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Coexistence of spin-Peierls and antiferromagnetic Ne´el states in doped CuGeO3:
A magnetic-phase-diagram approach
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The magnetic-phase diagram of Cu12xZnxGeO3 crystals is obtained with an ultrasonic velocity measure-
ment. As the concentrationx is increased both a limited spin-Peierls~SP! order and an antiferromagnetic~AF!
order are observed. The AF state is identified through an additional elastic anomaly: its symmetry is ortho-
rhombic with the easy axis along the chain direction. The SP state is clearly identified via a well-defined
anomaly at low concentrations only: it is, however, revealed by pretransitional elastic fluctuations for all
crystals. From the general aspect of the magnetic phase diagram, we establish that there is coexistence of the
SP and AF order at low temperatures.@S0163-1829~97!01414-8#
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I. INTRODUCTION

Many theoretical and experimental studies have rece
been devoted to the first inorganic spin-Peierls~SP! com-
pound CuGeO3. The coexistence of the SP state and lon
range antiferromagnetic order~AF! in Zn ~Refs. 1–6! and Si
~Refs. 7–9! doped crystals has, in particular, attracted a lot
attention since it was concluded theoretically that this can
occur at the same time in a unique phase.10 Evidence for the
coexistence of the lattice dimerization and the AF order
however been revealed by neutron-diffraction experime
both superlattice peaks and magnetic Bragg peaks are
served below the Ne´el temperature (TN) in
Cu12xZnxGeO3 with x50.02–0.06 ~Ref. 4! and in
CuGe12xSixO3 with x50.007~Ref. 9!. Very recently it has
been showed theoretically with a phase Hamilton
technique11 that a disorder-induced AF order is possible
the SP system CuGeO3 doped with Si and Zn. Following
this approach the average magnetic moment on the Cu
is reduced, a result which is consistent with the neutr
diffraction study of Haseet al.3

The investigation of the magnetic phase diagram of do
SP crystals can help to determine the effect of doping on
magnetic interactions and to understand the competition
tween the SP and AF Ne´el states. It has been argued,12 for
example, that enhanced limitation of the SP order is found
the Si compounds due probably to strong structural diso
caused by the strain field of the substituent. It is thus imp
tant to observe the effects of this structural disorder on
magnetic phase diagram and to evaluate the differences
tween Si- and Zn-doped crystals. At present, there seem
be a significant difference in the magnetic excitations
tween the Zn-doped and Si-doped CuGeO3, although these
two systems have many common magnetic properties. T
has been shown recently by Haseet al.13 using electron spin
resonance~ESR! where AF spin-wave excitations were o
served at the magnetic-zone center. We reported rece8

the doping effects on the magnetic phase diagram
550163-1829/97/55~13!/8324~6!/$10.00
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CuGe12xSixO3 with x50.007 and 0.01. The diagram wa
similar to the one obtained for pure SP compounds: it c
tained additional AF states below 4 K, among which a sp
flop ~SF! phase for the magnetic field oriented along t
chain axis, but a coexistence of SP and AF states could
be established.

We report in this paper the magnetic phase diagram
Cu12xZnxGeO3 single crystals withx covering the useful
concentration range. The diagrams are obtained by inve
gating the elastic anomalies in the ultrasonic velocity occ
ring at the magnetic-phase transitions. Our results confi
that the structural disorder is less severe in Zn-doped crys
and that an AF Ne´el state with orthorhombic anisotropy i
established and coexists with a limited SP state.

II. EXPERIMENT

The Cu12xZnxGeO3 single crystals withx50, 0.006,
0.015, 0.032 and.0.05 were grown from the melt by a
floating zone method associated to an image furnace.14,15The
determination of the Zn content was made by inductiv
coupled plasma atomic emission spectrometry~ICP/AES!.16

The crystal shape is a cylinder several cm long with an
liptical cross section. Since the crystals cleaved readily al
the ~100! plane, the orthorhombic axesb and c are easily
identified to the minor and major axes of the elliptical cro
section, the orthogonal direction being thea axis. We iden-
tified in previous experiments17 that the elastic constan
C33 showed the strongest anomalies at the SP transition.
obtained by measuring the velocity of ultrasonic longitudin
waves propagating along thec axis. This velocity is mea-
sured with a pulsed acoustic interferometer yielding a se
tivity in velocity variation better than 1 ppm. The longitud
nal waves are generated at 30 MHz and odd overtones
36° Y-cut coaxially plated LiNbO3 piezoelectric transducer
bonded to the crystal faces with GE Silicon Sealant. In t
frequency range the ultrasonic velocity is not dependent
frequency: all the data reported in this paper were obtai
around 100 MHz. Parallel faces perpendicular to the app
8324 © 1997 The American Physical Society



o
h

a

n

a

e
a
t

d
e

e
m

e
the
b-

de-

the

ller.
ng
etic
a-

a
of

K.

