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Scaling in dimer breaking by impurities in CuGeO3: A comparative experimental study
of Zn-, Mg-, Ni-, and Si-doped single crystals
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We have performed magnetic susceptibility measurements on single crystals of the doped spin-Peierls
system Cu12xMxGeO3 with M5Zn, Mg, Ni (0<x<0.06) and made a comparison with our previous results
obtained in CuGe12ySiyO3 single crystals. All these substitutions were found to have three major effects: the
drastic destruction of the spin-Peierls phase, the appearance at low temperature of a three-dimensional anti-
ferromagnetic order, and the freeing of someS51/2 spins. Moreover, doped CuGeO3 shows a universal
character for the@T,x(y)# phase diagram and for the doping level dependence of the proportions of free and
dimerized spins, with a scaling factorx'3 y. Ni-doping induces a Cu-Ni antiferromagnetic interaction and
changes the easy axis in the antiferromagnetic phase.@S0163-1829~98!05738-5#
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The discovery of a spin-Peierls~SP! phase in the inor-
ganic compound CuGeO3 ~Ref. 1! has strongly renewed in
terest in the SP transition. TheS51/2 Cu21 Heisenberg an-
tiferromagnetic~AF! chains become dimerized below spi
Peierls temperatureTSP514.25 K, leading to the formation
of a singlet ground state separated from the first exc
states by an energy gapD'23 K. The SP transition is evi
denced by a kink atTSP in the magnetic susceptibility and i
clearly revealed by x-ray and elastic neutron scattering.2 The
effect of doping has been studied by many authors:
substitution for Ge,3 and Zn, Mg, Ni-substitution for Cu
~Ref. 4! induce a strong decrease ofTSP and the occurrence
of a three-dimensional~3D! AF order at lower temperature
However, because the samples used in these studies we
always single crystals and were not systematically analyz
the temperature-concentration phase diagrams (T,x) found
in the literature are quantitatively different from one auth
to another and from a type of dopant to another.

The aim of this paper is to make a careful comparat
study of Cu12xMxGeO3 ~with M5Zn, Mg, Ni! and
CuGe12ySiyO3 compounds. All of our measurements we
performed on high quality single crystals that were analy
in order to know the effective doping level. We have ma
extensive magnetic susceptibility measurements on th
samples. The@T,x(y)# phase diagrams are presented an
detailed analysis of the low temperature (T,TSP) suscepti-
bility data is reported, followed by a study of the data o
tained for the paramagnetic phase.

The Cu12xMxGeO3 single crystals were grown from th
melt using a floating zone method associated with an im
furnace5,6 and were analyzed using inductively coupl
plasma atomic emission spectroscopy~ICP/AES!. The dop-
ing levels that will be reported are thus the effective on
derived from the ICP/AES analysis which are usua
PRB 580163-1829/98/58~13!/8202~4!/$15.00
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slightly lower than the nominal concentration. The magne
susceptibility was measured using two SQUID magnetom
ters, one operating in the temperature range 1.8–350 K,
other operating at very low temperature, down to 0.057

The temperature dependence of the static susceptib
@x(T)5M (T)/H# was measured for all our Zn, Mg, an
Ni-doped samples up to 300 K in a 1 kOe magnetic field
applied along thec-axis ~chain direction!. For the Ni-doped
samples,x was also measured along thea andb-axis.

Low temperature part of the susceptibility.Figure 1
shows the data obtained below 16 K in 0.8% Ni and 0.7
Zn-doped CuGeO3. The decrease ofTSPupon doping and the
occurrence at low temperature of a 3D-AF order are clea
seen. In Ni-doped CuGeO3, the easy axis is mainly along th

