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Magnetic phase diagram of CuGe_,Si,O5
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The effect of Si doping on the magnetic properties of the spin-Pgi8Hssystem CuGe@was found to
differ strongly between polycrysta{®C’s) and single crystaléSC’s). In SC's, the SP state is suppressed much
more strongly, whereas the existence region of the antiferromagédijcstate is enhanced. We investigated
the origin of this difference by means of magnetic susceptibility, specific heat, thermal expansion, Raman
scattering, elastic neutron scattering, and x-ray measurements on G856, samples prepared under dif-
ferent conditions. The partial oxygen pressure and the temperature during the synthesis were found to have a
profound influence on the magnetic properties: preparation under reduced oxygen pressure leads to a stabili-
zation of the AF state, whereas heating above the melting point results in a strong decrBgsia &i-doped
samples. Therefore, both the AF stabilization andThereduction observed in SC’s are not an intrinsic effect
of Si doping PC samples, which can be prepared at lower temperatures and more oxidizing conditions, reflect
much better the intrinsic properties of CuGegSi,O;. We were able to prepare PC samples up to 50 at. % Si
and found a continuous decrease of the one-dimensional character of the magnetic properties without pro-
nounced changes in the structur80163-18207)05321-9

INTRODUCTION dopands on the Cu site, e.g., Ni, Mn, and Mdrhe coex-
istence range of the SP and thedNetate is generally very
Since the discovery of CuGeQas an inorganic spin- Ssmall for in-chain dopants. _ _
Peierls(SP system! many investigations have been devoted On the Ge site, only Si doping has been investigated

13-15
to this compoundsee, for example, Refs. 25 he unusual

intensively, whereas very little is reported on Ti
properties of this compound are the consequence of a pr(fri-‘)pi”g-15 With Si doping, though, strong discrepancies exist

nounced one dimensionality of the crystallographicP€tween the composition dependence of the magnetic prop-
structure® CuO, chains along the axis with a Cu-Cu dis- erties observed in single crystd8C’s) and that observed in

tance of 2.941 A are separated from each other by GedPOIYCrystals(PC's). Tepis strongly reduced in SC's: the SP
chains, which lead to significantly higher Cu-Cu distancesState is already suppressed at 2 at. % Si. In contrast, the
along thea axis (4.81 A) and theb axis (4.23 A). Along the decrease is very weak in PCBgpremains as high as 14.1 K

Cu chains, short-correlation magnetic fluctuations take placfP" 10 at. % Si. In addition, the AF state appears at much
at high temperatures which are coupled to structuralower Si concentrations in SC’s than in PC’s. PC’s also in-

fluctuations’® At Tep=14.5 K, a second-order transition dicate that the AF state and the SP state coexist in the doping
into a spin-Peierls state with a crystallographic and magnetifdn9€ 2—4 at. %, whereas this range is much smaller in SC's.
dimerization in the chains and the condensation of thel NUS; the resuilts on SC’s suggest that doping with Si has a

ch stronger effect on the SP state than doping inside the

CU*" spins into a nonmagnetic spin-singlet ground state ig"! X o
observed. Cu chains, whereas the results on PC’s indicate the exact

Whereas all other known SP systems are organic materPPPOSite. Since the effect of impurities on the different crys-
als which are quite unstable against impurifie€ CuGeQ tallographic sites as well as the question of the coeX|sten.ce of
can easily be doped on both the Ge and the Cu site, offering1e SP a”?' the Nﬂ state are _presentily of strong theqr etical
a possibility of investigating systematically the influence of¢ nd. e>_<per|mental 'f.‘tere?t’ Itis very |m.p(.)rtant to clarify the
doping on a SP ground state. Cutting the Cu chains by suntrinsic effect of Si doping and the origin of the observed
stituting with Zn leads to a strong reduction Bp and the  diSCrepancy.
suppression of this state at a Zn concentration of
~3at. %2 For higher concentrations, a Bleground state
appears affy=>5 K, which vanishes again with increasing  SC's were grown from a CuGe,Si,O; melt with an ex-
concentration. Similar behavior is observed for othercess of 20 wt. % CuO in a Pt crucible by slow cooling at a

EXPERIMENTAL DETAILS
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rate of 2 °C/h, starting at 1200 °C. The obtained single crys- R LIS .

tals could easily be separated from the remaining CuO flux; % x=0
they are transparent blue platelets, cleaving perpendicular to g —o—x=0.01
the a axis, with dimensions of(1-2 mmXx(3—-6 mm or ¥ :f:i:g;% I
X(2—-5 mm along thea, b, andc axis, respectively. r ﬂ*pg.gg |
—x— x=0.

