description is impos- x=14% SA[ T

sible for the Zn-doped compoun@see, also, Ref. 53Since & 5 H=0 j}j

the Debye-like phonon contribution does not change signifi- ]
cantly for such small Zn concentrations, a drastic increase ol 102
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03

the magnetic excitations in the dimerized phase is inferredg 1

from the much larger low-temperature specific hésae, )
also, Ref. 7L A possible origin of these additional excita-
tions is obvious from the soliton picture mentioned above.
Close to the doping-induced defects, “loose” spins and
AFM correlations develop which are responsible for theNe
ordering occurring at low temperatures. It is straightforward
to attribute the additional specific he@y,, to these degrees
of freedom. Note that these additional low-energy excita-

®
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tions, which cause an additional specific heat upon doping,
are also found in several theoretical studies of disordered SF
system&*2® se

FIG. 9. Left: Arrhenius plot ofT29C/dT in Cug ggeZNg 01450,
e text The straight line corresponds to an activated behavior
with a gap ofA=18 K. Right: Separation of the low-temperature

In order to extract the temperature dependenc&€ o : 5
. . L ) specific heat of CglggeZNg 0145€C;(O) into a sum of phonongT*,
one has to separate it irom the usual spin excitations in th8 shed ling singlet triplet(activation law, dotted lineand a dop-

spin-Pgierls phase. Bgsides t_he addi'Fion.aI doping—inducel g induced contributions®) (see text The solid line corresponds
excitations, there are singlet triplet excitations related to thg- .. to4 (see text

(pseudo gap in the excitation spectrum. In order to illustrate
the significance of these two contributions we compare th
magnetic-field dependences Gffor x=0 andx=1.4% in
the lower part of Fig. 8. At low temperatures C hardly
changes withH in the doped compound, whereas a pro-
nounced increase is present in the dimerized phase of pure
CuGeQ. The latter obviously arises from the decrease of the
singlet triplet gap.

The absence of a corresponding increase X¥er1.4%  As displayed in Fig. 9, the quantiﬂjzacmag/ﬁT follows a
confirms that the low-temperature specific heat is dominatedtraight line in an Arrhenius plot for temperatures below
by excitations which differ from the singlet triplet excita- about 6 K. This is the behavior expected from 5, if Caop
tions. Moreover, the field independence of the t@amnplies  (and A) does not change strongly witli. A gap of A
that there are two compensating field dependencesCiyg,, =18 K is obtained from the slope in the Arrhenius plot.
decreases with increasing field. The importance of this fieldrhus, according to this analysis, the reduction of the gap
dependence for the total specific heat vanishes at higher terapon dopingA (x=1.4%)/A(x=0)=0.8 agrees well with
peratures. AT=4.5 K,C for x=0 andx=1.4% exhibitthe the reduction ofTgp. Moreover, the temperature range
same qualitative behavior as a functiontéf Both increase  <Tg,,, showing the simple activated behavior for
strongly as expected from the decrease of the singlet triplet-1.4%, compares well to that found in pure CuGed
(pseudo gap. In the doped compound this increaseCofs  Note that at higher temperatures the decreask céuses an
even larger by a factor of about 1.5 due to a smatlerO  enhanced specific heat. From the linear fit in the left part of
(pseudo gap which has to be compared to tHedependent  Fig. 9 it is also possible to extragt=2J/mole K which is
Zeeman energy. reduced compared to the value found in the pure compound

Similarities of the specific heat for=0 andx=1.4% are (3.6 J/mole K.
also observed when comparing the temperature dependences.Since we have now a reasonable description of the spe-
Though the absolute value @fis much larger in the doped cific heat due to the singlet triplet excitations which was
compound, the temperature derivatives®fre similar for  optained without any assumption f@yop, it is possible to
x=0 and x=1.4%, indicating thatCqy,, does not change separate the different contributions to the specific heat in the
strongly as a function of (see the data foi=0 in Fig. 8.  Zn-doped crystal. The result is shown in the right part of Fig.
This can be used to separate the different contributiod to 9. At low temperatureC4,,~0.05 J/moleK is by far the
Indeed, investigating the temperature derivativeCoft is  |argest contribution, whereas the temperature dependence of
possible to resolve clear consequences of the singlet triplet is determined in the entire temperature range by the two
(pseudo gap for x=1.4%. A corresponding analysis is other contributions. Unfortunately, the above analysis is im-
shown in the left part of Fig. 9. In order to obtain the mag-possible forC in high fields, since corresponding data on
netic contributionCy,,4, We have subtracted the phonon con- CuGeQ show, that there are strong deviations from a simple
tribution BT3(8=0.3 mJ/mol&?) determined for pure activated behavior for the singlet triplet excitations. How-
CuGeQ. Assuming a sum of two contributions ©y.g Of  ever, from our interpretation of thd =0 data and the ob-
the form served field independence of the to@lit is apparent that
external fields strongly suppre€s,,,, since the singlet trip-
let gap decreases. Comparing the field dependenCentéa-

SvhereA denotes the singlet triplépseudd gap andy is a
constant, implies for the temperature derivative

—A/T

Creg_ A

A ~amy 9Cdop
oT T2 ’

aT ©

_ —AIT
Cmag_ ve + Cdopy

(4)
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sured forx=1.4% andx=0 and taking into account the ' ' '
smallerA(H=0) for the doped compound, one estimates a
decrease o€yy,at T~2.5 K of about 30% to 50% in a field

of 10 T.

Considering a disordered quasi-one-dimensional antifer-
romagnet gives a possible interpretation of these findings. Org K\ ¥
the one hand, it has been argued recéftythat solitonlike
domain walls in a SP system and Heisenberg chains with
random exchange constants yield a similar low-energy den-5
sity of states which determines the thermodynamic propertiesg
at low temperatures. On the other hand, it is well known that & °

6 A:
&
T

triction 10

,.,»,
AT
s

. s Cu, Zn GeO
random magnetic exchange parameters cause unusual ter Ix x03
' . . x=1.4%

perature and field dependences of the magnetization and th oK
specific hed? (see also the application to disordered SP sys- sk L _
tems in Refs. 24,25,16In particular, in the low-field and 5«
low-temperature range, the magnetic susceptibility is de- s . . s L -

. _ . . 0 5 10 15 0 5 10 15
scribed by a power lay>T ™" with an exponenv<<1. This Magnetic field (T) Magnetic field (T)

temperature dependence interpolates between that of one di-
mensional chains with homogeneous J, leading xo FIG. 10. Magnetostriction of the lattice constart in
—const, and the behavior of noninteracting spins with a CuCuy 9N 0145€0; measured at different temperatures given in the
rie susceptibility ¢=1). In a system with a randothand a  figure.
distribution functionW(J)—0 for J—0 the divergence of
still exists, but the increase is smaller than in the case of fre
spins, leading to the above-mentioned power law with
<1.

The exponentr measuring the disorder determines also
the field and temperature dependence€.dBulaevskiiet al.

ﬁere,Cmag follows a simpleT? law® due to a new gapless
“phason” mode, which appears as a consequence of the
regular periodic incommensurate modulation of the
dimerization” Related to this change of the excitations,

find2 Cmag @s Well as the magnetic entropy measuring the “mag-
netic disorder” decrease &tp, in pure CuGeQ@ for 2 K
C(T,H=0)xT"” for T—O, =T=8 K. In contrast, this “magnetic disorder” increases
atHp, in the Zn-doped crystal.
cm et 28T e 9 e
B kBT

