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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 Cuy_,M,GeQ; with M =2Zn, Mg, Ni (0<x=<0.06) and made a comparison with our previous results
obtained in CuGg_,Si, O3 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 soi@e 1/2 spins. Moreover, doped CuGg®hows a universal
character for th¢ T,x(y)] phase diagram and for the doping level dependence of the proportions of free and
dimerized spins, with a scaling factar=3y. Ni-doping induces a Cu-Ni antiferromagnetic interaction and
changes the easy axis in the antiferromagnetic pH&8.63-182€08)05738-3

The discovery of a spin-Peierl§P phase in the inor- slightly lower than the nominal concentration. The magnetic
ganic compound CuGedRef. 1) has strongly renewed in- susceptibility was measured using two SQUID magnetome-
terest in the SP transition. Ti&=1/2 C#* Heisenberg an- ters, one operating in the temperature range 1.8—-350 K, the
tiferromagnetic(AF) chains become dimerized below spin- Other operating at very low temperature, down to 0.05 K.
Peierls temperatur&sp= 14.25 K, leading to the formation The temperature dependence of the static susceptibility
of a singlet ground state separated from the first excitedX(T)=M(T)/H] was measured for all our Zn, Mg, and
states by an energy gap~23 K. The SP transition is evi- Ni-doped samples up to 300 Kiia 1 kOe magnetic field
denced by a kink af<pin the magnetic susceptibility and is 2PPlied along the-axis (chain directiop. For the Ni-doped
clearly revealed by x-ray and elastic neutron scatteifige ~ SaMPlesy was also measured along taendb-axis.

; - . ;. Low temperature part of the susceptibilitfigure 1
:Lfsgttitﬁriodno?or;gth Sar?geznnSt;\gedNit_)ZuLnS?iTzﬁs;jt?grrs'CuSlshows the data obtained below 16 K in 0.8% Ni and 0.7%

(Ref. 4 induce a strong decrease B§p and the occurrence Zn-doped CuGe®) The decrease dispupon doping and the

. i occurrence at low temperature of a 3D-AF order are clearly
of a three-dimensionaBD) AF order a_t lower tempgrature. seen. In Ni-doped CuGeQthe easy axis is mainly along the
However, because the samples used in these studies were not
always single crystals and were not systematically analyzed, 3.0
the temperature-concentration phase diagrams)( found

in the literature are quantitatively different from one author

Cu, M GeO,’
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7 & M=Ni H//c b
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to another and from a type of dopant to another. T 20

The aim of this paper is to make a careful comparative & M=Zn H/lc ooy
study of Cy_,M,GeQ; (with M=2Zn, Mg, Ni) and g 15 g
CuGeq _Siy0O; compounds. All of our measurements were «a:
performed on high quality single crystals that were analyzed = 1.0§
in order to know the effective doping level. We have made = ) ,
extensive magnetic susceptibility measurements on these 0.5 i c s andl
samples. ThéT,x(y)] phase diagrams are presented anda | __.-=77%77mm-en
detailed analysis of the low temperatufB<Tgp suscepti- 0.04 ' ' ' P

bility data is reported, followed by a study of the data ob-
tained for the paramagnetic phase.

The Cy_,M,GeQ; single crystals were grown from the £, 1. Temperature dependence of the molar susceptibility
melt using a floating zone method associated with an imaggeasured in 0.8% Ni and in 0.7% Zn-doped CuGéGpen sym-
furnac@® and were analyzed using inductively coupled bols), and fit betweerTy and Tsp of eachy(T) curve to Eq.(1)
plasma atomic emission spectroscaqp@P/AES. The dop-  (solid liney. The two contributions of Eq. (1), xo(X)
ing levels that will be reported are thus the effective onest+ Kpara(x)C/(T—0) and Ki(x) xsi(T), are also plotted for the
derived from the ICP/AES analysis which are usuallyzn-doped samplédashed lines
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. . FIG. 3. Doping level dependence of the proportions of spins in
FIG. 2. [T.x(y)] phase diagram of Gu,M,GeQ; with M the paramagneti¢open symbolsand spin-Peierl§solid symbol$

=Zn, Mg, Ni, and CuGg_,Si,O3, using the scaling = 3x. Within . . ;
this scaling, one can notice the universal character of the phassetates’ for Cy.,M,Ge0; and CuGe-Si,05, using the scaliny