PC’s were prepared by a classical powder sintering tech-
nigue. A stoichiometric mixture of CuO, GgOand SiQ
was thoroughly mixed, pressed and sintered under ambient
pressure at 1000 °C. To increase the homogeneity of the
samples, the sintering process was repeated up to three times
with intermediate regrindings. To prepare samples under
controlled partial oxygen pressure(O,), we used a
CuO-CuyO0 buffer, similar to the procedure described in Ref.
16: the samples and the buffer are positioned in an evacuated
and sealed quartz tube in a way that the sample is kept at
1000 °C, whereas the buffer is kept at a lower temperature.
As a consequence, the partial oxygen pressure in the whole
tube is controlled by the oxygen pressure of the buffer which
is directly a function of the buffer temperature. This is a
simple method to control the oxygen pressure during the

—o—x=0.10

% (10°m*mole)

.5.I.l10 .15..”20”
T (K)

whole preparation process. FIG. 1. The susceptibility of CuGe,Si,0; PC with x<0.1.

. Al S@mples Were checked for spurious p.hases by X',rayl'he SP transition is seen up 10=0.1; Tgp remains nearly un-
diffraction. The lattice constants were determined using Si @8hanged. The N transition appears at=0.02 (Ty=5K); Ty

an internal standard. Magnetic measurements were carriefhcreases quite fast with increasing Clearly, both phase transi-
out in a commercial superconducting quantum interferencggns coexist for 0.02x<0.04.

device magnetometdMPMS, Quantum Design The tran-

sition temperatures were determined as the crossing point %age furnace as reported in the literatift@here, in con-
linear functions fitted above and below the transitions. o« to the PC's samples, a strong suppressiéﬁ'@fis
Raman-scattering experiments were performed with differenf,ceneq. Already at 1 at. % Si content, the SP transition
excitation Ilngs of an Ar Laser using a DILOR-XY SPECtrom-  anishes completely. The ‘Metransition appears already at
eter and a nitrogen-cooled CCD as the detector. Elastic neiyc o+ o4 si the highest value 3%,=5 K is obtained at 1

tron experiments were performed between 2 and 300 K at thﬁt. % Si, andTy then decreases slowly with further increas-

Hahn_—l_\/leltner Institut and analyzed via Rle'[veld_refmemen_t.inp Si content, being visible ig(T) up to more than 6 at. %
Specific-heat measurements were performed using a classical
adiabatic techniqu& Thermal expansion was measured in a

capacitance cell described in detail in Ref. 17.

EXPERIMENTAL RESULTS: COMPARISON 012}

OF POLYCRYSTALS AND SINGLE CRYSTALS

In PC’s, Si doping leads only to a weak suppression of the
SP state with a very slight decreaseTaf..*® The SP transi-
tion is seen in susceptibility measurements up to 10 at. % Si
(Fig. 1), and the transition temperature remains as high as
Tgp=14.1 K at this Si concentration. At 2 at. % Si doping,
the Neel transition appears aty=5 K, Ty decreasing quite
fast to 2.5 K at 4 at. % Si. At higher Si contents, this transi-
tion is not visible above 2 KFig. 1). Clearly, both transi-
tions coexist for 2—4 at. % Si doping.