C. Magnetostriction of Cug ggZNg.0145€05:
Taking a disorder parameter=0.6, these results reproduce The D/l phase transition

the strong field dependence Gy, estimated from our data.  The two properties investigated so far, i.e., the thermal
Moreover, the weak temperature dependendggfabove 2 expansion and the specific heat, do not allow for a detailed
K'is also consistent with this value of as indicated in Fig.  stydy of the field-induced transition from the dimerized to
9. We mention that our measurements of the magnetic sughe incommensurate phase. This is possible by measuring the
ceptibility confirm this descriptiorisee also Ref. 6How-  magnetostriction, i.e., the field dependence of the lattice con-
ever, an unambiguous determinatioruab impossible, since  stant at a fixed temperature. In Fig. 10 the results of these
there are again several contributions. Nevertheless, the cgheasurements along theaxis (Aa/a) of the Zn-doped crys-
culations for a disordered quasi-one-dimensional antiferrotg] with x=1.4% are displayed. Below abb8 K a sharp
magnet reveal a reasonable explanation of the strar/ed  decrease of the lattice constant occurs, signaling a first-order
H dependences @, in the D phase in agreement with the phase transition at a fieltdp,~11 T, which does not
theoretical prediction§* However, we emphasize that our change strongly as a function of temperature. At higher tem-
data neither allow us to determine unambiguously the correperatures this jumplike decrease disappears and instead
sponding temperature dependences nor to extract precise valromalies due to the continuous phase transition between the
ues of the disorder parameter On the one hand, the avail- dimerized and the uniform phase are present for temperatures
able temperature rang& (< T=<Tgg2) is too small. Onthe T<Tg4{0)=11.5 K. In this temperature range both, the
other hand, it is difficult to separate the different contribu-transition fields as well as the total magnetostriction strongly
tions present in bothC and y. decrease with increasinfy For temperatures aboviesg0)
Finally, we shortly comment on a further difference be-there are no phase transitions. The lattice constant now in-
tween the field dependences of the specific heatfod and  creases with increasirtg due to the magnetoelastic coupling
x=1.4%, respectively. At the transition fieldH,) to the in the uniform phase>#443
incommensurate phase, the low-temperature specific heat de- The magnetostriction of the Zn-doped compound shows
creases in pure CuGgOwhereas it increases in the doped many similarities with that of pure CuGgQwhich is dis-
compound(see Fig. 8 In the D phase there is a lar@®,,;,  cussed in detail in Ref. 44. The size of the anomalies is
due to the singlet triplet excitations, sindeis strongly re- reduced due to the smaller spontaneous strain, which is
duced forH=Hp,,. The character of the low-lying excita- closely related to the magnetostrictfdf' below T<g(H
tions changes when entering the | phase in pure CyGeO=0). This relationship reads
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edly differ from those observed in pure CuGg@here the
Mea‘”m‘:gg-xo‘:% 1 eoo | widths of the D/I and /D transitions do not differ
significantly**

Further differences between pure and doped CuGa®
revealed, when comparing the sizes of the field hysteresis
and their temperature dependences. From the peaks of the
field derivatives of the lattice constafstee Fig. 11 we have
extracted the transition fieldsly,, for increasing and de-
creasing H, respectively. At low temperature an hysteresis
AHp,, of about 0.5 T is obtained which is more than a factor
of two larger than in pure CuGeOWith increasing tempera-
ture,AHp,, decreases strongly and foe=6 K the peaks in

the field derivatives of the lattice constant revedHp),
9 10 11 . . .
Magnetic field (T) H) =0. _Th_ere is, however, still a small hystere&s of the magne-
tostriction close to the phase transition. As shown in Fig.

FIG. 11. (a) Magnetostriction of CglgseZN 0143€0; measured  11(c) the transition aff =7 K upon decreasing field is still
along thea direction atT=3.5 K with increasing Q) and decreas- slightly broader, whereas at higher temperatures, e.dl, at
ing (@) field. (b)—(d) Field derivatives of the lattice constaat =8.5 K[Fig. 11(d)], no hysteresis is resolved.
measured with increasingX) and decreasing®) fields at differ- The D/I phase boundary, as extracted from the magneto-
ent temperatures given in the figufe) Transition fields as deter- striction, is also shown in an inset of Fig. 11. Both the tem-
mined from thg pgaks of.the field derivative; of thg lattice constanperature dependence By, as well as that of the hysteresis
a measured with increasingX) and decreasing®) fields. which we observe in the Zn-doped crystal markedly differ
from the corresponding observations in pure Cuga®will
be discussed in the next section.
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V. MAGNETIC FIELD TEMPERATURE PHASE

DIAGRAMS OF Cu ;_,Zn,GeC,
where T, denotes a temperature larger thdggH=0).

Thus, the additional magnetostriction in the spin-Peierls In the preceding section we have only considered data
phase measuregH).*® The differences of the spontaneous measured for the crystal with a Zn doping>of 1.4%. Ther-
strains in Zn-doped and pure CuGgitnhply also a different mal expansion as a function bfas well as magnetostriction
magnetostriction. At low temperatures, e.g.,Tat3 K, a have also been measured for the two other composittons
pronounced increase of the lattice constant is observed in thie 0.66% and=3.3%. For the smaller Zn content we do not
dimerized phase with increasindy This magnetostriction is find any signatures of the AFM order in the temperature
a consequence of the suppression of theleder which we ~ range of our studyT=4 Kin this casg¢ The findings at the
have inferred above from the field dependencexaiinde ~ SPT compare well with those reported above xer1.4%.
(see Fig. 6. Similarly, the decrease of the lattice constantIn Fig. 12 the corresponding phase diagram extracted from
due to the AFM order in the | phase leads to an additionathermal expansion and magnetostriction data is shown. It is
contribution to the magnetostriction at the D/I transition atSimilar to that reported by Fronzes al. for a crystal with a
very low temperatures. We mention that other findings fromslightly smallerx.>® In the upper part of the figure we show
the thermal-expansion data, as, e.g., the broadening of thaur findings along the axis for H||a. Taking into account
U/l transitions, are also confirmed by the magnetostrictiorthe slightly differentg values measured by ESR;”’ the
measurements, when analyzing the data according t67Eq. Same phase diagrams are obtained along the two other lattice
We turn now to the field-driven D/l transition which can- directions and field orientations, as shown in the lower part
not be studied in detail measuring the thermal expansion. Aef Fig. 12. Note that not only the phase boundaries, but also
has been pointed out in several theoretical treatments, impdihe field hysteresis of the D/l transition is the same for the
rities are important for the discussion of this phase transitionthree lattice and field directions, when plotting the data in
It is, for example, argued that the pinning of solitons due toreduced scales.
defects might be the origin of the first-order nature of the D/I  The differences between the findings at the SPT'sxfor
transition usually observed:?> The first-order transition =1.4% andx=0, which we have extracted from the data in
leads to an hysteresis of the magnetostriction and, therefor#he last section, are less pronounced but still present, when
the data in Fig. 10 which were measured with increasinggomparing the data fak=0.66% andx=0. The U/l transi-
field slightly differ from those obtained with decreasing field tions at high fields are again significantly broader than the
as displayed in Fig. 11. With increasing field the transition isU/D transitions at low field¢see below. Moreover, the find-
observed at higher fields on the one hand. On the other hanihgs at the field-driven D/l transition for=0.66% smoothly
the change of the lattice constant occurs in a much smallgnterpolate between those for=0 and x=1.4%. At low
field range, i.e., the D/I transition upon increaskigs much  temperatures the field hysteresis Fbfja amounts to 0.35 T,
sharper than the I/D transition upon decreadthgBoth ob-  whereas 0.15 and 0.5 T are observedXer0 (Ref. 44 and
servations are qualitatively explained, if we assume a pinx=1.4%, respectively. A similar systematic trend as a func-
ning potential for the field induced structural modulation intion of doping is found, when comparing the temperature
the | phase. We emphasize that these hysteresis loops maidependence oAHp,, . For x=0.66% we findAHy, =0 at
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sp

along theb (left) and thec direction for three representative fields.
Lower panel: H,T) phase diagram of GugeZNg 0145€0; as de-
rived from the thermal expansion and the magnetostriction obthe
axis forH||b.Ty is smaller than the lowest temperature accessible in
our experiment for fields below 10 T. The dotted line shown in this
field range represents an upper boundaryTiQr

FIG. 12. Magnetic-field temperature phase diagram of
ClUy 993ZNo.00665€0; as determined from thermal expansion and
magnetostrictior{MS). Upper panelH|a. Inset: D/l phase bound-
ary on an extended scale as determined upon incregésirg and
decreasing[() fields . Lower panel: Phase diagram obtained along

the three lattice directions and field orientations plotted in reduce(iln sections we have shown the data obtained aloncathe
scales. The values are taken from ESR measureméRisfs. 75— 9 R

