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Coexistence of spin-Peierls and antiferromagnetic N states in doped CuGeQ:
A magnetic-phase-diagram approach
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The magnetic-phase diagram of CyZn,GeO; crystals is obtained with an ultrasonic velocity measure-
ment. As the concentratianis increased both a limited spin-Peief®P order and an antiferromagnetisF)
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 temperaturgS0163-18207)01414-§

[. INTRODUCTION CuGe,_,Si O3 with x=0.007 and 0.01. The diagram was
similar to the one obtained for pure SP compounds: it con-
Many theoretical and experimental studies have recentlyained additional AF states below 4 K, among which a spin-
been devoted to the first inorganic spin-Peid®® com- flop (SF phase for the magnetic field oriented along the
pound CuGeQ. The coexistence of the SP state and |ong.chain axis, but a coexistence of SP and AF states could not
range antiferromagnetic ordéiF) in Zn (Refs. 1-¢and Si ~ be establisheO_l- _ _ .
(Refs. 7-9 doped crystals has, in particular, attracted a lot of  We report in this paper the magnetic phase diagram of
attention since it was concluded theoretically that this cannofU1-xZNxG€0s single crystals withx covering the useful
occur at the same time in a unique ph¥%Evidence for the ~concentration range. The diagrams are obtained by investi-
coexistence of the lattice dimerization and the AF order ha§2ing the elastic anomalies in the ultrasonic velocity occur-

however been revealed by neutron-diffraction experimentsr:Ing at the magnetic-phase transitions. Our results confirm

both superlattice peaks and magnetic Bragg peaks are ng_at the structura[dlsorder is less severe m_Zn-d_oped cry_stals
. and that an AF Nel state with orthorhombic anisotropy is
served below the N& temperature Ty)

Cu,_Zn,GeO; with x=0.02-0.06 (Ref. 4 and in established and coexists with a limited SP state.

CuGe,_,Si,O3 with x=0.007 (Ref. 9. Very recently it has
been showed theoretically with a phase Hamiltonian
techniqué? that a disorder-induced AF order is possible in  The Cy_,Zn,GeO; single crystals withx=0, 0.006,
the SP system CuGeQdoped with Si and Zn. Following 0.015, 0.032 and>0.05 were grown from the melt by a
this approach the average magnetic moment on the Cu sité®ating zone method associated to an image furhat&The
is reduced, a result which is consistent with the neutrondetermination of the Zn content was made by inductively
diffraction study of Haset al3 coupled plasma atomic emission spectromét&P/AES. 16

The investigation of the magnetic phase diagram of dopedhe crystal shape is a cylinder several cm long with an el-
SP crystals can help to determine the effect of doping on théiptical cross section. Since the crystals cleaved readily along
magnetic interactions and to understand the competition behe (100 plane, the orthorhombic axds and c are easily
tween the SP and AF Neéstates. It has been arguEdior  identified to the minor and major axes of the elliptical cross
example, that enhanced limitation of the SP order is found irsection, the orthogonal direction being theaxis. We iden-
the Si compounds due probably to strong structural disordetified in previous experiments that the elastic constant
caused by the strain field of the substituent. It is thus imporC 33 showed the strongest anomalies at the SP transition. It is
tant to observe the effects of this structural disorder on th@btained by measuring the velocity of ultrasonic longitudinal
magnetic phase diagram and to evaluate the differences beraves propagating along the axis. This velocity is mea-
tween Si- and Zn-doped crystals. At present, there seems sured with a pulsed acoustic interferometer yielding a sensi-
be a significant difference in the magnetic excitations bedivity in velocity variation better than 1 ppm. The longitudi-
tween the Zn-doped and Si-doped CuGe@lthough these nal waves are generated at 30 MHz and odd overtones by
two systems have many common magnetic properties. Thi86° Y-cut coaxially plated LINbQ piezoelectric transducers
has been shown recently by Hasteal 1® using electron spin  bonded to the crystal faces with GE Silicon Sealant. In this
resonancédESR where AF spin-wave excitations were ob- frequency range the ultrasonic velocity is not dependent on
served at the magnetic-zone center. We reported reentlyrequency: all the data reported in this paper were obtained
the doping effects on the magnetic phase diagram oéround 100 MHz. Parallel faces perpendicular to the appro-
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FIG. 2. Magnetic phase diagram for §482Zn.00dGe0s: H||c
FIG. 1. Relative variation of the ultrasonic velocity as a function (Circle) andH||a (squarg; white and black for increasing and de-
of temperature for Cy_,Zn,Ge0; single crystalsTspand T, in-  creasing field, respectively.

dicate, respectively, the SP and AF transition temperatures. Inset:f d F 0.006 I th loci
Concentration phase diagram: susceptibilityack squaresfrom Of an order parameter. For t -~ ‘?rySta the velocity
Ref. 1, neutron scatteringlotted ling from Ref. 4. softens at lower temperature agpis shifted down to 13.5