. . . =3x. These two contributions were fitted to a linear lésolid
diagram, except for th&y(x) data in Ni-doped CuGeQ The solid . _ - .
line is described by the equatiaisdx) = Te0)[1— 15x]. lines) and extrapolated up ®~0.03 (y~0.01) (dashed lines All

these data were obtained withiic, except the down triangles for

. . . which Hlla.
a-axi€ unlike Zn and Mg-doped CuGeQvhere it is along

the c-axis. Tgp and the Nel temperature Ty) were deter-
mined in all our samples, and are defined as temperatur
giving the maximum ofdy/dT andd(xT)/dT respectively
(see Ref. J. The resulting T,x) phase diagram is presented
in Fig. 2. One can notice that the CyM,GeQ; compounds
display the same phase diagram tdr=2Zn, Mg, and Ni,
although theTy(x) curve for Cy_,Ni,GeO, has a maxi-
mum at a slightly lower temperature. For these three substi- A
tutions, the SP transition line can be well described by the xsd T)=F(t)=(ap+ alt+a2t2)ex4 - T)' 2
linear equationTgyX)/Tg0)=1—ax with a~15 (see
solid line in Fig. 2, so thatTsg(x) tends to zero forx In this relation, the exponential function accounts for the
~0.067. In CuGe_,Si,0;, Tsey) was found to follow the ~presence of the SP gap amds the reduced temperature
same simple equation with~44." This leads to the scaling T/Tsg(X).
y~3x. The Ts{y) and Ty(y) data from Ref. 7 are also ~ The fits of the x(T) data to expression(l) for
plotted in Fig. 2 using this scaling. Then, thééempera- ClpgeZNooo/Ge; (along the ¢ axis and for
tures, Ty(x) for Zn and Mg, andTy(y) for Si, are also  CuggeNig 00dG€Q; (along thec anda axis) are shown in Fig.
coincident. TheTy(x) data of Zn-doped CuGegat low x 1 (solid lineg. As expected, the(x) values remain very
suggest the absence of a threshold concentration for the ogmall and do not depend on the doping level for the Zn and
currence of the AF phase: The &letemperature seems to Mg-doped samples|fo|<0.1x 103 emu/mol). However,
tend to zero ax tends to zero. Note that it was not possible this is not the case for the Ni-doped samples whegen-
to make this assumption for CuGgSi,O; (Ref. 7 due to  creases from 0.45 to 22102 emu/mol whenx increases
the three times stronger effect of Si-substitution. from 0.01 to 0.02. This latter observation will be discussed
For the low concentrationx&<0.02) Zn, Mg, and Ni- further on. The doping level dependence of the spin propor-
doped samples, we assume that belbyy(x) the Cu spins tions Kpara andKgpis shown in Fig. 3. Th&para(x) and
give rise to two main contributions: spin-Peiefimerized Kgsdx) data are to a good approximation coincident for the
sping and paramagnetifree sping. We thus fit the molar three substitutions, except the valueskafara(x) for Ni,
susceptibility datay(x,T) betweenTy(x) andTgg(x) to the  Which are on the average two times smaller than for Mg and

CuGeQ. The third term represents the spin-Peierls contribu-
on of a proportiorK g(x) of Cu spins which is assumed to
have the same temperature dependence, with IGwgix),

as in the pure sample. Thus we used, for the fits, the phe-
nomenological expression previously established for the pure
sample’ with no adjustable parameter:

following relation: Zn. These latter values are also slightly different for the
and a-axis. TheKppra(X) and Kg(x) data were fit to the
C linear laws:
X(X, T) = xo(X) + Kpara(X) TTG"'KSF(X)XSF(T)- (1)
Kpara(X) =ax, ()]
The first termyg is a small constant which includes the dia- Kee(X)=1—bx @)

magnetic contributions of both the sample holder and the

sample itself as well as the Van Vleck contribution of theand the following coefficients were obtaineda~1.2 and

sample. The second term represents the paramagnetic Curle=32. An extrapolation tdKsx)=0 implies that the SP
Weiss contribution of a small proportioKpaga(X) of S phase would disappear fok~0.03. The behavior of
=1/2 free spins, withC the molar Curie constant of pure Kpara(X) for Zn or Mg implies that each impurity ion is
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responsible for the freeing of about o8e-1/2 spin. Indeed, ' ! ' ‘ ‘

the substitution of a Cu ion by a nonmagnetic impurity ef- 5N Cu ,MGeO, — 3
fectively cuts the chain and therefore a dimer, leading to the | o M=Zn x=004
freeing of one Cu spin. Th&paga(X) data for Ni are sur- S 4 O M=Ni x=005|7
prisingly different. Here one would expect the substitution of E © M=Ni x=006