7. direction of the crystal foH||a. The findings along the two
other directions are very similar, when taking into account

temperatures above 8 K. For the higher Zn content, the twthe differentg values. For the phase boundaries related to the
boundaries merge already at<6 K, whereas in pure SPT there is no resolvable difference as in the cas& of
CuGeQ the magnetostriction reveals a finiteHp,, up to  =0.66%. Moreover, other observations described for the lat-
the Lifshitz point atT=11 K.* Thus, the hysteresis of the tice constant in the preceeding sections are also found for
D/l transition systematically changes with increasing Znthe other lattice and field orientations.
doping. It is worthwhile mentioning that the differences The pronounced additional broadening of the U/l transi-
noted for the D/l phase boundary, which systematically detion does occur for all three lattice directions, as shown by
velop as a function ok in Cu, _,Zn,GeQ;, are also found the representative data in the upper part of Fig. 13. More-
when comparing the findings in pure CuGe®@ith those in  over, forH=0 the low-temperature thermal expansion of all
the organic SP systems MEM(TNQ)(Ref. 78 and lattice constants indicates a further phase transition below
TTF-CuBDT/® In the latter theAHp,, are much larger at =2 K, i.e., thea; do not approach 0. This additional con-
low temperatures=£0.1H,) and disappear for temperatures tribution is suppressed in moderate fields. The behavior we
well below the Lifshitz point. In contrast the hysteresis at thefind for the AFM order observable at high fields is also quali-
D/l transition observed in a third organic SP compound,tatively the same for all three lattice directions. However, for
TTF-AuBDT, is very smalf? In Ref. 80 it was suggested to H|c our data show only the high-temperature part of the
attribute these differences observed for the different organicorresponding anomaly &t=16 T (see upper part of Fig.
SP compounds to a pinning of solitons at defects. This interd3), signaling a slightly smallefly than for the two other
pretation is strongly supported by our findings on Zn-dopedield orientations. This smalleFy is most likely related to
CuGeQ which clearly show a systematic increase of thethe spin-flop transition which is known to occur in the AFM
hysteresis at low temperature with increasing number of dephase for this field orientation, since theaxis is the easy
fects. axis of the magnetizatioh®®°®® In the case of thex

We turn now to the phase diagram of the crystal with a Zn=1.4% sample we cannot directly see this transition due to
doping ofx=1.4% which is shown in Fig. 13. In the preced- the limited temperature range of our experiment. For samples
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' " ' ' ' ' ' change upon doping. In the case of the temperature-driven

sk C"l Xan(}eo3 . “:'43: 1 U/I transition, the main difference concerns the mganing of
: . s MSup the phase boundary. In doped CuGefis transition is
Hilb . v MSdown much broader than the U/D transition, whereas the U/| tran-
) "=‘:’ a ] sition remains sharp in pure CuGgT his field-induced ad-
I . s MSw ditional broadening systematically increases with doping
S lrrtesesa., °s v MSdown | (_see _Fig. 16 beloyv In f[he doped system there is not only a
g e' 'oveoocowwoa s e e n £3. field-induced modulation of the low-temperature structure,
s 3 but also a strong enhancement of disorder. The latter leads to
g’ T 1 a change from a rather well-defined SPT at low fields to a
3 san,,, I U crossover phenomenon at high magnetic fields. Due to these
* Y AL A T qualitative differences of the phase boundariesxfer0 and
05 x=1.4% e . T x=1.4%, respectively, it is difficult to judge whether thep
L Meneveg‘; follow a universal curve. In reduced scales the field depen-
5% V0 dence of the midpoints of the broad anomalies for
ook, o P4 =1.4%, which are shown in Fig. 14, seems to be slightly
(02 04 06 L larger than that off gp for x=0.
0'00,2 04 06 08 1.0 At the third phase boundary, i.e., the D/I transition, we
T (H) /T (0) also find clear differences between pure and doped CyGeO

As mentioned above the hysteresis changes systematically
FIG. 14. Comparison of the H,T) phase diagrams of with increasing Zn concentration. The phase diagram in Fig.
Cly.98ZNo.01£5€0; (full symbolg and CuGe@ (open symbolsin 14 reveals two other differences. Normalized to the corre-
reduced scales. The solid line is based on the theoretical predictiospondingTgg(H=0), theHp,, are larger forx=1.4% than
of Cross(Refs. 35,81 Inset: Comparison of the D/I phase bound- for x=0, i.e.,Hp,, is less suppressed upon doping tiap.
aries in CyggZNo.01450; (closed symbolsand CuGe@ (open  Moreover, the temperature dependence of the transition
symbols in reduced scales. fields differs. In pure CuGe{there is a local maximum of
Hp, at T=8 K, which leads to sequences of sharp phase
with larger Ty, we find this spin-flop transition at fields transitions as a function of temperature for magnetic fields of
below =1.5 T applied parallel to the axis in agreement H=12.5 T (see Ref. 4§ as, e.g., a re-entrance of the in-
with several other studies of doped CuGe®®>®®Neglect-  commensurate modulation with decreasinghe phase dia-
ing this small field anisotropy of the AFM ordered state,gram shows that such D/l transitions with decreasing tem-
which is apparently related to small corrections to the isotroperature do not occur for=1.4% (andx=0.66% see Fig.
pic Heisenberg exchange, we observe the same behavior fep). In the doped compounds none of our measurements,
all three lattice directions. Antiferromagnetism is stronglywhich were performed after cooling in the external field,
enhanced in an external field which is large enough to induceeveals clear signatures of temperature-driven transitions be-
the incommensurate modulation. Moreover, note the oppotween the D and | phases.
site signs of the anomalies ai, and Tgp present for all A local maximum of Hp,, i.e., the sign change of
lattice directions. Both observations indicate a relationshigyH,,, /9T, implies that the entropy jumpA(S) at the D/I
between the dimerization and the AFM order which we will transition changes sign at this temperature as well, since both

discuss in detail below. guantities are related by the Clausius-Clapeyron relation
Concerning the SPT, the phase diagrams for the Zn-doped

compounds X=0.66% andx=1.4%) show the expected AS Y
features in agreement with several previous studies of the anhadpV IHoy
field temperature phase diagrams of  doped AM aT '

CuGeQ 5956454658 Fig 14 we compare quantitatively the
phase diagrams for=0 andx=1.4%. Normalizing the field where AM denotes the jump at the magnetization. This
and temperature axis to the zero-fidllgp we find essentially means that the different temperature dependencék,gfin
the same U/D phase boundary. This corresponds to the theure and doped CuGeQare directly related to the qualita-
oretical prediction of a universal SP phase diagfamt.In- tively different jumps of the specific heat By, (see Fig. 8
deed, the experimental U/D phase boundaries in both, purabove. The increase oHp, with decreasingT in doped
and doped CuGef) do agree well with the theoretical pre- CuGeQ shows again that in these systems the “magnetic
diction. In an external field the D phase is observed up to aisorder” as measured by the entropy always increases at the
Lifshitz point (T, ,H,) with transition temperature$sd0) D/l transition in contrast to that of pure CuGgOrhus, an
>T,=0.77Tg40) independent of doping. The solid line in enhancement of disorder when entering the | phase in doped
Fig. 14, which apparently describes the data very well, iscompounds is not only signaled by the broadening of the U/
based on the theoretical treatment of Cro<s.In summary, transition, but also causes small differences in the D/I phase
there is no evidence that doping significantly affects the U/Dboundary. This refers to the temperature dependenti,gf
phase boundary. This phase boundary is determined blyut also to its absolute value, since the entropy affects the
T<sH0) for both, homogeneous and doped SP systems. field dependence of the free ener@t fixed T). Thus, the
The situation changes when investigating the phaséncrease of disorder at the D/l transition, occurring in doped
boundaries to the incommensurate high-field phase which doompounds only, gives a plausible interpretation of the larger

®
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FIG. 15. Upper panel: Thermal expansiona,(T) of ? 0 " ? 10 "
Cuy 9620 0385€0; along thea axis for different magnetic fields. Temperature (K)
Left: Behavior at the crossover to the SP like state. Right: Anomaly
of a, at Ty. Lower panel: H,T phase diagram of

C led fi howi i - . ) . . . .
U 9672 Mo.0345€0; as revealed from,, showing the field depen bols) for different doping concentrations given in the figure. Note

dence of the well definedy at low temperatures and that of the the different le of th in the t di
broad crossover to the SP like state at higher temperatures. Tha® different scale of thg axes in the two upper diagrams.

hatched area marks the field range with the strongest field depen- .
dence ofa (see text of a, shown in Fig. 1%a) for the 3.3% Zn-doped crystal

clearly shows remainders of the strongly suppressed SPT.