FIG. 1. Temperature dependence of the molar susceptib
measured in 0.8% Ni and in 0.7% Zn-doped CuGeO3 ~open sym-
bols!, and fit betweenTN and TSP of eachx(T) curve to Eq.~1!
~solid lines!. The two contributions of Eq. ~1!, x0(x)
1KPARA(x)C/(T2Q) and KSP(x)xSP(T), are also plotted for the
Zn-doped sample~dashed lines!.
8202 © 1998 The American Physical Society
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a-axis8 unlike Zn and Mg-doped CuGeO3 where it is along
the c-axis. TSP and the Ne´el temperature (TN) were deter-
mined in all our samples, and are defined as temperat
giving the maximum ofdx/dT and d(xT)/dT respectively
~see Ref. 7!. The resulting (T,x) phase diagram is presente
in Fig. 2. One can notice that the Cu12xMxGeO3 compounds
display the same phase diagram forM5Zn, Mg, and Ni,
although theTN(x) curve for Cu12xNixGeO3 has a maxi-
mum at a slightly lower temperature. For these three sub
tutions, the SP transition line can be well described by
linear equationTSP(x)/TSP(0)512ax with a'15 ~see
solid line in Fig. 2!, so that TSP(x) tends to zero forx
'0.067. In CuGe12ySiyO3, TSP(y) was found to follow the
same simple equation witha'44.7 This leads to the scaling
y'3x. The TSP(y) and TN(y) data from Ref. 7 are also
plotted in Fig. 2 using this scaling. Then, the Ne´el tempera-
tures, TN(x) for Zn and Mg, andTN(y) for Si, are also
coincident. TheTN(x) data of Zn-doped CuGeO3 at low x
suggest the absence of a threshold concentration for the
currence of the AF phase: The Ne´el temperature seems t
tend to zero asx tends to zero. Note that it was not possib
to make this assumption for CuGe12ySiyO3 ~Ref. 7! due to
the three times stronger effect of Si-substitution.

For the low concentration (x<0.02) Zn, Mg, and Ni-
doped samples, we assume that belowTSP(x) the Cu spins
give rise to two main contributions: spin-Peierls~dimerized
spins! and paramagnetic~free spins!. We thus fit the molar
susceptibility datax(x,T) betweenTN(x) andTSP(x) to the
following relation:

x~x,T!5x0~x!1KPARA~x!
C

T2u
1KSP~x!xSP~T!. ~1!

The first termx0 is a small constant which includes the di
magnetic contributions of both the sample holder and
sample itself as well as the Van Vleck contribution of t
sample. The second term represents the paramagnetic C
Weiss contribution of a small proportionKPARA(x) of S
51/2 free spins, withC the molar Curie constant of pur

FIG. 2. @T,x(y)# phase diagram of Cu12xMxGeO3 with M
5Zn, Mg, Ni, and CuGe12ySiyO3, using the scalingy53x. Within
this scaling, one can notice the universal character of the ph
diagram, except for theTN(x) data in Ni-doped CuGeO3. The solid
line is described by the equationTSP(x)5TSP(0)@1215x#.
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CuGeO3. The third term represents the spin-Peierls contrib
tion of a proportionKSP(x) of Cu spins which is assumed t
have the same temperature dependence, with lowerTSP(x),
as in the pure sample. Thus we used, for the fits, the p
nomenological expression previously established for the p
sample,7 with no adjustable parameter:

xSP~T!5F~ t !5~a01a1t1a2t2!expS 2
A

t D . ~2!

In this relation, the exponential function accounts for t
presence of the SP gap andt is the reduced temperatur
T/TSP(x).

The fits of the x(T) data to expression~1! for
Cu0.993Zn0.007GeO3 ~along the c axis! and for
Cu0.992Ni0.008GeO3 ~along thec anda axis! are shown in Fig.
1 ~solid lines!. As expected, thex0(x) values remain very
small and do not depend on the doping level for the Zn a
Mg-doped samples (ux0u,0.131023 emu/mol). However,
this is not the case for the Ni-doped samples wherex0 in-
creases from 0.45 to 1.231023 emu/mol whenx increases
from 0.01 to 0.02. This latter observation will be discuss
further on. The doping level dependence of the spin prop
tions KPARA andKSP is shown in Fig. 3. TheKPARA(x) and
KSP(x) data are to a good approximation coincident for t
three substitutions, except the values ofKPARA(x) for Ni,
which are on the average two times smaller than for Mg a
Zn. These latter values are also slightly different for thec
and a-axis. TheKPARA(x) and KSP(x) data were fit to the
linear laws:

KPARA~x!5ax, ~3!

KSP~x!512bx ~4!

and the following coefficients were obtained:a'1.2 and
b'32. An extrapolation toKSP(x)50 implies that the SP
phase would disappear forx'0.03. The behavior of
KPARA(x) for Zn or Mg implies that each impurity ion is

se

FIG. 3. Doping level dependence of the proportions of spins
the paramagnetic~open symbols! and spin-Peierls~solid symbols!
states, for Cu12xMxGeO3 and CuGe12ySiyO3, using the scalingy
53x. These two contributions were fitted to a linear law~solid
lines! and extrapolated up tox'0.03 (y'0.01) ~dashed lines!. All
these data were obtained withHic, except the down triangles fo
which Hia.
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responsible for the freeing of about oneS51/2 spin. Indeed,
the substitution of a Cu ion by a nonmagnetic impurity
fectively cuts the chain and therefore a dimer, leading to
freeing of one Cu spin. TheKPARA(x) data for Ni are sur-
prisingly different. Here one would expect the substitution
a Cu ion by a magnetic impurity~Ni: S51! to lead to the
replacement of a dimer by an AF-coupled Cu-Ni pair whi
should also behave like a free 1/2 spin at low tempera
~see below!. For CuGe12ySiyO3, KPARA(y) andKSP(y) were
found to follow Eqs.~3! and ~4! with a'3.3 andb'98,7

again leading to the scalingy'3x. The KPARA(y) and
KSP(y) data from Ref. 7 are also plotted in Fig. 3 usingy
'3x.