a Cu ion by a magnetic impurityNi: S=1) to lead to the z 3

replacement of a dimer by an AF-coupled Cu-Ni pair which o

should also behave like a free 1/2 spin at low temperature %

(see below. For CuGe_,Si O3, Kpara(y) andKsgy) were =

found to follow Egs.(3) and (4) with a~3.3 andb~98/ P

again leading to the scaling~3x. The Kpara(y) and 0

0 50 100 150 200 250 300

Ksdy) data from Ref. 7 are also plotted in Fig. 3 using T®

~3X.
From this analysis, two points deserve to be discussed. £ 4 Temperature dependence of the molar susceptibility
First, these results show that Si-doping is three times,easured up to 300 kia 1 kOe magnetic field applied along the

more efficient tharM-doping (M =Zn, Mg, Ni) in destroy- ¢ girection in pure CuGeQand in Cy_ M, GeO; with M =Zn, Ni.

ing the SP phasglecrease of gspand ofKgp), in restoring an  The solid lines are the fits to E¢7).

AF phase at low temperature, and in freeing sdwel/2

spins. This may at first sight seem surprising: Indeed, sincgg, Ni-doped CuGe@ Between 20 and 300 K, the suscep-
Si substitutes between the spin chains wMlsubstitutes on tibility of all our Cu, .M, GeO, samples WitH\/,I —7n and
—X X )

the spin chains, one could expect Si-doping to be less efﬁMg (S=0), xm «. can be scaled to the susceptibility of pure

cient thanM-doping. However, Khomskiet al® have sug- ; : C
gested that Si substituted for Ge breaks the superexchangeueeq’ Xpure by the following relation(see Fig. %

interaction between Cu neighbors on the two Cu chains ad- _

jacent to the Si ion. Thus one Si impurity effectively cuts X (1) = (1=X) Xpurd T). ®)
two chains and should therefore be equivalent to two non- , o

magnetic atoms substituted for Cu, leading to the scaling For CUG&_,Si,O;, the susceptibility between 20 and 300
factor y=2x. To explain the observed factor 3, it is neces- < IS qual to that of pure CuGeOThese results signify that

sary to suppose that the two next-neighboring Cu chains af€ nonmagnetic impurities, substituted either on the Cu or
also more or less influenced by Si-doping, but there is ndhe Ge site, are essentially invisible in the paramagnetic

theory about that at this time. phase: The Cu spins behave exactly like the Cu spins of pure
Second, within this “two contribution model{dimerized ~CUGeQ in respective amounts-1x and 1. ,
and free 1/2 spins one would expect the surpara(X) As can be seen in Fig. 4, Ni impuritie$€ 1) behave in

+KsH(x) to remain equal to 1 for each doping concentration,2 VY different way. The suscgptibility increas_es as tempera-
which is not the casésee Fig. 3 This can be understood if ture decreases, and this trend is stronger for higher Ni-doping
one considers a less naive model where each chain bredRlues. The kink observed around 10 K in the susceptibility
induces a soliton instead of a simple free 1/2 spin. As exCUTves suggests the presence of an energy gap. To describe
plained by Khomskiiet al.® the soliton is located at a dis- the susceptibility of Cp ,Ni,GeQ; in the paramagnetic
tance £(é~8—12 spins) from impurity, it consists of stag- phase, a very smpl_e model was chosen. It_was assume(_ll that
gered moments whose amplitude decays over a typic&he total suscept|b|I_|ty_can be decomp(_)sed into two contribu-
correlation lengthé and it carries a resulting spig=1/2.  tons: the susceptibility of a proportion {12x) of pure
Within this region of AF spin correlations, the dimerization CUG€Q and t?at of a proportloz( of Cu-Ni pairs. We con-

is reduced and the phase changes #yElsewhere, the sider that C&"(S=1/2) and Nf*(S'=1) are AF-coupled

dimerization remains unchanged. Note that this approach ¢ithin one pair(exchange interactiody;.c,), and that these
rather similar to the model of Fukuyane alX® which ex-  Pairs are independent of each other and from the rest of the