This coexistence is also seen in the specific-heat and the 0.03 L
thermal-expansion measuremefisg. 2). At Tgp, a sharp
transition is observed in bot,,¢/ T(T) anda(T). The size
of the anomalies in both measurements is reduced by

0.09

/T (J/moleK?)
o
S

mag

C

~50% in comparison with the undoped compodn@ihe ooolL— P
transition aftTy is broadeneddue to a somewhat broadened 0 5 10 15 20
Si distribution (see below and the strong dependence of T (K)

Ty On the Si content Yet, the entropy released at is

comparable to the one reported for several in-chain-doped FiG. 2. Specific heat®) and thermal expansions) of a

compounds?® CuGe) g765i 0203 PC. Both measurements were performed on the
The dependence dfy andTgpon doping we found in our same sample. Clearly, both measurements prove the macroscopic

flux grown SC’s is very similar to that of SC’s grown in an character of both the SP and théelléransition.
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FIG. 3. Comparison of the phase diagram as a function of dopdifferent PC samples: the CugeSi. 02003 PC's (8) used for the
ing for CuGq_,Si,0; SC's and PC’s. SC’s reveal the same be- SPecific-heat and thermal-expansion measurements, and a

havior independent of the growing method, PC’s behave strongl{=UG®.975k0.060; PC (b). The analysis was determined by an EDAX
different. analysis on individual grains of the PC’s. The solid line represents

a Gauss distribution around the nominal weigh in. Both samples
clearly reveal a broadened distribution around the nominal content,

Si. In Fig. 3, we compare the different magnetic phase diapyt absolutely no indication for a phase separation into an undoped
grams of SC’'s and PC’s. Since the magnetic properties oénd a higher doped part.

both PC'’s as well as SC’s can be reproduced and seem to be
intrinsic to the different types of material, we tried to find the as well as Raman measurements reveal no difference in the

origin of this difference. crystallographic properties of PC’s and SC's.
To rule out a macroscopic phase separation in PC’s in the

sense that part of the sample is undoped whereas the remain- EFFECT OF PREPARATION CONDITIONS

ing part is higher doped than the nominal composition, we ON LOW SI-DOPED SAMPLES

performed an energy-dispersive x-ray analy&DAX) of . . , .
individual grains of several PC samples. This analysis re- A striking difference between SC's and PC's is the mark-

vealed a Gauss-like distribution of the Si content with aGdIy different preparation temperature. As pointed out above,

. - SC's are grown with a starting temperature 200 °C,
mean value near the nominal compositigig. 4). In the 2.2 which is needed to get a homogeneous melt, whereas PC's

at. % Si-doped sample used for the specific-heat ang . prepared at 1000 °C. Since it is known that compounds

thermal-expansion measurements, the distribution of Si Cong,htaining Cuo might be sensitive in this temperature range
centrations is broader than in the 3 at. % sample. This differ;; 5 requction of Cif to Cu'. we investigated whether such

ence can be related to the preparation process: only one stgR effect could influence the properties of CuGeO
was per_formed for the 2.2 at. % doped sample in order to get T4 perform a first test on the influence of the oxygen
a massive block for the specific-heat measurement, whereagntent, we prepared a sample with the nominal composition
the 3 at. % Si-doped sample was homogenized three timesuGeQq 4 partly using CyO instead of CuO as starting ma-
Ieading to a smaller width of the Si distribution. Yet, a mac-terial. The Samp|e was sealed in an evacuated quartz tube
roscopic phase separation into an undoped and an overdopgfld heated to 1000 °C. The obtained PC'’s reveals a strong
part can clearly be excluded in both samples. Thus, the magwuppression of the drop ig(T) at Tgp and a clear Nel
netic phase diagram observed for PC samples seems to bansition atTy=4 K (Fig. 5. This clearly proves that oxy-
intrinsic. gen deficiencies can weaken the SP state and induce e Ne
We found no difference in x-ray measurements betweerstate without the presence of any dopand on the Ge or the Cu
SC’s and PC's; the lattice constants of both depend linearlgite.
on the Si content and present the same sl&fig 10. Also, In order to investigate the effect of decomposition more
Raman experiments showed no significant difference in theystematically, we first performed thermogravity measure-
phonon spectrum for SC’s and PGRig. 11) up to 10 at. % ments(TGA) and differential thermal analysi©®TA) mea-
Si (the highest Si concentration investigated in SC¥et,  surements on pure and Si-doped CugaCambient pressure
the half-widths of the phonons in PC's are about 15 at. %in Al,O; crucibles. Though it is reported that CuGeelts
larger than those in SC’s probably due to a higher amount ofongruently at 1173 °& we observed already af,
defects in polycrystalline samples in general. So both x-ray=1100 °C a significant loss of mass in TGAFig.
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T - . . The TGA and DTA measurements on the Si-doped
16.4 | A e samples show a systematic reductionTgfwith increasing
i Si content, indicating a decrease of the stability of
I % ] CuGe _,Si O3 against reductiorfFig. 6). ExtrapolatingTy