K; the abrupt decrease @tpis somewhat larger than in the

priate propagation direction are obtained after delicate polPure crystal but the stiffening at lower temperature is the
ishing of the crystal with diamond paste. Propagation length§@me. A very weak slope variation of the velocity is ob-
around 5 mm are typically used in each experiment. Thé€erved belw 3 K in agreement with the growth of an AF
crystal is mounted at the end of a calorimeter head which caftate. For higher concentrations the overall temperature de-
be oriented easily in the magnetic field supplied by a 14 TPendence of the velocity is modified. Por0.015, in addi-
superconducting magnet. Helium exchange gas is used féion to the softening occurring at lower temperatures, the
sample thermalization. The temperature is monitored andecrease afspis less abrupt and somewhat smearkgk is
stabilized with a LakeShore Controller and two sensors: #hifted to 11 K and the amplitude of the decrease is smaller.
capacitance sensor for magnetic field measurements is caft stiffening is again seen below 10 K but a further softening
brated with a Si diode in zero field. takes place at lower temperature where another magnetic
transition occurs aty (defined as the maximum slope varia-
tion). For a higher concentratioi®.032, the smearing of the
SP transition is so important that it is difficult to define a
The elastic constant £ has an anomalous temperature clear transition temperature. If we use the inflection point of
dependence between 20 and 300 K due to an important magie curve shown in Fig. 1, we evalualgp="7.5+1.0 K. On
netoelastic coupling between the magnetic chains and thine other hand, the AF transition is well established at 4.4 K.
phononsl.8 This anomalous character is not a precursor of thé=or x>0.05 (but less than 0.1 which is the nominal value
SP transition since it is found in heavily dopési, Zn) crys-  the SP transition has disappeared: a small stiffening at
tals for which the transition is absehtAbove 20 K the T=2.5+0.5 K, probably a remnant of a magnetic transition,
ultrasonic velocity is identical for all the studied Zn-dopedis observed. In the inset of Fig. 1 we plotted the values ob-
crystals. Differences are only observed in the vicinity of thetained forTgpand Ty as function of the concentration We
magnetic transitions below 20 K as it can be seen in Fig. ladded for comparison susceptibifignd neutron-diffractich
where the relative variation of the velocity is shown. In thedata: the agreement is excellent. The SP state seems to be
pure crystal, as reported in Ref. 8, the velocity softens frommaintained up to high concentrations and the magnetic tran-
22 K down toTgp=14.5 K where an abrupt decrease is ob-sition observed afy is associated with an AF N¢ state.
served. In these ultrasonic experimefity is defined as the This will be discussed now more thoroughly.
temperature where the variation of the velocity is the largest For each crystal the magnetic phase diagram is obtained
(maximum slope indicated by arrows in Fig.. Below Tsp by following the anomalies observed in the velocity for field
the velocity stiffens with a temperature dependence typicasweeps at fixed temperature and temperature sweeps at fixed

Ill. RESULTS
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FIG. 3. Relative variation of the ultrasonic velocity for ihe SPM line.