From this analysis, two points deserve to be discusse
First, these results show that Si-doping is three tim

more efficient thanM-doping ~M5Zn, Mg, Ni! in destroy-
ing the SP phase~decrease ofTSPand ofKSP!, in restoring an
AF phase at low temperature, and in freeing someS51/2
spins. This may at first sight seem surprising: Indeed, si
Si substitutes between the spin chains whileM substitutes on
the spin chains, one could expect Si-doping to be less
cient thanM-doping. However, Khomskiiet al.9 have sug-
gested that Si substituted for Ge breaks the superexch
interaction between Cu neighbors on the two Cu chains
jacent to the Si ion. Thus one Si impurity effectively cu
two chains and should therefore be equivalent to two n
magnetic atoms substituted for Cu, leading to the sca
factor y52x. To explain the observed factor 3, it is nece
sary to suppose that the two next-neighboring Cu chains
also more or less influenced by Si-doping, but there is
theory about that at this time.

Second, within this ‘‘two contribution model’’~dimerized
and free 1/2 spins!, one would expect the sumKPARA(x)
1KSP(x) to remain equal to 1 for each doping concentratio
which is not the case~see Fig. 3!. This can be understood i
one considers a less naive model where each chain b
induces a soliton instead of a simple free 1/2 spin. As
plained by Khomskiiet al.,9 the soliton is located at a dis
tancej(j'8 – 12 spins) from impurity, it consists of stag
gered moments whose amplitude decays over a typ
correlation lengthj and it carries a resulting spinS51/2.
Within this region of AF spin correlations, the dimerizatio
is reduced and the phase changes byp. Elsewhere, the
dimerization remains unchanged. Note that this approac
rather similar to the model of Fukuyamaet al.10 which ex-
plains the coexistence of dimerization and antiferrom
netism in Cu12xZnxGeO3 and CuGe12ySiyO3. The latter
model is supported by muon spin relaxation in Zn and
doped CuGeO3.

11,12If we compare our analysis to the solito
model, the spin-Peierls contributionKSP corresponds to the
fully dimerized regions~outside the soliton! and the para-
magnetic contributionKPARA arises from the solitons. How
ever, since about 2j spins are involved in each resultingS
51/2 spin, a physically reasonable approximation is to
sume the relation: 2jKPARA(x)1KSP(x)'1 for each dop-
ing level. It is in satisfactory agreement with our experime
tal data of Fig. 3 by using the theoretical value ofj cited
above.

High temperature part of the susceptibility(T.20K).
Figure 4 shows the temperature dependence of the m
susceptibility measured up to 300 K in pure, 4% Zn, 5% a
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6% Ni-doped CuGeO3. Between 20 and 300 K, the susce
tibility of all our Cu12xMxGeO3 samples, withM5Zn and
Mg (S50), xM ,x , can be scaled to the susceptibility of pu
CuGeO3, xpure by the following relation~see Fig. 4!:

xM ,x~T!5~12x!xpure~T!. ~5!

For CuGe12ySiyO3, the susceptibility between 20 and 30
K is equal to that of pure CuGeO3. These results signify tha
the nonmagnetic impurities, substituted either on the Cu
the Ge site, are essentially invisible in the paramagn
phase: The Cu spins behave exactly like the Cu spins of p
CuGeO3 in respective amounts 12x and 1.

As can be seen in Fig. 4, Ni impurities (S51) behave in
a very different way. The susceptibility increases as tempe
ture decreases, and this trend is stronger for higher Ni-dop
values. The kink observed around 10 K in the susceptibi
curves suggests the presence of an energy gap. To des
the susceptibility of Cu12xNixGeO3 in the paramagnetic
phase, a very simple model was chosen. It was assumed
the total susceptibility can be decomposed into two contri
tions: the susceptibility of a proportion (122x) of pure
CuGeO3 and that of a proportionx of Cu-Ni pairs. We con-
sider that Cu21(S51/2) and Ni21(S851) are AF-coupled
within one pair~exchange interactionJNi-Cu!, and that these
pairs are independent of each other and from the rest of
Cu spins. Then, each Cu-Ni pair can be described by
HamiltonianH5JNi-CuS•S8 and its susceptibility is found to
be equal to

xNi-Cu~T!5
1110 exp~2D/kT!