; towards the reduction temperature of CuO at ambient pres-
! CuGeO,, sure leads to a critical concentrationxa£ 0.5, which corre-
i sponds to the solubility limit of Si in CuGeQsee below.
' / This decrease of the stability of CuGg@ith increasing Si

content is a first hint towards the origin of the corresponding

discrepancy between the magnetic properties of PC’s and
- : : . - SC’s. The melting temperatufk, also shifts to lower tem-
0 5 10 1 2 2 peratures, yet the differenc€,—T4~70°C remains the
TK) same as in the undoped sample.

FIG. 5. The susceptibility of an oxygen-reduced undoped PC's In O;Qer o Stl:.dy the influence gf th']f |?sta?|lltfy g_ndthe d
CuGeQ (see text The drop iny(T) below Tgpis strongly sup-  aJNetic properties, we measured a frst set ol Si-dope

pressed, whereas a pronouncedeNgansition is visible atTy ;amples prepared at a given temperature, but at different par-
—42 K. tial oxygen pressurp(0,) and a second set prepared at am-

bient pressure, but at different temperatures.

% (10°*m*/mole)
3 >
(=] N

&
0

C
1

6) in conjunction with an endothermic signal in DTéot

s_h_owr). This loss of mass can be attributgd to the decpmpo- A. Effect of oxygen deficiency

sition of CuGeQto CuO and Ge@along with the reduction ] ]

of CuO to CyO. After fast cooling of samples heated to The first set of polycrystalline samples was prepared_ at
1200 °C, the x-ray analysis of the sample reveals cu01000 °C under reduced oxygen pressure atmosphere using a
Cu,0, and GeQ besides CuGeQ The formation of these CuO-Cuy0 buffer as dgscnbed above. Except for the oxygen
decomposition products is already observed when the sampRf€SSUre, the preparation of these samples is exactly the same
is heated up to 1150 °C, in contrast to what was reporte@s for unreduced samples. A

earlier’® Thus CuGe@ presents at ambient pressure some [N an atmosphere witp(O;)=10"" bars, the undoped
instability starting at a temperatufg;~1100 °C, which is CuGeQ still forms out of the starting oxides CuO and
significantly above the typical preparation temperature fol3€Q;, whereas with 4 at. % Si content, no reaction at all is
PC’s, but below the growth temperature of SC’s. A secondPbserved after 60 h. This is an indication that the presence of
peak in the DTA measurements was observedTat Siinhibits the formation of CuGeD

~1170 °C, which we attribute to the melting of the material. With p(O2)=10"° bars (highly reduced PC)k the
samples have a similar optical appearance as the unreduced

PC'’s. Also, no structural differences were observed in x-ray
measurements. Nevertheless, the magnetic properties are
quite different. Already a doping of 1 at. % Si leads to &Ne
transition atTy=4.4 K. Ty increases to 5.2 and 5.0 K for 2
and 4 at. %, respectively, and is still seen at 2.3 K for 6 at. %
Si. Furthermore, though the transition temperatligg de-
creases only slightly with respect to unreduced PC's, the
decrease of(T) belowTgpis much smaller and nearly van-
ishes at 4 at. % S{Fig. 7). At higher Si contents, no SP
transition was observed. Therefore, highly reduced PC's
present exactly the same phase diagram as SC's concerning
Ty and a strong suppression of the susceptibility drop at
Tgpin comparison to unreduced PC's.