Cug 98N 01xGe0;: () temperature sweeps at fixed magnetic
field: O, 2, 4, 6, 8, 10, 11, 12, and 14 (the arrow indicates the below 4 K. For the field oriented along tleeaxis, a horizon-
increasing field (b) field sweep alf =1.75 K. tal line centered just over 0.5 T is added. This transition is
shown in Fig. 8b) where a field sweep at 1.75 K reveals a
field. For fields oriented along thee andb axes, the phase sharp peak around 0.6 T. Such a dependence is typical of a
diagrams are practically identical, the location of the phasepin-flop(SP transition® the spins are aligned preferentially
boundaries differing only according to the relevantactor.  along thec axis in zero field and atl g they flop along a
Only data obtained along the and a axes(the chain axis perpendicular direction. For this crystal the temperature
beingc) will thus be presented in the following. The phaserange over which the SF transition is observed being too
diagram for thex=0.006 crystal is presented in Fig. 2. It has small, we will postpone a more complete characterization to
all the characteristics of a typical SP phase diagram. Threthe study of the next crystal.
boundaries separating the three phases, the dime{&®@d When x=0.032 the SP transition can only be identified
the magnetic (1), and the uniform J) phases, are identi- through the velocity softening below 12 K and a slight slope
fied. Compared to the pure crystthe SPM line is located  variation aroud 7 K when the AF Nel transition gives rise
at a lower field(just below 12 T and it represents a first- to a clear anomaly just abev4 K asindicated in Fig. 1. We
order transition since a subtantial hysteresis is obsefted  doubt that the softening below 12 K can be related to AF
other transition lines are second ordeXs the critical point  fluctuations since the temperature range over which they ex-
is approached, the transition becomes progressively of setend is too largé4—12 K) compared to the Nt temperature.
ond order. The main effect of light doping of CuGgBy Zn  Because the SP transition is not clear enough for this crystal,
is thus a reduction of the temperature and field scales ovewre will present only the low temperature phase diagram. The
which the SP state is observed. As indicated in Fig. 1, avelocity variation as a function of temperature at fixed field
small anomaly in the velocity occurs b&l@ K in zero field;  (oriented along the axis) is presented in Fig. 5. The shape
this anomaly is modified by the magnetic field when it is of the anomaly is not modified very much as the magnetic
oriented along the axis. These results were not added to thefield is varied from 0 to 14 T. This means that the nature of
phase diagram because the anomaly is not well charactethe AF state is maintained over the magnetic field range. The
ized. We believe however that this reveals the growth of arphase diagram is shown in Fig. 6. For both field orientations
AF state. the AF-SF?) boundary is a vertical line up to 8 T: for higher
We present in Fig. @) the relative velocity variation as a field values the critical temperature increases weakly up to
function of temperature at fixed field valuésriented along 14 T. ForH]||c, the vertical line is shifted down by 0.3 K
the ¢ axis) for the x=0.015 crystal. It is clear from this because a spin-flofSF) transition occurs around 1 T. The
figure that the elastic anomalies are highly modified by anset of Fig. 6 shows the critical point region. This diagram
magnetic field and a different magnetic phase diagranis consistent with an easy axis along the chain direction (
should be expected. The diagram is shown in Fig. 4. Foexis). The angular dependence of the SF fiéldg, is shown
T>4 K the lines of a typical SP phase diagram are identiin Fig. 7. When the field is moved away from the easy axis,
fied. We believe that the SM-line centered at 9.5 T extends Hgg grows easily to 2.5 T for an angle of 40° along the
below 2 K asindicated by the dashed line; this will be dis- direction but it stays pinnedbtl T up to 25°along thea
cussed later. Moreover, other boundary lines are observedirection. This behavior also observed for the
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dependence of the velocity variation at 0 and 14 T. The
FIG. 5. Relative variation of the ultrasonic velocity for Ve|ocity being practica”y field independent above 12 T, the
CUo.06ZN0.03£5€0;. Temperature sweeps are at fixed magnetic14 T curve represents a reference curve which is free of
field. magnetic transition effects. From this figure it is thus pos-
sible to assert that a magnetic transition is occurring around
CuGe gesSio.00f03 Crystaf is consistent with orthorhomic 2 5 K where a stiffening is observed; this valueTof yields
anisotropy as determined by Haseal:* easy axis along 5 concentrationx around 0.075(smaller than the nominal
¢, intermediary axis along, and hard axis along. value 0.1 as expectgdccording to the inset shown in Fig. 1.
The last crystal withx>0.05 shows also an anomalous At higher temperatures the softening is likely related to SP
fluctuations since they are observed up to 17 K, a tempera-

15 ture too high to be associated to the magnetic transition.
14 - Ler e} o co
P 0.0007
13+ 12 SF 0 o om : [
T ok O I —— 0 Tesla
12+ "V o O o 0 L
F 08| %o o © 0.0006 - —
1T o6 © o ° u [
ok 04l AF © o o e
02 C o g 0.0005 r
9F " r o o [
. 0.0 P IR TR ST | mJ_ a o L
= gL 35 37 39 41 43 45 o o 0.0004 [
& >
~ 7L —~
= | o SP? e
6L SF - 0.0003 |-
L Q
5+ [¢]
Al Q oo 0.0002 -
F ¢}
3+ [m}
) 0.0001 -
2+ . o) [mi}
Q 0O L
1_—0 OAF © 008%%%% 00000 L v e e
Ol b e S 1 35 7 9 11 13 15 17 19
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 TEMPERATURE (K)
TEMPERATURE (K)

FIG. 8. Relative variation of the ultrasonic velocity for
FIG. 6. Magnetic phase diagram for £44ZNno0345€0;: H||c Cu;_,Zn,Ge0;, x > 0.05. Temperature sweeps at fixed magnetic
(circle) andH||a (squarg. Inset: critical point region. field.