at
n,
ob-

to be
ran-

ined
ld
fixed

-n

55 8325COEXISTENCE OF SPIN-PEIERLS AND . . .
priate propagation direction are obtained after delicate p
ishing of the crystal with diamond paste. Propagation lengt
around 5 mm are typically used in each experiment. Th
crystal is mounted at the end of a calorimeter head which c
be oriented easily in the magnetic field supplied by a 14
superconducting magnet. Helium exchange gas is used
sample thermalization. The temperature is monitored a
stabilized with a LakeShore Controller and two sensors:
capacitance sensor for magnetic field measurements is c
brated with a Si diode in zero field.

III. RESULTS

The elastic constant C33 has an anomalous temperatur
dependence between 20 and 300 K due to an important m
netoelastic coupling between the magnetic chains and
phonons.18 This anomalous character is not a precursor of th
SP transition since it is found in heavily doped~Si, Zn! crys-
tals for which the transition is absent.19 Above 20 K the
ultrasonic velocity is identical for all the studied Zn-dope
crystals. Differences are only observed in the vicinity of th
magnetic transitions below 20 K as it can be seen in Fig.
where the relative variation of the velocity is shown. In th
pure crystal, as reported in Ref. 8, the velocity softens fro
22 K down toTSP514.5 K where an abrupt decrease is ob
served. In these ultrasonic experimentsTSP is defined as the
temperature where the variation of the velocity is the large
~maximum slope indicated by arrows in Fig. 1!. Below TSP
the velocity stiffens with a temperature dependence typic

FIG. 1. Relative variation of the ultrasonic velocity as a functio
of temperature for Cu12xZnxGeO3 single crystals.TSP andTn in-
dicate, respectively, the SP and AF transition temperatures. Ins
Concentration phase diagram: susceptibility~black squares! from
Ref. 1, neutron scattering~dotted line! from Ref. 4.
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of an order parameter. For thex50.006 crystal the velocity
softens at lower temperature andTSP is shifted down to 13.5
K; the abrupt decrease atTSP is somewhat larger than in th
pure crystal but the stiffening at lower temperature is
same. A very weak slope variation of the velocity is o
served below 3 K in agreement with the growth of an AF
state. For higher concentrations the overall temperature
pendence of the velocity is modified. Forx50.015, in addi-
tion to the softening occurring at lower temperatures,
decrease atTSP is less abrupt and somewhat smeared:TSP is
shifted to 11 K and the amplitude of the decrease is sma
A stiffening is again seen below 10 K but a further softeni
takes place at lower temperature where another magn
transition occurs atTN ~defined as the maximum slope vari
tion!. For a higher concentration~0.032!, the smearing of the
SP transition is so important that it is difficult to define
clear transition temperature. If we use the inflection point
the curve shown in Fig. 1, we evaluateTSP57.561.0 K. On
the other hand, the AF transition is well established at 4.4
For x.0.05 ~but less than 0.1 which is the nominal value!,
the SP transition has disappeared: a small stiffening
T52.560.5 K, probably a remnant of a magnetic transitio
is observed. In the inset of Fig. 1 we plotted the values
tained forTSPandTN as function of the concentrationx. We
added for comparison susceptibility1 and neutron-diffraction4

data: the agreement is excellent. The SP state seems
maintained up to high concentrations and the magnetic t
sition observed atTN is associated with an AF Ne´el state.
This will be discussed now more thoroughly.

For each crystal the magnetic phase diagram is obta
by following the anomalies observed in the velocity for fie
sweeps at fixed temperature and temperature sweeps at

FIG. 2. Magnetic phase diagram for Cu0.994Zn0.006GeO3: Huuc
~circle! andHuua ~square!; white and black for increasing and de
creasing field, respectively.
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8326 55FRONZES, POIRIER, REVCOLEVSCHI, AND DHALENNE
field. For fields oriented along thea andb axes, the phase
diagrams are practically identical, the location of the ph
boundaries differing only according to the relevantg factor.
Only data obtained along thec and a axes~the chain axis
beingc) will thus be presented in the following. The pha
diagram for thex50.006 crystal is presented in Fig. 2. It ha
all the characteristics of a typical SP phase diagram. Th
boundaries separating the three phases, the dimerized~SP!,
the magnetic (M ), and the uniform (U) phases, are identi
fied. Compared to the pure crystal,20 the SP-M line is located
at a lower field~just below 12 T! and it represents a first
order transition since a subtantial hysteresis is observed~the
other transition lines are second order!. As the critical point
is approached, the transition becomes progressively of
ond order. The main effect of light doping of CuGeO3 by Zn
is thus a reduction of the temperature and field scales o
which the SP state is observed. As indicated in Fig. 1
small anomaly in the velocity occurs below 3 K in zero field;
this anomaly is modified by the magnetic field when it
oriented along thec axis. These results were not added to t
phase diagram because the anomaly is not well chara
ized. We believe however that this reveals the growth of
AF state.