PC’s prepared atp(O,)=10 2 bars (weakly reduced
PC’9 also reveal a phase diagram different from the unre-
duced PC’s. The composition dependence of the anomaly at
Ty is the same as in highly reduced PC’'s and in SC's,
whereas no significant difference to unreduced PC'’s is ob-
served for the behavior alsp. Again, no change in the
crystallographic properties and in the optical appearance

96 — ' : ' : ' with respect to unreduced PC’s was observed.
T (°C) In Fig. 8, we compare the magnetic phase diagram as a
function of the Si content for unreduced PC'’s, highly and

FIG. 6. TGA measurements on CuGeSi,0; PC's. The loss of Weakly reduced PC's as well as SC’s. It clearly shows that
mass is observed at the same temperature where DTA measurle Ty Vs x dependence in SC’s can be reproduced in PC'’s
ments reveal endothermic behavior. The temperature of the onset §fepared under reduced oxygen pressure, whereaksthes
this oxygen loss decreases with increasingPreparation tempera- X dependence is still different between SC’s and reduced
tures of PC’s and SC'’s are indicated. PC’s. However, the similarity betwe€eFy(x) in SC’'s and

single crystal preparation |

100 [+

99

TG (mass %)

97
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T(K)

sure,Tgpwas not recovered in a 2.2 at. % Si-doped SC’s and
Ty remains unchanged. As this might be caused by the low
mobility of oxygen in CuGe@ we crushed the crystal and
performed a third annealing step at the same conditions. Yet,
the only changes we observed was a small anomaly at
~14 K indicating the tendency towards the formation of a
SP transition. Also, no change of the lattice constants was
observed. These problems of reoxidate SC’s within the in-
vestigated time scale might be due to an extremely low oxy-
gen mobility within the crystals. Thus, reoxidation of re-
duced PC'’s leads to a much stronger shift of their magnetic
phase diagram towards the one of unreduced PC’s. This
larger effect in PC’s is probably caused by the high surface/
volume ratio and the smaller amount of oxygen defects.

B. Effect of preparation temperature

For the study of the influence of the preparation tempera-
ture, a second set of PC samples CuG8&i,O; with 0<x
=<0.05 was prepared at ambient pressure at different tem-
peratures between 1050 and 1150 °C. As long as the tem-

FIG. 7. Comparison of PC’s prepared in an atmosphere oferature remains lower thaR,, no significant changes ei-

102 bar O, (highly reduced PC'’s, solid symbglsand at ambient

ther in the morphology or in the magnetic properties are

pressurgopen symbols The highly reduced PC's reveal a stabili- observed. Oncf ,, is reached, partial melting of the PC’s
zation of Ty and a suppression of the drop in the susceptibility occurs and leads to the formation of many small single-
belowTsp; at 4 at. % Si, this drop has nearly disappeared, whereagrystalline grains inside the PC’s. Simultaneously, we found

PC’s prepared at ambient pressure still show a clear transition.

reduced PC'’s already indicates that the behavior of Si-dopeﬁ’
SC’s do not correspond to the intrinsic properties of stoichioy,ost opservechia 1 at.

metric Si-doped CuGeQ

Attempts to reoxidate SC’s were not successful. After twog
annealing stepsfd h at T=980 °C and 180 bars {pres-

Tee (K)

_

[0l

Ty (K)

v flux-grown SC |4

—aA— unreduced PC
% lightly red. PC
¢ highly red. PC
® CuGeO,,

u]
\D o SC from [13]
L

FIG. 8. Comparison of the phase diagram as a function of dop
ing for SC’s, reduced PC’s and unreduced PC's. Clearly, the beha
ior of Ty is the same for SC’s and reduced PC'’s, which proves the
influence of oxygen deficiency omy . Tgp is only slightly sup-

4 6 8 10
doping (%)

a steplike decrease dfsp to the values observed for the
C’s.

The sharpness of this change in the magnetic properties is
% Si-doped sample that was prepared
at T,,=1150 °C. Due to a small temperature gradient in the
urnace, one part of the sample was molten, whereas another
part remained polycrystalline. Thg T) measurement of the
unmolten part still presents a sharp anomaly ®ip
=14.3 K, whereag/(T) of a piece which was partly molten
shows a broad SP anomaliFig. 9) starting at Tgd(h)
=14.3 K (as observed for the PC’s of this stoichiometry
and extending down tdg4l)=10.5 K(corresponding to the
value observed for the SQ:sThus this partial melting has an
extremely strong effect on the SP state and is clearly respon-
sible for the difference i gp between PC’s and SC's. This
strong effect of the melting might be attributed to a different
kinematic of the oxygen inside the molten part of the
sample?° This could, on the one hand, increase the number
of oxygen defects, or, on the other hand, cause a different
kind of oxygen defect.