plains the coexistence of dimerization and antiferromagCU Spins. Then, each C,U'N' pair can be described by the
netism in Cy_,ZnGeQ; and CuGe ,Si,O; The latter HamiltonianH = Jy;.¢,S- S’ and its susceptibility is found to
model is supported by muon spin relaxation in Zn and SiP€ equal to
doped CuGe@'**?If we compare our analysis to the soliton
model, the spin-Peierls contributidfisp corresponds to the 1+10 exg — A/KT) (gup)?
fully di ized i i i - Xni-cu(T) = — ) (6)
y dimerized regions(outside the solitonand the para 1+2exg—A/KT) 4KT
magnetic contributioK ppra arises from the solitons. How-
ever, since about&spins are involved in each resultii®y whereA=3/2Jy.c, is the energy gap.g the Bohr magne-
=1/2 spin, a physically reasonable approximation is to aston, k the Boltzman constant and we suppase 2. Thus,
sume the relation: ZKpara(X) +Kge(X)~1 for each dop- each Cu-Ni pair is equivalent to a fr&=1 spin and a free
ing level. It is in satisfactory agreement with our experimen-S=1/2 spin at high temperature and to a fi&e 1/2 spin at
tal data of Fig. 3 by using the theoretical value €tited low temperature, which is in agreement with our previous
above. interpretation in the SP phase. For each; CGii,GeQ;
High temperature part of the susceptibilityf >20K). sample, the molar susceptibilifgneasured along the b and
Figure 4 shows the temperature dependence of the molardirectiong was fitted between 20 and 300 K to the follow-
susceptibility measured up to 300 K in pure, 4% Zn, 5% andng expressior(see Fig. &
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X(T)=x0+(1=2x") xpurd T) + X' Naxnicl(T),  (7)  betweenTy and Tsp, was altered by the existence of these

: . o AF Cu-Ni pairs, since this range of temperature corresponds
o e 0 the rossover rego betwecn 1 andS—112 st
€ prop . paurs, at high temperature and free 1/2 spins at low temperature.
equal to the Ni concentration The constanj, accounts for

X : ) g L From the shape of the curve given by E@) in this cross-
the various diamagnetic and paramagnetic contributions g§e; region, one can easily see that its effect on the previous
explained in EQ(1). x,udT) represents the susceptibility of 5,4 sis is an overestimation of the constant and an un-
the pure sample measuIEd from 20 to 300 K and extrapolate§h estimation of the PrOpOrtiokipars Of free 1/2 spins. One
below 20 K to 1.3% 10 emu/mol atT=0 (see Ref. 18 5 then conclude that Ni-doping is effectively equivalent to
Very good fits ofy(T) could be achieved by expression 7y ang Mg-doping and in particular that each Ni impurity is
from 20 to 300 K for all our Ni-doped samples (0:8%

i - f responsible, like Zn and Mg, for the freeing of one 1/2 spin
=<0.06) and the obtan_']ed fitting parametegs, X and A, at low temperature.
were found to be consistent for the various doping levels and |, summary, our susceptibility measurements for

field directions. Indeed, thego values remain very small Cu_,M,GeO; (where M=2Zn, Mg, Ni
_3 . 12 - 1 1

(| X0/ <0.09<10" emu/mol in every fit, thex’ values are CuGe _,Si,0; establish a universal character with the scal-

equal to thex values within less than 15%, and thevalues ing y~3x for both the[T,x(y)] phase diagram and the

are of the same order of magnitude for all concentrations anghachanism of destruction of the SP phase, the latter being

field directions. However, a slight difference is observed beyqqgciated to the freeing 8F 1/2 Cu spins. The substitution

tween the gap values obtained along the chain diredien ot one Ge jon has the same effect as the substitution of three
axis) and perpendicular to the chain directi@mandb-axis, ¢y jons and each substituted Cu ion leads to the freeing of

owing to the anisotropy which was not taken into account inone 5= 1/2 Cu spin. Our results are consistent with the the-
this simple model: along, A=(36*+5) K, alonga andb,

. oretical work of Khomskiiet al® However, Ni-doping shows
A=(43=7) K, on the average for all the concentrations

. : 'some peculiarities, due to the magnetic and anisotropic na-
leading to an exchange couplidg.c,~24-30 K. Although e of the Ni ion: The easy axis in the AF phase turns from
the measured susceptibility cannot be well fitted by expresge ¢ to the a-axis and Ni-doping leads to the formation of

sion (7) below 20 K, one can notice that the fit has the Ar cy-Ni pairs. Experiments are in progress on other sub-
correct shape: There is just a small shift in temperature. Thigt tions.

shift is due to the interactions between the Cu-Ni pairs and

with the rest of the Cu spins, which were not taken into We would like to thank J. E. Lorenzo, P. Monod, and

account. L.-P. Regnault for their interest in our work. We are also
From the value of the energy gap, it is evident that thegrateful to K. Katsumata and D. Khomskii for useful discus-

analysis of the susceptibility in Gu,Ni,GeQ;, performed sions.
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