We present in Fig. 3~a! the relative velocity variation as
function of temperature at fixed field values~oriented along
the c axis! for the x50.015 crystal. It is clear from this
figure that the elastic anomalies are highly modified by
magnetic field and a different magnetic phase diagr
should be expected. The diagram is shown in Fig. 4.
T.4 K the lines of a typical SP phase diagram are ide
fied. We believe that the SP-M line centered at 9.5 T extend
below 2 K as indicated by the dashed line; this will be di
cussed later. Moreover, other boundary lines are obse

FIG. 3. Relative variation of the ultrasonic velocity fo
Cu0.985Zn0.015xGeO3: ~a! temperature sweeps at fixed magne
field: 0, 2, 4, 6, 8, 10, 11, 12, and 14 T~the arrow indicates the
increasing field!; ~b! field sweep atT51.75 K.
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below 4 K. For the field oriented along thec axis, a horizon-
tal line centered just over 0.5 T is added. This transition
shown in Fig. 3~b! where a field sweep at 1.75 K reveals
sharp peak around 0.6 T. Such a dependence is typical
spin-flop~SF! transition:8 the spins are aligned preferential
along thec axis in zero field and atHSF they flop along a
perpendicular direction. For this crystal the temperat
range over which the SF transition is observed being
small, we will postpone a more complete characterization
the study of the next crystal.

When x50.032 the SP transition can only be identifie
through the velocity softening below 12 K and a slight slo
variation around 7 K when the AF Ne´el transition gives rise
to a clear anomaly just above 4 K asindicated in Fig. 1. We
doubt that the softening below 12 K can be related to
fluctuations since the temperature range over which they
tend is too large~4–12 K! compared to the Ne´el temperature.
Because the SP transition is not clear enough for this crys
we will present only the low temperature phase diagram. T
velocity variation as a function of temperature at fixed fie
~oriented along thec axis! is presented in Fig. 5. The shap
of the anomaly is not modified very much as the magne
field is varied from 0 to 14 T. This means that the nature
the AF state is maintained over the magnetic field range.
phase diagram is shown in Fig. 6. For both field orientatio
the AF-SP~?! boundary is a vertical line up to 8 T: for highe
field values the critical temperature increases weakly up
14 T. ForHuuc, the vertical line is shifted down by 0.3 K
because a spin-flop~SF! transition occurs around 1 T. Th
inset of Fig. 6 shows the critical point region. This diagra
is consistent with an easy axis along the chain directionc
axis!. The angular dependence of the SF field,HSF, is shown
in Fig. 7. When the field is moved away from the easy ax
HSF grows easily to 2.5 T for an angle of 40° along theb
direction but it stays pinned to 1 T up to 25°along thea
direction. This behavior also observed for th

FIG. 4. Magnetic phase diagram for Cu0.985Zn0.015GeO3: Huuc
~circle! andHuua ~triangle!. The dashed line is an extrapolation o
the SP-M line.
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55 8327COEXISTENCE OF SPIN-PEIERLS AND . . .
CuGe0.993Si0.007O3 crystal8 is consistent with orthorhomic
anisotropy as determined by Haseet al.:13 easy axis along
c, intermediary axis alonga, and hard axis alongb.

The last crystal withx.0.05 shows also an anomalou

FIG. 6. Magnetic phase diagram for Cu0.968Zn0.032GeO3: Huuc
~circle! andHuua ~square!. Inset: critical point region.

FIG. 5. Relative variation of the ultrasonic velocity fo
Cu0.968Zn0.032GeO3. Temperature sweeps are at fixed magne
field.
behavior below 19 K. In Fig. 8 we compare the temperat
dependence of the velocity variation at 0 and 14 T. T
velocity being practically field independent above 12 T, t
14 T curve represents a reference curve which is free
magnetic transition effects. From this figure it is thus po
sible to assert that a magnetic transition is occurring aro
2.5 K where a stiffening is observed; this value ofTN yields
a concentrationx around 0.075~smaller than the nomina
value 0.1 as expected! according to the inset shown in Fig. 1
At higher temperatures the softening is likely related to
fluctuations since they are observed up to 17 K, a temp
ture too high to be associated to the magnetic transition.