For example, the observed stabilization of theeNghase
due to preparation in a reductive atmosphere may be caused
by defects on the Q) site as any disturbance of the lattice is
known to stabilize the long-range antiferromagnetic ofder,
whereas in connection with melting a reduction of th)©
oxygen content might take place causing an intrinsic doping
of the C#" chains by reduced Cu This would have an
effect similar to Zn and could therefore explain the strong
decrease oT gp observed in SC’s. Also, some Cu holes may
occur inside the chains. An occupancy of some Cu sites by
Si seems to be unlikely due to the different chemical

coordinatior??

C. Effect of stoichiometry

pressed for reduced PC’s, though the transition vanishes at much In addition, we prepared PC’s under air at 1000 °C with

lower Si content than for PC’s prepared at ambient pressure.

the stoichiometry Cu ,Ge, ,SiO;_, with 0<x<0.05,
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FIG. 9. The susceptibility derivative of two pieces of one
CuGe) 995iy.0103 PC prepared in a temperature gradient. The piece
at the lower temperature remained unmolten, whereas the high-
temperature piece was partly moltet{xT)/JT reveals for the un- Si-content (at%)
molten piece(dotted ling a sharp transition(dotted arrow at a

mlton pieodsald 1 reveats a significanty broadened raneiion __F1G; 10: The latice constarts of CuggSi; PC's(C) ant
P 9 y .SC's (H). Up to the solubility limit ofx=0.5, all constants and the

starting at the same temperature as the unmolten piece and end'\r}glume depend linearly on doping. The solid line represents a linear

at the tempera_tyre corr_espondlng'ltg,? observed for SC :{soll_d fit to the data. No difference between PC’s and SC's is observed.
arrow). In addition, Ty is observed in the partly molten piece

(dashed arroyv

L L
10° 20 30 40 50

o

preparation temperature: the strong suppressiom gfoc-

curs at that very temperature where the samples melt and
—0.03§y?0.(|)3 tﬁ check \_/vtf'1|ether an e>;]cess or ﬁ lack r?_fconsequently the kinematic of the preparation is changed.
CuO might also have an influence on the crystallographiery g nolycrystalline samples seem up to now to be the only

and/or the magne_tic properti_es. In all samples WithO, possibility to study the intrinsic effect of Si doping. In the
we observed foreign phases: CuO jor 0, SIQ; and GeQ  tqiowing paragraph, we present further results obtained on
for y>0, indicating a very narrow homogeneity range for theSi-doped polycrystalline samples.

ratio CuO: (GeQ,Si0). In CuO-deficient samplesy(
>0), we found forx=y only SiO,, ho GeQ, as a spurious
phase. This indicates a strong preference to incorporate Ge
instead of Si: Si@remains unreacted in the amount corre-
sponding to the CuO deficiency. We were able to prepare CuGgSi,O; with x up to 0.5.

This preferred incorporation of Ge was also confirmed byThe lattice constants depend linearly on the Si content up to
the magnetic measurements and the analysis of the lattiadke solubility limit with nearly the same slope as it was al-
constants. In the case of CuO deficiengy>0), samples ready reported for small Si conténtFig. 10. The results of
with a nominal Si content,,mina Presents the same magnetic the Rietveld refinement of the elastic neutron-scattering ex-
behavior as stoichiometrig/& 0) samples with a reduced Si periments fox=0.05, 0.1, and 0.3 revealed no change in the
contentX equced™ Xnomina— Y- crystal structure. Special attention was paid to tHg)@o-

For y>x, the behavior of an undoped sampbke=0) is  sition which determines the Cu¢®-Cu angle. This angle
observed, indicating that no Si was incorporated into theplays an important role for the superexchange pathway
CuGeQ structure. Samples with an excess of Cu3<Q) within the chains. Geertsma and KhomsKie.g., calculated
showed the same magnetic behavior as corresponding stdhe decrease of gp due to Si doping to be caused by a
chiometric samples with the sameandy=0. change in the hybridization between thé2Dand the Ge