Hp/i ,» which we find when comparing the phase diagrams oMMoreover, the field dependence of the thermal-expansion
doped and pure CuGeg0n reduced scales. anomalies even reveals clear similarities to a SP phase dia-

Summarizing the discussion of the D/I boundary, we findgram. As shown in Fig. 16), the midpoints of the broad
that defects are indeed important for details of this phaseransitions decrease from9.5 K forH=0 to =8 K atH
boundary, as suggested in several theoretical wiirk$®3’ =10 T. Surprisingly, this agrees with the field dependence
The systematic changes of both the size and shape of thehich is predicted by the theoretical curve in Fig. 14 assum-
field hysteresis, give evidence for a pinning of the structuraing a SPT aflsg0)=9.5 K, i.e., even the broad crossover
modulations at the doped defects as suggested in theoreticgems to follow the prediction of Cross. Moreover, assuming
treatments. Moreover, an enhancement of disorder imith this Tgp, One expects a change to the incommensurate phase
creasing field at fixed weems to be a further characteristic for fields above 10 T. Again, the remainders of this change
feature when entering the | phase of doped Cugelhis  are clearly visible in the data for the=3.3% crystal in Fig.
causes differences to the findings in the pure compound, cord5(@). The anomaly at 13 T markedly differs from that at
cerning a field dependent width @%p, the temperature de- H=10T. This concerns its size which is reduced and, in
pendence ofHp, and the absolute value &fy,;, as well. particular, its width, which is much larger in the higher field.

We turn now to our findings for the third Zn-doped The SP phase seems to disappear and, indeed, it is impos-
sample with the highest concentration ®»£3.3%. This sible to reveal a SPT from a single measurement in this high-
crystal does not show a sharp SPT eveHlin0, but a broad field range. Its presence fét=13 T is, however, inferred
crossover to a short-range dimerized phase. Applying a magrom the change o when further increasing the magnetic
netic field further increases the width of the transition asfield. This drastic suppression of the anomalies in the high-
shown in Fig. 16a). Nevertheless, the characteristic field de-field range is not surprising, when taking into account our
pendence ofw, which is related to the suppression of the findings for the smaller Zn content of=1.4%. For x
SPT, is still visible. The decrease af, starting atT  =3.3% the broadening of the transition present already for
=11 K for H=0 weakens with increasing and shifts to H=0 T, adds with the additional broadening at high mag-
lower temperatures. We have also measured a crystal withetic fields which is characteristic for doped CuGeO
much higher effective dopin@% Si. In this crystal no hints Turning back to the field dependence @ffor x=3.3%,
on a SPT are found, i.e., there is no increasexgfwith the data in Fig. 1&) reveal a quantitative change between
increasingH (see Fig. 16 beloy Thus, the field dependence H=10 T and higher fields. However, in contrast with the

FIG. 16. Anomalies of the thermal-expansion coefficiagtin
zero field(open symbolsand in large magnetic fieldglosed sym-
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findings at lower doping it is not possible to extract a D/l important. The field influence fdd||a (andH||b) as well as
phase boundary from the field dependence of the lattice corthe changes as a function of doping described above, are also
stants. The corresponding magnetostriction measurememnssible in our data forH||c besides the additional features
only show a continuous decrease of the lattice constant witdue to the spin flop.
some changes of the curvature which are related to the non- Before we further discuss our findings for the doped com-
linear field dependence af. From these data it is neither pounds in external fields, we shortly compare the presented
possible to derive a qualitative difference between the highphase diagrams to other studies of doped Cudr@xternal
and low-field range, nor to extract any meaningful phasdields. The similarity of the SP phase diagrams to thatdor
boundary. We note that this holds also for a smaller effective=0 was also revealed from magnetization measuremtents
doping of x.4=2.1%(0.7% Si). This latter finding com- and confirmed for both Si- and Zn-doped crystals in more
pares well with diffraction measurements in high magneticdetailed studies, using different experimental techniques
fields performed on a crystal with the same dogihmstead  (see, e.g., Refs. 58,45 ¥é{owever, two reported phase dia-
of a splitting of the superstructure reflections due to an ingrams which are both based on ultrasound measurements
commensurate modulation, which is found fe=0 and contradict the systematic behavior presented here. The two
smallerxq,**®°there is only a pronounced broadening as astudies, which were performed on a Zn-doped crystal with
function of H. According to this finding, the high-field phase x=2% by Saint-Paukt al>’ and on a Si-doped crystay (
for .= 2.1% corresponds rather to a short-range dimerized=0.7%, X.4=2.1%) by Poirieret al.*® reveal high-field
than to a long-range incommensurate phase. phase boundaries which markedly differ from our findings.
Thus for the higher doping=3.3%, both theHd=0 and In this context it is, however, important to note that it is
the high-field phase should be regarded as short-range Bomplicated to discriminate the AFM ordering and the SPT
phases. There is, however, still a decrease of the averaged $Bm the ultrasound measurements, since both cause a de-
order-parameter squakgé\?) as a function ofH, which is  crease of the elastic constant.
most pronounced in the range of fields where the D/l transi- In order to explain a sharp phase transition which occurs
tion takes place in a long-range ordered SP compound withelow =4.5 K for H=10 T, Saint-Paukt al. introduce a
the corresponding gp. new I’ phase’ Moreover, in their phase diagram for
Whereas the SP instability does not lead to any phase2% the | phase disappears ldt=15 T. Based on our
transition in the thermodynamic sense in the crystal with adata, which allow to distinguish unambiguously between
Zn doping ofx=3.3%, a sharp phase boundary is present aAFM and SP transitions, we suggest a reinterpretation of the
T<5 K, signaling long-range AFM order. The correspond-anomalies visible in the elastic constant data. The sharp low-
ing anomalies of the thermal expansion are shown for threéemperature anomaly is not due to a new I’ phase but instead
representative magnetic fields in Fig.(ip Note that it is  has to be attributed tdy which increases fof=10 T as in
very easy to distinguish the AFM transition and the SP in-our samples with larger and smaller The second differ-
stability in the thermal expansion, since the signs of the corence, i.e., the disappearance of the | phase shown in the
responding anomalies differ. It is apparent from Fig(kl5 phase diagram of Saint-Paet al, is not really inconsistent
that the magnetic field has only a small influence on thewith our findings. The well-defined U/I phase boundary dis-
AFM order. The shape of the anomalies @f does not appears already for a smaller Zn contenkef1.4%, which
change significantly. There is, however, a small monotonousxplains the absence of sharp features in high fieldsxfor
decrease of the\a,(Ty) with increasing field. Moreover, =2%. Using exactly the same arguments as above, it is also
small changes of are seen in the data in Fig. . For  possible to explain the qualitative differences between the
small fields, Ty slightly decreases with increasitfjand, at phase diagrams shown here and the phase diagram, Poirier
=6 T, a minimum value offy=4.4 K is found which is et al. present forxez=2.1% (0.7% S). In their work the
about 0.15 K smaller thafiy(H=0). With further increas- sharp anomaly at the AFM order in high fields, which we
ing field, Ty increases again and the largest value, whictclearly find in our crystal with the same stoichiometry, is
amounts to=4.8 K, is found aH=16 T. We mention that attributed to the U/I transitiorf

we obtain similar results fox.g=2.1% (0.7% S), which Following our suggestion and reinterpreting the sharp
show, however, a slightly larger field dependence oflow-temperature anomalies of the elastic constants, leads to a
Ty [Tn(16 T)—Ty(0)=0.7 K]. rather consistent picture for the phase diagrams of doped

Though these field dependencesTof are rather weak, CuGeQ. In particular, at first glance rather surprising fea-
the qualitative behavior compares well with that inferredtures of our data are consistent with other experimental stud-
above forx=1.4%. This concerns the nonmonotonous fieldies. This concerns the strong additional broadening of the U/I
dependence as well as the field range of the strongegthase boundary which can be extracted from the raw data
changes which is close to the transiticcrossover to the  presented in several studi&s!®°->® Moreover, the pro-
high-field SP phase in all cases. nounced increase @t for fields close to the D/I transition is