FIG. 8. Relative variation of the ultrasonic velocity fo
Cu12xZnxGeO3, x . 0.05. Temperature sweeps at fixed magne
field.

c

FIG. 7. Angular dependence of the spin-flop fieldHSF for
Cu0.968Zn0.032GeO3.
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IV. DISCUSSION

The ultrasonic velocity data presented in the preced
section are particularly revealing to understand the effect
doping in the SP compound CuGeO3. The growing of a
long-ranged AF Ne´el state is clearly established for interm
diate concentrations together with the progressive shift of
SP transition to lower temperatures. In Fig. 9 we show
relative softening of the velocity due only to the magne
transitions: these data were obtained from Fig. 1 by subtr
ing the normal elastic behavior given by the 14 T cur
(x.0.05) of Fig. 8. For each crystal, the substantial soft
ing observed below 20 K is indicative of pretransitional S
fluctuations. A clear SP transition, in the thermodynam
sense, occurs only forx,0.032. According to x-ray diffuse
scattering experiments,12 the 3D long-range SP modulation
suppressed for a fraction of a percent of Si or Zn substitu
We thus believe that the temperature dependence of the
tic anomaly belowTSP and the smearing of the transition a
x is increased are consistent with a short-range-ordered
in Zn-doped crystals. Among these compounds,x50.032
seems to constitute a limiting value of the concentrat
where a transition to an ordered SP state~short-range! ceases
to occur. For this value ofx, the temperature range ove
which the pretransitional fluctuations are observed exte
down toTN where the long-range AF state appears. This is
contrast with the neutron scattering data of Sasagoet al.4

who suggest that the SP state in 2% and 4% Zn-doped c
tals is long range in nature with aTSP around 10 K.

Before examining the question of the coexistence of
SP and AF states in these crystals, it is worthwhile to co
pare the doping effects of Si and Zn. The magnetic ph
diagram of a CuGe0.993Si0.007O3 crystal has been obtaine
previously with the same ultrasonic technique.8 When com-
pared to the diagram of Cu0.994Zn0.006GeO3 ~Fig. 2!, it

FIG. 9. Magnetoelastic contribution to relative variation of t
ultrasonic velocity for Cu12xZnxGeO3 as a function of tempera
ture. Symbols are defined in Fig. 1.
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seems clear that doping effects are stronger in Si-doped c
tals: the AF state is established at a lower concentration
the shift inTSPis larger. For this Si-doped crystal, the boun
ary line between theM phase and the AF and/or SP phases
clearly observed. Moreover the AF part of the diagram
very similar to the diagram shown in Fig. 6 for th
x50.032 concentration. It thus seems likely that the diagr
of CuGe0.993Si0.007O3 is constructed from a superposition o
two different diagrams: one is the typical SP diagram who
example is given in Fig. 2 for thex50.006 Zn crystal, the
other being the AF Ne´el diagram of Fig. 6. A different su-
perposition of these diagrams is observed in Fig. 4 for
x50.015 Zn crystal: the abrupt slope variation of the AF-S
vertical line indicates the crossing of the SP-M line centered
at 9.5 T and extending below 2 K. This extension of the S
M line below 2 K is a sensible assumption, although it ha
not been experimentally determined since lower tempe
tures could not be attained with our ultrasonic setup. In F
6 the vertical boundary line presents also a change of s
~absent for the Si-doped crystal since the AF-SP line mer
with theM -U line! at 8 T: we believe that this is an add
tional indication of the presence of the SP state.

The magnetic phase diagrams of Zn-doped CuGeO3 crys-
tals are consistent with a coexistence of the SP and AF st
as it has been suggested in neutron-diffract
experiments.4,9 They are also consistent with a limitation o
the SP order~short-range! for both types of doping with an
enhancement for the Si compounds as previously sugge
by Schoeffelet al.12 There is however a question that st
has to be answered: can a macroscopic phase separatio
plain the coexistence of these two ordered states? Altho
the homogeneity and the Zn content were scrutinized, we
not check the crystals for a possible phase separation s
such an analysis is difficult to perform because of the v
low Zn content. On the other hand, if such a separation
occurred, our grown crystals would have been of a poo
quality than the one obtained, which is comparable to
pure CuGeO3. Finally, if we examine carefully the AF par
of the various diagrams, the change of curvature of the v
tical line around 9 T~Fig. 4! suggests a coupling between th
two ordered states: a phase separation is thus unlikely.

V. CONCLUSION

We reported in this paper that Zn doping limits the S
order in CuGeO3 in a more severe way than Si. From a
observation of the magnetic phase diagrams of Zn-do
crystals with different concentrations we observed that,
though an AF Ne´el state with orthorhombic anisotropy ha
clearly settled over a wide concentration range, a limited
order is definitely established and coexists with the AF sta
This assumption is consistent with the presence of SP fl
tuations in all studied crystals and with the fact that the m
netic phase diagram looks like a mere superposition of
and SP diagrams. These results are in excellent agree
with neutron-diffraction experiments.
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