8328 FRONZES, POIRIER, REVCOLEVSCHI, AND DHALENNE 55

0.0002 seems clear that doping effects are stronger in Si-doped crys-
tals: the AF state is established at a lower concentration and
0.0000 | the shift inTgpis larger. For this Si-doped crystal, the bound-
ary line between th#1 phase and the AF and/or SP phases is
-0.0002 [ clearly observed. Moreover the AF part of the diagram is
very similar to the diagram shown in Fig. 6 for the
-0.0004 ¢ x=0.032 concentration. It thus seems likely that the diagram
of CuGe, g95i o3 is constructed from a superposition of
-0.0006 ¢ two different diagrams: one is the typical SP diagram whose
< 0.0008 | example is given in Fig. 2 for the=0.006 Zn crystal, the
Z ' other being the AF Nl diagram of Fig. 6. A different su-
-0.0010 | perposition of these diagrams is observed in Fig. 4 for the
x=0.015 Zn crystal: the abrupt slope variation of the AF-SP
-0.0012 | vertical line indicates the crossing of the $Pline centered
at 9.5 T and extending below 2 K. This extension of the SP-
-0.0014 ¢ 4 M line belav 2 K is a sensible assumption, although it has
% not been experimentally determined since lower tempera-
-0.0016 1 v tures could not be attained with our ultrasonic setup. In Fig.
0.0018 L 6 the vertical boundary line presents also a change of slope
70 2 4 6 8 10 12 14 16 18 20 (absent for the Si-doped crystal since the AF-SP line merges

TEMPERATURE (K) with the M-U line) at 8 T: we believe that this is an addi-
tional indication of the presence of the SP state.
FIG. 9. Magnetoelastic contribution to relative variation of the ~ The magnetic phase diagrams of Zn-doped CugeQs-
ultrasonic velocity for Cy_,Zn,GeO; as a function of tempera- tals are consistent with a coexistence of the SP and AF states

ture. Symbols are defined in Fig. 1. as it has been suggested in neutron-diffraction
experiment$:® They are also consistent with a limitation of
IV. DISCUSSION the SP orde[short-rangg for both types of doping with an

enhancement for the Si compounds as previously suggested
The ultrasonic velocity data presented in the precedindy Schoeffelet al*? There is however a question that still
section are particularly revealing to understand the effects dfas to be answered: can a macroscopic phase separation ex-
doping in the SP compound CuGgOThe growing of a plain the coexistence of these two ordered states? Although
long-ranged AF Nel state is clearly established for interme- the homogeneity and the Zn content were scrutinized, we did
diate concentrations together with the progressive shift of th@ot check the crystals for a possible phase separation since
SP transition to lower temperatures. In Fig. 9 we show thesuch an analysis is difficult to perform because of the very
relative softening of the velocity due only to the magneticlow Zn content. On the other hand, if such a separation had
transitions: these data were obtained from Fig. 1 by subtrac®ccurred, our grown crystals would have been of a poorer
ing the normal elastic behavior given by the 14 T curvequality than the one obtained, which is comparable to the
(x>0.05) of Fig. 8. For each crystal, the substantial softenfpure CuGeQ. Finally, if we examine carefully the AF part
ing observed below 20 K is indicative of pretransitional SPof the various diagrams, the change of curvature of the ver-
fluctuations. A clear SP transition, in the thermodynamictical line around 9 TFig. 4) suggests a coupling between the
sense, occurs only for<0.032. According to x-ray diffuse two ordered states: a phase separation is thus unlikely.
scattering experimenté the 3D long-range SP modulation is
suppressed for a fraction of a percent of Si or Zn substituent.
We thus believe that the temperature dependence of the elas-
tic anomaly belowT s and the smearing of the transition as ~ We reported in this paper that Zn doping limits the SP
X is increased are consistent with a short-range-ordered staggder in CuGeQ in a more severe way than Si. From an
in Zn-doped crystals. Among these compoungs;0.032 observation of the magnetic phase diagrams of Zn-doped
seems to constitute a limiting value of the concentratiorcrystals with different concentrations we observed that, al-
where a transition to an ordered SP siateort-ranggeceases though an AF Nel state with orthorhombic anisotropy has
to occur. For this value ok, the temperature range over clearly settled over a wide concentration range, a limited SP
which the pretransitional fluctuations are observed extenderder is definitely established and coexists with the AF state.
down toT, where the long-range AF state appears. This is inThis assumption is consistent with the presence of SP fluc-
contrast with the neutron scattering data of Sasegal?  tuations in all studied crystals and with the fact that the mag-
who suggest that the SP state in 2% and 4% Zn-doped cry$etic phase diagram looks like a mere superposition of AF
tals is long range in nature with Bsp around 10 K. and SP diagrams. These results are in excellent agreement
Before examining the question of the coexistence of thavith neutron-diffraction experiments.

SP and AF states in these crystals, it is worthwhile to com-
pare the doping effects of Si and Zn. The magnetic phase
diagram of a CuGgggSipgoQ3 Crystal has been obtained
previously with the same ultrasonic techniduéhen com- The authors acknowledge the technical assistance
pared to the diagram of GugZngood5e0; (Fig. 2), it  of Mario Castonguay and fruitful discussions with Benoit

V. CONCLUSION
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