We emphasize that all above statements concerning th@fter the above reinterpretatiomferred from investigations
field dependence of the AFM order refer to magnetic fieldsfor various (effective defect concentratiorf$:*6-56-58 This
applied parallel to thea axis of the crystals. FoH|c the Ilatter effect is most pronounced for crystals with a small
behavior is more complicated since there is a spin-flop tranteffective) doping, i.e., with a smally at H=0, whereas at
sition forH=<1.5 T, which causes a minimum ®f(H) and  higher doping the field dependence T is only small. Fi-
slightly smallerTy in high magnetic field§see, also, Refs. nally, we mention that, neither from the data on the Zn-
58,14,6. In the context of the present paper, this additionaldoped crystals presented here, nor from our data on a Si-
complication of the field influence on the AFM order is not doped crystal with y=0.7%X.4=2.1%) do we find
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evidence for an unusual AFM state ldt~7 T, which was - ' ' ' '
recently reported in Refs. 45,46 for a Si-doped crystal with a e, Oy 20 GeO, T e 1°
smaller effective doping X~ 1.6%). However, note that 4a0r i ] Ty
this field corresponds roughly to the field with the minimum € | o6s | I Y 1°8
Ty in the compounds with higher doping. Moreover, the -§ T~
nonmonotonous field influence, which we observe for the Znz -+ " 10 &
doping of x=1.4% compares well to the findings of Sera g ., R | CuZnGeo, 2
et a.|.46 § ‘xxb:{% ¢/L(H) S 104 =
g x =21% A %b \d?-w:fig O x=066% *u
N --a- x=14%
-, - Jo.2
VI. DOPING AND FIELD DEPENDENCES: SIMILARITIES %“33%
AND DIFFERENCES ol T o el '

0 4 8 12 16 20 24 © 4 8 12 16
The changes of the thermal expansion or the spontaneou. Magnetic field (T) Magnetic field (T)

strain in Cy_,Zn,GeQy occu.rring as a function of field on FIG. 17. Left: Magnetic-field dependence of the low-
the one han_d _and E,is ,a fL_"_th'on O,f d,Op'r?g on the _Othe_r’ reve"f‘llzmperature spontaneous strain in, CZn,GeO;, (x<1.4%). For
some surprising similarities. This is displayed in Fig. 16’comparison, theH=0 results for higher dopind—-) are also

which comparesy for H=0 and largeH measured on Crys- ghown. Thel(H) for x=0 are extracted from magnetization data
tals with different defect concentrations. Here we show, inRef. 41). Right: Same data normalized to the zero field value.

addition, data obtained on Si-doped compounds, in order to
allow a more detailed discussion of the changes ugffiec-
tive) doping. It is apparent that both a large magnetic field as
well as an increase of strongly suppress the size of the  In Sec. Il we have interpreted the reduction of tHe
anomaly ofa at Tsp and thus reduce the average SP order=0 spontaneous strains upon doping in terms of defect-
parameter squargA?). Note the qualitatively different field induced solitongsee Fig. 3. Several experimental observa-
dependences af for the highesteffective) doping (3% Si, tions indicate that a soliton picture is also applicable when
which does not show any hint on a SPT. The small decreas@iscussing the incommensurate modulation in Cug&d™
of @, in this crystal is probably due to the suppression ofActually, our above analysis uses the result of one of these
AFM correlations with increasingd and/or related to the studies, namely the determination of the correlation leggth
field dependence of the doping-induced specific heat disrom x-ray-diffraction studies close tblp, .**** This sug-
cussed above faxr=1.4%. gests that it is possible to describe botA?(x,H=0)) and
Besides the reduction @A) there are two other striking (A*(x=0H)), with Eq. (2) taking the samet. One then
similarities of the field and doping-induced changesegf ~ expects the samgA?), if the average distance of dopants
IncreasingH as well as increasing cause a change from a €quals the distance between nodes of the dimerization ampli-
rather well defined SPT to a broad crossover. Moreover, théudeL(H)=w/Aq(H) in the | phase, which is given by the
AFM transition appears in the accessible temperature rang@odulation periodAq(H).
for both increasindd and increasing. Before we discuss in Let us contrast this with the experimental observations. In
detail these similarities, we emphasize that there are alsbig. 17 the field and doping dependenceg Af) are com-
clear differences between the field and doping influencespared. Forx=0 we show data measured up to 25'Tie.,
Such differencegand no meaningful similariti¢sare appar- for a large range ot (H). We have indicated the inverse
ent when investigating properties which measure mainly thelistance of the order-parameter nodék(H) in the figure.
magnetic excitations as the specific hésate, e.g., Fig.)8 In the case of doping, the corresponding quantity, i.e., the
But even if we restrict tay, field and doping act differently. distance between solitons fét=0, is given by the concen-
Taking into account not only the shapes and sizes of thé&ation x of Zn atoms. Comparing the data fer=0 at dif-
anomalies but also the transition temperatures, these diffeferentx with the field dependence &at=0, clearly shows that
ences are apparent from Fig. 16 as well. In zero field, therg=c/L(H) does not imply the same squared SP order pa-
are no sharp phase transitions with sizeabte at transition  rameter. Only very close to the D/l phase boundary does a
temperatures well below 10 K. Such transitions do, how-similar distance of order parameter nod&s=c/L(H)] cor-
ever, occur in the high-field rangsee, e.g., the data for  respond to similar values ¢A?(x=0,H)), on the one hand,
=0.66%). Similar sizesand shapesof A« in high and low  and(A%(x,H=0)), on the other hand. However, at higher
fields do not correspond to the saffigs. Thus, a large mag- magnetic fields(A%(x=0H)) saturates at a rather large
netic field does not only increase the disorder, but also revalue, though (H) becomes very small. Such a saturation at
ducesTsp. Vice versa, a strong reduction afe due to a  a finite (A?) is not observed for the reduction ef{H=0)
large field does not necessarily imply a pronounced broaderupon doping.
ing of the transition. Fox=0 the anomalies afgp remain This saturation of A%(x=0,H)) contradicts Eq(2) (Ref.
sharp even in the very large fiel#lsThus, field and doping 41) showing that a soliton descriptiofwith constanté) is
do not act identically and in order to understand the strikingnot applicable in the | phase when considering a large range
similarities in Fig. 16, we have to discuss separately the threef L(H). According to a recent theoretical study which is
observations indicating a relationship between field and dopbased on symmetry arguments, a multiplane-wave Ansatz of
ing dependences, which ai¢ the reduction of A?), (i) the  the form A(x)=Za,cos(mAgx) with m=1,3,5...,i.e., a
broadening of the SPT, ar(di) the increase ofy. periodic modulation containing higher harmonics, is the gen-

A. Reduction of (A2) as a function ofH and x
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eral description of the order parameter in the | phase of purabove. Describing the additional spatial modulation due to