All the results presented above show that the preparatiosite: the smaller Si ion will attract the (@) ion, leading to a
conditions  strongly influence the behavior of decrease of the Cu{@-Cu angle towards 90° and conse-
CuGeg _,Si,0O,. Preparation at higher temperature and/or re-quently a reduction of the antiferromagnetic superexchange.
duced oxygen pressure probably lead to a slight oxygen deFhis effect should decrea3edrastically because each dop-
ficiency in the samples. These oxygen deficiencies, on thant on the Ge site influences two chatidhese predictions
one hand, stabilize the AF state and enhance its existen@e in accordance with the strong decreaségfobserved in
range. The differences between SC’s and PC’s concernin§C's, but in contradiction with the small decrease in PC's.
Tsp, oOn the other hand, are clearly related to the different Yet, we found only minor changes in the position of the

PHYSICAL PROPERTIES
OF POLYCRYSTALLINE CuGe ;_,Si,O3
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TABLE |. Position parameters of the(® atom and the Cu-Q)-Cu angle determined from the elastic
neutron measurements on several CuG8i,O; PC at different temperatures. Only very small changes are
observed. The data for the undoped sample is taken from Ref. 24.

Si concentration Temperature (D x o2y Cu-02)-Cu angle
x=0 295 K 0.28350 0.08316 99.06°
x=0 20 K 0.2816 0.08316 99.24°

x=0.05 200 K 0.28402 0.08292 99.18°
x=0.05 2 K 0.28075 0.08195 98.96°
x=0.1 200 K 0.28766 0.08408 99.51°
x=0.1 2 K 0.28485 0.08337 99.33°
x=0.3 300 K 0.28629 0.08820 97.89°

0O(2) and thus in the Cu-@)-Cu angle(Table ). The small  strongly limited phonon lifetime. In general, all phonons vis-
effect of Si doping on the Cu{@)-Cu angle might explain ible at room temperature decrease in intensity with increas-
why the observed decreaseTfpin PC’s(see abovedue to  ing doping level. This loss is typically about 50% far

Si doping is much smaller than was proposed in Ref. 22. In=0.3 compared to the undoped sampte0.

addition, the lattice contraction between room temperature A new phonon as a defect mode is observed at
and Tgp remains unchanged with respect to the undoped70 cmi', growing linearly in intensity as the doping level
CuGeQ.%*?* Therefore, all results indicate that the crystal increases. The frequenay of this mode can easily be ana-
structure remains unaffected by Si doping except for thdyzed by using a simple model of an harmonic oscillator with

change in the lattice parameters. an effective massn*

Raman spectroscopy also offers the opportunity to study
lattice effects caused by the dopifie® We found a linear 1 1 1 1
shift of the phonon frequency with the doping upxe 0.3 W~ — = —,
(Fig. 11). The relative change is more pronounced than in the Jm* M Meeysi Mo

lattice constants. The half-width of the phonons increases ) e .
systematically with increasing Si content. For=0.5, the Snowing the “original” mode to be the mixed Ge-O mode at

_1 g .
shift is stronger than the linear extrapolation obtained fronp92 ¢M - Additional defect modes are induced at 203 and

~1
lower doping, and the linewidth increases drastically indicat-30° cM

ing a more drastic change of the dynamical properties and a B€Sides, we observe in SC’s, where a symmetry analysis
is possible, with increasing Si content the appearance of

symmetry-forbidden modes, indicating a breaking of the se-

200F — T T lection rules(Fig. 12. This observation points to a consid-
erable degree of local disorder induced by Si doping.
The results of the susceptibility measurements of low-
1901 . T doped samples were already shown in Fig. 1. With higher Si
— - M 1 content, the characteristic signature of the one-dimensional
‘€ 180k, . | . L - fluctuations gets more and more suppressed: the maximum at
o T L L T T
c 605} j ]
) - 1 '
:.t/:)‘ 600 F i 700
8 I . - -
o 5950 mm 1 __ 600f
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FIG. 11. The optical-phonon frequencies of CyGgSi,O; at raman shift (cm-1)
room temperature. The dependence on the Si content is linear up to
x=<0.3. Lines are guides to the eye. The other phonons, which are FIG. 12. Normalized Raman-scattering intensity of
not shown, remain unchanged. Solid symbols refer to SC’s, opefuGq _,Si;0; SC’s withx=0, 0.1. The asterisks mark symmetry-
ones to PC’s. The sample witk=0.5 shows a significant larger forbidden phonon modes, the arrows defect modes induced by the
change of the phonon frequency. substitution.
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Therefore, increasing Si content is more and more shifting
the magnetic properties from the one-dimensional behavior