112 exp~2D/kT!

~gmB!2

4kT
, ~6!

whereD53/2JNi-Cu is the energy gap,mB the Bohr magne-
ton, k the Boltzman constant and we supposeg52. Thus,
each Cu-Ni pair is equivalent to a freeS51 spin and a free
S51/2 spin at high temperature and to a freeS51/2 spin at
low temperature, which is in agreement with our previo
interpretation in the SP phase. For each Cu12xNixGeO3
sample, the molar susceptibility~measured along thea, b and
c directions! was fitted between 20 and 300 K to the follow
ing expression~see Fig. 4!:

FIG. 4. Temperature dependence of the molar susceptib
measured up to 300 K in a 1 kOe magnetic field applied along th
c direction in pure CuGeO3 and in Cu12xMxGeO3 with M5Zn, Ni.
The solid lines are the fits to Eq.~7!.
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x~T!5x01~122x8!xpure~T!1x8NaxNi-Cu~T!, ~7!

whereNa is the Avogadro number,xNi-Cu(T) is given by Eq.
~6! andx8 is the proportion of Cu-Ni pairs, which should b
equal to the Ni concentrationx. The constantx0 accounts for
the various diamagnetic and paramagnetic contributions
explained in Eq.~1!. xpure(T) represents the susceptibility o
the pure sample measured from 20 to 300 K and extrapol
below 20 K to 1.3531023 emu/mol atT50 ~see Ref. 13!.
Very good fits ofx(T) could be achieved by expression~7!
from 20 to 300 K for all our Ni-doped samples (0.02<x
<0.06) and the obtained fitting parameters,x0 , x8 and D,
were found to be consistent for the various doping levels
field directions. Indeed, thex0 values remain very smal
~ux0u,0.0931023 emu/mol in every fit!, the x8 values are
equal to thex values within less than 15%, and theD values
are of the same order of magnitude for all concentrations
field directions. However, a slight difference is observed
tween the gap values obtained along the chain direction~c-
axis! and perpendicular to the chain direction~a andb-axis!,
owing to the anisotropy which was not taken into accoun
this simple model: alongc, D5(3665) K, alonga and b,
D5(4367) K, on the average for all the concentration
leading to an exchange couplingJNi-Cu'24– 30 K. Although
the measured susceptibility cannot be well fitted by expr
sion ~7! below 20 K, one can notice that the fit has t
correct shape: There is just a small shift in temperature. T
shift is due to the interactions between the Cu-Ni pairs a
with the rest of the Cu spins, which were not taken in
account.

From the value of the energy gap, it is evident that
analysis of the susceptibility in Cu12xNixGeO3, performed
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betweenTN and TSP, was altered by the existence of the
AF Cu-Ni pairs, since this range of temperature correspo
to the crossover region between freeS51 andS51/2 spins
at high temperature and free 1/2 spins at low temperat
From the shape of the curve given by Eq.~7! in this cross-
over region, one can easily see that its effect on the prev
analysis is an overestimation of thex0 constant and an un
derestimation of the proportionKPARA of free 1/2 spins. One
can then conclude that Ni-doping is effectively equivalent
Zn and Mg-doping and in particular that each Ni impurity
responsible, like Zn and Mg, for the freeing of one 1/2 sp
at low temperature.

In summary, our susceptibility measurements
Cu12xMxGeO3 ~where M5Zn, Mg, Ni! and for
CuGe12ySiyO3 establish a universal character with the sc
ing y'3x for both the @T,x(y)# phase diagram and th
mechanism of destruction of the SP phase, the latter be
associated to the freeing ofS51/2 Cu spins. The substitution
of one Ge ion has the same effect as the substitution of th
Cu ions and each substituted Cu ion leads to the freeing
oneS51/2 Cu spin. Our results are consistent with the th
oretical work of Khomskiiet al.9 However, Ni-doping shows
some peculiarities, due to the magnetic and anisotropic
ture of the Ni ion: The easy axis in the AF phase turns fro
the c to the a-axis and Ni-doping leads to the formation o
AF Cu-Ni pairs. Experiments are in progress on other s
stitutions.

We would like to thank J. E. Lorenzo, P. Monod, an
L.-P. Regnault for their interest in our work. We are al
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