CuGeQ.”® Close to the D/I transition, the higher harmonics the doped defects for smadlby tanh(c/§) using the samég
are important and a spatial modulation of the dimerizatiorin both phases, does already explain our findings. This means
similar to a lattice of domain walls can occur. Indeed, if wethat in both cases defects cause a suppression of the periodic
limit ourselves to this field range, dopmg and field depen.diStOftiOﬂS of the uniform lattice, which are present in the D
dences ofexx(A?) can be described in the same frameworkas Well as in the | phase.
and, remarkably, the corresponding correlation lengths are in In summary, investigating the averaged order-parameter
fair agreementsee Fig. 3 However, in general, there is a square at low temperatures and for smaltioes not reveal
clear difference between field and doping dependences. ANy relationship between doping-induced and field-induced
plying the soliton picture to the | phase at higher fields re-modulations of the dimerization. Whereas an increas& of
veals much smalleg, which, moreover, systematically de- indeed corresponds to a larger number of solitons, the field-
crease withH. The main characteristics of the | phager induced D/I transition should be regarded as a change of the
x=0) is aregular periodicarrangement of order-parameter underlying undistorted_ lattice. Neverthe!ess, a relationship
nodes with a field-dependent period. The spatial modulatioetween field and doping dependences is revealed from our
of A changes continuously with increasikyand, finally, a thermal-expansion data. For example, the U/I transitions and
simple sine-wave modulation with af-independent ampli- the temperature dependences Af) markedly differ in pure
tude is preserft' In contrast,real domain wallsexist in ~ and doped CuGeQ) respectively. A separation of and H
doped CuGe@and the soliton picture reveals a reasonabledependences in terms of E@) is impossible at higher tem-
description of the datﬁfor H:O) also for small distances peratures. Moreover, Flg 16 indicates similarities concern-
between the defects. ing thex andH dependences of the AFM transition. How-
So far, we have compared the | phase of pure CuGeOeVer, the_consi_derations in this section sh_ow that one clearly
with the zero-field data of the doped compounds. The fielghas to discriminate betweerandom domain walls due to
induced D/I transition also causes a drastic reductioppdj ~ doped defects, on the one hand, ediodicorder parameter
in doped CuGe@ For high doping, however, the anomalies nodes due toa Iar_ge magnetic flelq on the other. In Fhe !atter
of the thermal expansion at high fields are extremely smalfase the soliton picture is not applicable when considering a
and, moreover, the low-temperature behavior is masked biarger range of magnetic fields.
the anomalies at the AFM transition. Therefore, it is impos-
sible to extract meaningful values fe(T— 0) in this doping
range. The corresponding data measured at small Zn concen-
trations are displayed in Fig. 17. There is no strong change of
the field dependences efas a function ofx for x<1.4%. The pronounced broadening of the U/l transitions in
The size of the reduction at the D/l transition decrease witldoped CuGe@is a very surprising feature revealed by our
increasingx. This is, however, a consequence of the reducediata. Usually a broad phase transition is attributed to sample
zero-field spontaneous strain only. Indeed, plotting the datinhomogeneities, in particular in a doped compound. How-
on a normalized scale, i.e., dividing tle¢H) by the corre- ever, in the present case the zero- and low-field data on the
sponding zero-field values, a nearly identical curve is obsame crystals clearly show the homogeneity of the samples
tained for 0=x=<1.4% as shown in the right part of Fig. 17. at least for smalk. It is therefore necessary, to find a physi-
The remaining small differences are due to the slightly dif-cal origin of the pronounced broadening of the phase transi-
ferentHp,, . Note that close to the phase boundary the periodions in high magnetic fields.
Ag(H) depends orH and (H—Hp,,), whereas it is deter- Let us start the discussion of this field-induced broadening
mined byH alone at higher field® by investigating the pure compound. Neither the data shown
Ignoring these slight differences close to the phase boundn Fig. 16 nor the thermal-expansion measurements in even
ary the scaling of(H) for differentx means that field and higher fields up to 28 TRef. 4] yield any evidence for an

doping dependences (]A2> at low temperature&ind small increase of the transition width witH. A small broadening
X) are given by of the thermal-expansion anomaly is only found close to the

Lifshitz point due to the enlarged fluctuation regifigyut
(A2(x,H))=(A%(x,0)(A(OH)) (for T—0). (9  with further increasingH, the anomaly sharpens agéit:*

Thus, any explanation of the broad U/l boundary has to in-
The presence afandomdoping-induced domain walls is ir- clude both a high magnetic field>Hp,, and a finite x.
relevant for the suppression OA?(T—0)) which arises due The effects of disorder on the D and | phases have been
to the periodic modulation of the dimerization in the high- considered recently by Bhattacharjeeal. in their theoreti-
field phase. Vice versa, E¢9) means that the incommensu- cal study’® The random substitutions are modeled by ran-
rate modulation of the dimerization is irrelevant when dis-domness in the coefficients of the original Landau Hamil-
cussing the suppression GA?(T—0)) upon doping. Thus, tonian, which describes phenomenologically the U/l and U/D
it is possible to describe the suppression of the | phase ordetransitions. It is indeed found that the effect of disorder is
parameter square in the same way as we did in Sec. Ill fomore severe in the | than in the D phase. The defects do not
the dimerization. The doping dependencesof —0] in the  only suppress locally the amplitude of the order parameter as
| phase at a fixedl (H) is obtained, if we replace the expres- in the D phase. In addition the random impurity positions
sion for the dimerization without defecf§—1)'A,] by a  cause a random phase of the incommensurate modulation.
more complicated one, containing the incommensuratéccording to Bhattacharjeet al. this latter randomness de-
modulation as, e.g., the multiplane-wave expression givestroys the true long-range order of the | ph&5€or small

B. From long-range to short-range order as a function
of H and x
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impurity concentrations there is, however, still quasi-long-given from the required stability of the system. Mostovoy
range order, which explains the presence of Bragg peaks fat al. use this expansion to derive the phase diagram near a
smallx.*>®°Note that the phase randomness is not crucial fomulticritical point with Ty(x)=TsgX), where the consider-
the averaged SP order-parameter square, which we have dition of these leading orders of the free-energy expansions
cussed above, and therefore the additional disorder does nstiffices. The competition between SP andceN&ates is de-
strongly modify the field dependence @?) at low T andx. scribed by the last term in Eq10), which couples the SP

It is, however, straightforward to attribute the additionaland AFM order parameters. As a consequefigedepends
broadening of the thermal-expansion anomalies fbr on the dimerization
>Hp,, to this additional influence of disorder. The absence
of true long-range order does qualitatively explain the ab- c
sence of a true U/l phase transition in the thermodynamic () =TR(0) — EMZ(TN»’ (12)
sense, which is signaled by our data already for moderate
doping. Since the incommensurate modulation is essenti@nd forc>0 dimerization suppresses the AFM state, iTg,
for the above arguments, it is also apparent that the U/I trandecreases with increasin@\?). Vice versa, the same cou-
sitions are much broader than the U/D transitions of the sampling term implies that the dimerization decreases when
sample. As discussed above, an enhancement of disordAE\F,\,I becomes finite below gp. Minimizing e.g., Eqg.(10)
when entering the | phase as a functiontf explains in  with respect toA yields
addition the differences observed for the D/l phase boundary
in doped and pure CuGgO asp c

The presented interpretation of the additional broadening (A%)= b_SP[TgF(X)_T]_b_SPAE\FM (12
of the SPT in large fields is based on the qualitative change
of the structural distortion aHp, . Though this does not for T<Tsp. Consequently, a rich phase diagram is derived
occur as a function ok at H=0, a qualitatively similar from Eq.(10), showing, e.g., a re-entrance into an undimer-
broadening of the SPT as a functionfay occur, since ized state in some regions of disorder strerfgth.
the origin of the disorder is not crucial in this respect. This As revealed by the experiments on doped Cugetbe
explains the corresponding similarity betweermnd H de-  situation in the real system is more complicated. Already for
pendences of the thermal-expansion data in Fig. 16. In ordenoderate doping there is a change from a SPT to a short-
to understand the similarity concerning the change3,of range order phenomenon. The assumpligp~ Ty underly-
we have to expand our discussion which, so far, has onlyng the free-energy expansion in E@LO) is not realized.
considered the structural order parameter. Nevertheless, features predicted from E#§0) are clearly
found in the experiment. For example, it is apparent from
Fig. 16 that the anomaly af at Ty is much larger at doping
] . ) with finite dimerization than for a Si content g&=3%. On

It is well known that long-range N ordering and the he other hand, this latter crystal exhibits the largest specific-
SPT are competing phenomena in quasi-one-dimensional agaat anomaly affy (see also similar results in Ref. ¥5
tiferromagnets. Theoretical treatments for homogeneous SY$howing that the smallek« is not related to the AFM order
tems 3%28"" that AFM order and SPT mutually exclude eadbarameter. The origin of the largdra in the case of coex-
other™”The situation (_:hanges for a disordered SP syst_err]sting SP and AFM transitions is apparent from Eg2).
Neel order and SPT still compete, but now the theoreticalrhare is an additional contribution due to the decrease of the
studies yield also the coexistence of both ordering phenomyimerization. Note that this contribution straightforwardly
ena in azgligggent with the experimental studies on dopegypains the anticorrelation of the signs of the thermal-
CuGeQ.“""** Recently, Mostovoyetal. analyzed the gyxpansion anomalies @kpand Ty, respectively, which we
(x,T) phase diagram of disordered SP sysﬁ?rasd we will  find in all crystals and along all three lattice directions.
use some of their results as a starting point for a phenom- However, a quantitative analysis of our data in terms of
enological interpretation of the field dependencesTgfin Eq. (12), i.e., the determination of the decrease(Af) due