100 to a three-dimensional one. Though, despite the relatively
~80 high Curie-Weiss temperature for=0.5, no long-range
% magnetic order is observed down T6=2 K. Below 10 K,
Eg0 x(T) presents a large increase, which is suppressed with
“c increasing magnetic field, and thus suggests the presence of a
°?‘C_, 0 spin-glass-like state.
=

N
o

! ~ - CONCLUSION
200 300 ) .
T (K) Our experiments on Si-doped CuGgshowed a profound

and reproducible difference between the magnetic phase dia-

FIG. 13. The susceptibility of CuGe,Si,O; for 0<x<0.5. gram observed in PC and that observed in SC samples. In
With increasing Si content, the maximum aroufe 56 K, being  PC's, Tgp is observed up to 10 at. % Si and decreases only
characteristic of the one-dimensional behavior, vanishes and igery weakly with increasing Si content. In addition, the SP
gradually replaced by a Curie-Weiss behavior. For the sake of clarstate coexists with the AF state in a concentration range of
ity, only some Si concentrations are shown. 2—4 at. % Si. In constrasT,qp decreases very rapidly in Si-

doped SC's, the SP state to be suppressed already below 2
T,..~56 K disappears with increasing (Fig. 13. At x at. % Si, whereas the AF state is observed in a large concen-
=0.5, a Curie-Weiss behavior is obsen[&ily. 14a)] above tration range. _
T=50K with a Curie constant corresponding to a free We clearly showed that these differences are connected
Cuw?" moment (w=1.8ug) and a Curie temperatuig=—80  With the different preparation conditions, i.e., the synthesis
K, which is approximately the coupling constant in chaintemperature and the oxygen pressure. Preparing PC samples
direction J;~90 K.! In undoped CuGeQdue to the one- under reduced oxygen pressure leads to a stabilization of the
dimensional correlations, the Curie-Weiss law with the samé\F state, enlarging its existence region to lower and higher
p and a similar = —-96 K is only achieved abovdl  doping contents. Under extremely reductive conditions it is
=400 K [Fig. 14b)]. even possible to obtain a well defined AF state in nominally
undoped samples.

We further found two critical temperaturég; and T,
where loss of oxygen and partial melting of the samples,
respectively, occurs. Both temperatures decrease with in-
creasing Si content indicating that Si doping results in a de-
crease of the stability of CuGe(against reduction. The
melting atT,, of Si-doped PC's results in an abrupt, steplike
decrease oT gp. Thus, both the stabilization of the AF state

% (10'9m3/mole)

o 100 200 300 and the decrease dfspin SC's are clearly correlated to the
T (K) preparation procedure and are not an intrinsic property of Si
doping.

T ——T— We were able to replace up to 50 at. % Ge by Si in poly-

. ] crystalline CuGeQ@ Besides a strong change of the lattice
parameters, no significant structural changes, especially of
the Cu-@2)-Cu angle, were detected. This is supported by
Raman scattering. In addition, local disorder induced by Si
doping is indicated by broken-symmetry selection rules.

The temperature dependence of the magnetic susceptibil-
e ity of the highly doped samples indicate a clear decrease of
0 200 400 600 800 the one-dimensional character without significant decrease of

T (K) the coupling strength within the chains. However, besides a
spin-glass-like signature, no evidence for long-range mag-

FIG. 14. Curie-Weiss fit for CuGeSio<O; (@ and undoped netic order was observed down to 2 K.

CuGeQ (b). The Curie-Weiss behavior is already observed above

50 K in the 50 at. %-doped sample, but only above 400 K in the

undoped sample. For both samples, the moment calculated from the

Curie constant isu=1.8ug, which corresponds to the free €u ACKNOWLEDGMENTS

moment, and the Curie-Weiss temperatur@4s— 80 K (see text

This corresponds to the strength of the antiferromagnetic exchange This work was supported by SFB 252, SFB 341, and
along the chains. BMBF FKZ.13N6586.
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