C. Competing spin-Peierls and antiferromagnetic order

doped CuGe@ _ _ to AFM order, is impossible. On the one hand, it would be
Mostovoy et al. consider a Landau expansion of the free yacessary to introduce several parameters, in order to de-
energy of the form scribe (A%(T)) for temperatures well beloWgp, since the

leading orders in Eq(10) are not sufficient. On the other
hand, there is also a significant direct coupling between lat-

tice strains and the AFM order parameteiThis latter con-
b tribution is not only visible for the highly doped crystals with
+ A T—TO(X) A2 ey + —M AL+ C(AZYAZ ) (A%)=0. It is also inferred when comparing quantitatively
2 the large decrease efat Ty with the results from neutron-
(100  diffraction studies which reveal only a moderate decrease of
the dimerization, i.e., of the intensity of the superstructure
whereA andA gy denote the SP and AFM order parameters reflections affy . 18122915
respectively T2, and T, are the bare ordering temperatures, Therefore we restrict the following discussion to the
which represent the doping dependences without a couplinghanges oflTy and will not consider the implications of the
between SP and AFM order parameters. The signs of th&AFM order for the dimerization. The SP order parameter is
constantsagp,aapm »Pspbapy=>0 andc?—bgdary<0 are  taken as an input parameter and the consequencdy, fare

AF=aSF[T—TgF(x)]<A2>+b75P<AZ>2
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L T H, representing the barEE,(H), and an increase due to the
A reduction of(A?) in large magnetic fields.
g i This behavior is sketched in the right part of Fig. 18. In
< small x H ;
y the upper panel we show for two representative concentra-
) tions the field dependence 6A2), using the same scales as
f in the left part of the figure. The field dependenceTgf
v which is then derived according to E(.1) is shown in the

lower part of the figure. The result fits surprisingly well with
our experimental observations. For small fields there is no
significantH dependence ofA?) at T=Ty (see, e.g., Fig.
17) andTy(H) is determined by the decreaseTcR[(H). This
suppression offy as a function ofH was inferred above
from the data foix=1.4% and observed for the higher con-
centrations. The coupling between AFM and SPT becomes

H=0 small x very important for magnetic fields close to the D/I transition,
) S — — which causes a strong decreasd af) (for smallx). In this
U ) 0 ) field range we therefore expect a rather strong increa3g, of
Doping concentration Magnetic field

as we observe fox=1.4% and as reported in the literature
FIG. 18. Schematic illustration of the changesTafdue to the  for crystals with similar effective doping:**®***e note
coupling between SP and AFM order parameters. In the two uppethat in our descriptiofTy is not influenced by a hypothetical
figures representativex (left) and H (righty dependences of (A?(T=0)) which is nearly field independent foH
(A2(x,H)) are sketched. In the two lower figures the corresponding<Hp,, .** Instead we have to considéA?) at Ty. Due to
changes offy obtained from Eq(11) are depicted. For the illustra- the decrease dfgpwith H, this quantity does already change
tion we assume/Ty(x,H)/dx=0, dInTR(x,H)/dH=—0.88%/T,  for fields significantly belowH,, (see the data in Fig.)6in
and an H and x independent coupling ofdTy/(A%=  particular, if the zero fieldTsp is already reduced due to
—1.2TR(x,0)/(A*(0,0)) (see text doping. Correspondingly, the minimuff occurs not di-
rectly at, but belowHp,, .
described with Eq(11). Such a treatment is not only pos-  The different amount of the increase ®f which we
sible for Ty=Tspconsidered by Mostovogt al, but also for ~observe for different compositions follows straightforwardly
Tn<Tsp. The result forH =0 is sketched by the solid lines N the same way. For low concentrations, the zero f&lé)
in Fig. 18. In the upper panel a concentration dependence ¢f Still rather large, which implies a drastic decrease as a

(A?) is depicted which corresponds to our findings at |0qunction of ﬁ?'d (see Fig. 17 In a_bsolute u_nits this field
temperaturesT<Tgp (see Fig. 3. In the lower panel, the dependence is much weaker for higher doping. Thus, at low

corresponding concentration dependenceTf as deter- doping Eq.(11) predicts a much larger increase Ty at the

mined from Eq.(11) is shown. In this schematic representa- D/I transition than for largex. Thesex-dependent field in-

i for simplicit tration-ind d fluences onTy obviously mean that thex(T) phase dia-
ion we assume for simplicity a concentration-indepen enE;rams at zero and large fields markedly differ with respect to

0 : .
Tn(x) which then corresponds @y for very largex with — the AFM phase. This is also sketched in the left part of Fig.
(A%)=0. Due to the increase of the SP order paraméigr, 18 The concentration dependenceTgfis much weaker in
decreases with decreasingand disappears when the sup- high fields than in zero field, since the concentration depen-

pression due to the dimerization exceeds the BgreNote  gence of(A%) is smaller in absolute scalésee upper part of
that a similarH=0 phase boundary is obtained from the Fig. 18.

calculations of Mostovoet al,, which take into account in For largex, AFM order is suppressed by a large field due
addition the temperature dependencéAf) as derived from o the decrease of9(H). With decreasing the zero and
Eq. (10) and a slight decrease f(x) with increasingx. high-field phase boundaries cross and, at intermediate and

Let us now qualitati\{ely discuss our findings asa functionjow doping, a high field enhances AFM order. Equivalently,
of H in a framework similar to Eq(10). In particular, we  the difference of zero- and high-fieltl, systematically de-
take the same expression for the coupling term. To includgreases with increasing This is clearly found in the experi-

the magnetic field in the free-energy expansion describingnents. According to our data the differenci(16T)
the AFM order is straightforward. We replace the bare con-—1,(0) amounts to = 1.5, 0.7, and 0.3 K forx

centration dependencféﬁ(x) by a bare field dependence =1 49, Xetf=2.1%, and x=3.3%, respectively, and,
TR(H).® An estimate for this bare field dependence can beinally, at the largest effective dopingy€3%), Ty de-
taken from the Si-doped crystal with=3%. In this crystal creases wittH.

with  (A?)=0, Ty  decreases monotonously by  We conclude that the observétl dependences ofy as

= 0.6 K/16 T with increasingH. Equation(11) yields an  well as their systematic changes upon doping are reproduced,
additional field dependence for compounds with coexistingf we assume a coupling of SP and AFM order parameters in
SP and AFM order which arises from the suppression of theerms of Eqs(10) and(11). This is shown in the two sche-
SP order paramet«éAz(H,x,TN» with increasingH. Corre-  matic figures in the lower part of Fig. 18. Here we use a
spondingly, the total field dependenceTgf has two contri-  coupling constant which neither depends mor on H.
butions with opposite signs: a small decrease with increasinyloreover, we assume a bafg which does not depend on



6904 B. BUCHNER et al. PRB 59

and decreases slightly witH, as observed at high doping. for H=0. We, therefore, expect that the systematic behavior
Remarkably, these most simple assumptions suffice to obtaiof Ty(H,x), which we find at intermediate and large doping,
a good qualitative agreement with the experiment, indicatingnarkedly changes at low concentrations. One may, for ex-
that Ty(x,H) is indeed determined to a large extent by theample, speculate that the change from a quasi-long-range to
corresponding changes 0A?). It is worthwhile mentioning  a long-range ordered | phase with decreasingee above
that in our description the origin of the changes(#f) is  also modifies the coupling between AFM and SP order-
irrelevant. A qualitative agreement with the data is alreadyparameters in large fields.
obtained, if we treat identically the reduction @?) due to
solitonlike defects upon doping, on the one hand, and that
due to the field-induced modulation fon the other. This Vil SUMMARY AND CONCLUSIONS
leads to the striking similarity of theandH dependences of We have presented a comprehensive study of the thermo-
the thermal expansiofFig. 16, which measures simulta- dynamic properties thermal expansion, specific heat, and
neously bothTy by the corresponding anomaly as well as magnetostriction for a series of €u.Zn,GeQ; single crys-
(A?) by the size of the anomaly at the SPT. tals. With increasing defect concentration we find a drastic
So far, we have only discussed qualitatively the couplingreduction of the averaged SP order parameter sq{#fe
between SP and AFM order parameters. In principlewhich is consistent with the development of solitonlike de-
thermal-expansion data allow also a quantitative determinafects. The correlation length which is obtained from a quan-
tion of the coupling strength in Eq411). However, the error titative description of A%(x)) agrees well with that reported
of the coupling strength, as extractable from our present datdgr the | phase of pure CuGeQ=13.6). Besides the reduc-
is rather large. On the one hand, we cannot follby(H) at  tion of the average SP order parameter, there is a drastic
low doping due to the restricted temperature range of ouincrease of the magnetic specific heat at low temperatures.
measurements. On the other hand, the field dependences datures due to singlet triplet excitations with a reasonable
Ty and(A?) are rather small at high doping. This not only value of the spin gap are still found. Howeve,,4 at low
causes large relative errors, in addition, the bare field depenemperatures is clearly dominated by low-energy excitations
dence and the coupling tA?) are of comparable signifi- which arise upon doping. We have shown that the corre-
cance forTy(H) in this doping range and therefore the as-sponding specific heat changes only weakly withfor
sumption forTy(H) strongly influences the result for the 2.2 K<T=<5 K, but drastically reduces with increasihty
coupling strength. Within the limitations due do these uncerA possible interpretation in terms of disordered AFM chains
tainties, our data are consistent with a field andis presented which agrees qualitatively with theoretical pre-
concentration-independent coupling between SP and AFMlictions for disordered SP systems.
order parameters. This coupling constant is not very large. The decrease ofA?) at low temperatures upon doping
Taking theT— 0 dimerization of pure CuGeQwe estimate correlates with that of spand the relationship between these
a suppression of \ between 5 and 8 K, from the field de- two quantities is identical for Zn and Si-doped CuGeO
pendences ofy and Eq.(11). This value is comparable to Doping suppressg®\?) much stronger thafisp and for low
the maximuniT observed in doped CuGgOThus, our de-  doping Xe;=2.1%) a scaling{A%(T=0))xT3, is derived
scription suggests an AFM phase occurring already for veryrom our data. This observation for doped SP systems corre-
smallx in agreement with recent experimefitd® sponds to the theoretical results obtained for homogeneous
In the context of this section it is worthwhile to mention a SP compounds. The soliton picture wigh=13.6¢ and this
very recent study of Mg-doped CuGg&§ Based on suscep- scaling corresponds to a nearly linear decreasd gf at
tibility measurements it is argued that the SP order parametgymall x which amounts taA Tgp/ Tgp=15x as observed ex-
vanishes abruptly a&=2.3% (X =2). According to Ref.  perimentally.
10 this is accompanied by an abrupt increaseTgf by At higher doping the situation changes. While the suscep-
=0.8 K. This correlation between jumplike changesTgf tibility signals a disappearance of the SPT, our data indicate
and(A?) is qualitatively(and within the large error bars even a change from a well-defined SPT to a crossover phenom-
guantitatively consistent with our description. However, enon with increasing. The characteristic temperature of the
studies of(A?(z)) in Mg-doped CuGe@ are desirable in latter remains high, though the SP order parameter becomes
order to confirm the absence of a short-range order SP-likeery small. A SP-like state is also present for rather high Zn
state forz>2.3%, i.e., a pronounced difference between Zndoping (x=3.3%). At this high doping there is, however,
and Mg doping in this respect. On the other hand, a detailedeither a SPT in the thermodynamic sense, nor a well-
investigation of the coupling between SP and AFM orderdefined phase boundary in the,T) phase diagram of
parameters would be possible. For example, our descriptioQu, _,Zn,GeG;.
predicts a sign change of the high fieldy/JH accompa- From our measurements in high magnetic fields we have
nied by the abrupt vanishing ¢A\?). also derived the influence of defects on the structural modu-
There is a further extension of our measurements sudation of the | phase. ConsideringA\?(T=0)) for small x,
gested by the systematic behavior @f(H,x) for Xes  the reduction upon doping is very similar for the D and |
=1.4%. Extrapolating the observed doping dependencehases. In this dopin@nd temperatudgange we do not find
and/or applying our phenomenological description to smalleany evidence for a connection between doping-induced soli-
doping, we expect strong increaseslgf for magnetic fields tons and the field-induced modulation of the structure.
H=Hp, . Thus, our description predicts that the minimum  Concerning thefl,T) phase diagrams our measurements
doping x,,, showing AFM order significantly decreases in areveal several systematic changes upon doping. These
large field(see Fig. 18 However,x,, is already very small changes are small for the phase boundaries related to the
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SPT. However, a universal SP phase diagram is only founét small fields, AFM order is suppressed, whereas at higher
for the U/D transition in doped CuGgQOThis phase bound- fields an increase of is observed. The minimunty is

ary is identical for crystals with different after dividing observed below the D/I phase boundary, but the changes are
both field and temperature axis Byg(H=0), and, more- most pronounced fad=Hp,, . Moreover, the amount of the
over, agrees well with the theoretical predictions. In contrasincrease Oﬂ'N Systema’[ica"y increases with decreasing dop_
to that, all phase boundaries to the | phase do change UpGRg. we have shown that assuming a coupling between SP
doping. Most of these doping dependences can be straighind AFM order parameters can simultaneously describe this
forwardly interpreted, when taking into account an increasgjg|g dependence ofy, its systematic change upon doping,
pf disorder in this high-field phase. This additional disorderas well as the concentration dependencd gfat H=0.

is a consequence of a random order-parameter phase which several issues raised in this paper could be further clari-
is only relevant in the | phase. This explains qualitativelyfieq by additional studies, both theoretically and experimen-
that the anomalies at the U/l transitions are much broadeg)ly. At present it is not clear to which extent the interchain
than those at the U/D transitions in the same crystal. Moregoypling affects the spatial modulation of the dimerization
over, enhanced disorder in the | phase could also give rise tgue to the solitonlike defects. Moreover, we cannot judge
the slight increase of the transition fielty,, with increas-  from our present data, whether the short-range SP-like phase
ing x which we observe when plotting the data in normalized;, Cu,_,Zn,Ge0; at large dopingx=3% is a property of a
scales. Finally, the enhancement of disorder at the fieldsompound with random defects or related to local variations
induced transition from the D to the | phase at fint@xX-  of the Zn content. Further studies for otheand other dop-
plains that doped and pure CuGgéxhibit qualitatively dif-  ants could clarify this issue. Further systematic studies are
ferent temperature dependences Hof,, or, equivalently, giso desirable in order to understand the behavior of the spe-
different signs of the entropy jumps B, at low tempera-  cific heat in doped CuGeQ This refers to the doping-
tures. In addition, we find a systematic doping-dependenfyduced excitations visible at low temperatures but also to
change of the hysteresis of the D/l transition. At low tem-ine strong suppression and broadening of the anomalyat
peraturesAHp, increases withx which indicates a pinning  jn moderate external fields <Hp,, . Finally, an extension

of the incommensurate modulation due to defect-inducegy gy study ofTy(H) to smaller doping and lower tempera-
disorder. However, the opposite trend is found at high temyres would be very interesting. Probably the systematic be-
peratures. The temperature range, showing a clear hysteresjgyior of Ty(H,X), which is the basis of the phenomenologi-
of transition fields, systematically decreases with increasingg) description presented here, changes markedly when
doping and the signatures of the first order D/I transitionsdecreasing the doping. The rather lar§ig at high fields

disappear already for a moderate dopiag=2.1%. A poS-  \yhich are extrapolated for smadtfrom our findings are very
sible origin is again thél-dependent enhancement of disor- unlikely to occur.

der at the D/l transition, since at high temperature and/or
high doping there is neither true long-range nor quasi-long-
range order in the | phase of doped CuGeO

Pronounced systematic changes upon doping are revealed
in the (H,T) phase diagrams with respect to the AFM order. We thank F. Schafeld, E. Muler-Hartmann, G. Uhrig,
At very high doping with completely suppressed SPT, thereand, in particular, M. Mostovoy for fruitful discussions. This
is a small monotonous decrease Tf. All crystals with  work was supported by the Deutsche Forschungsgemein-
finite (A%) show a nonmonotonous field dependenc@f  schaft through SFB 341.
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