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Abstract. Single-crystal derivatives of the spin–Peierls (S–P) system, CuGeO3, doped with Zn
(0.5 to 2.4%) and Ni (1.7 to 6%) have been studied using SQUID magnetometry and neutron
scattering. Our study shows that the impurities act to suppress the S–P state and produce a 3D
Néel state at low temperatures. A phase diagram is constructed which shows that doping with
either Zn(S = 0) or Ni (S = 1) leads to qualitatively similar results: the temperature at which
the transition to the S–P state occurs decreases linearly with dopant concentration, whereas the
Néel temperature,TN , initially increases to a maximum at around 4% and then decreases for
higher concentrations. These results are discussed with reference to models of defects in 1D
spin chains and to earlier experimental work on this system. One difference between the Zn-
and Ni-doped samples is that in the Néel state the Cu2+ moments in the former point along the
c-axis, while in the latter they are along thea-axis.

1. Introduction

The inorganic 1D antiferromagnetic compound, CuGeO3, has received much attention since
the discovery in 1993 that it undergoes a spin–Peierls (S–P) transition [1]. In general,
quantum Heisenberg antiferromagnetic 1D chains with integer spin values display a Haldane
gap [2, 3]. For a Heisenberg antiferromagnetic 1D chain withS = 1/2, quantum fluctuations
can result in a reduction of the magnetic energy by dimerization of the lattice along the
chain, provided the crystal structure can be easily distorted. Then the resulting alternation of
exchange coefficients between adjacent sites leads to the creation of a non-magnetic singlet
ground state that is separated from the first excited triplet states by a S–P energy gap. In
CuGeO3, the S–P transition was first observed from magnetic susceptibility measurements
which showed an isotropic exponential decrease belowTsp = 14 K [1]. Many subsequent
measurements have revealed the presence of an energy gap [4, 5]; the triplet nature of the
first excited state [6]; and structural dimerization [7], observed through the presence of
superlattice Bragg reflections in the wavevector direction(1/2, k, 1/2).Thus the occurrence
of a S–P transition in CuGeO3 has been clearly established.

The orthorhombic structure of CuGeO3 is composed of linear chains of strongly coupled
Cu2+ ions along thec-axis, well separated from each other by Ge–O chains, as shown in
figure 1. Measurement of exchange coefficients along each axis direction confirm the 1D
nature of this compound,(Jb/Jc ≈ 0.1, Ja/Jc ≈ 0.011) [4] although there is a significant
interchain interaction, especially along theb-axis. In contrast to organic S–P compounds
such as TTF-CuS4C4(CF3)4, TTF-AuS4C4(CF3)4 and (MEM)-(TCNQ)2 [8, 9, 10], which
have magnetic moments that arise from unpaired electrons in covalentπ -bonds, CuGeO3 has
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Figure 1. The crystal structure of CuGeO3 viewed along thec-axis with thea-axis horizontal
and theb-axis vertical. The Cu2+ ions are the small black circles, while the medium light circles
are the Ge4+ and the large dark circles correspond to the O2− ions. The box delineates the unit
cell at room temperature.

localized spins on the Cu2+ ions that couple through a superexchange interaction along the
c-axis. As was realized at an early stage, CuGeO3 is an ideal compound for studying
the effect of doping on the S–P ground state. Initial studies by Haseet al [1] have
shown that CuGeO3 is particularly susceptible to the introduction of impurities: only a
few % is sufficient to suppress the S–P ground state and to drive the system eventually
into a different magnetic phase at low temperature. Thus the study of high-quality doped
crystals with precisely determined composition is required for a greater understanding of the
mechanism underlying the S–P transition. Until recently, the nature of the low-temperature
magnetic phase was a matter of some controversy as several studies [11, 12] claimed to
observe a spin-glass phase that might arise from the freezing of unpaired chains in the
vicinity of the impurity. Many investigations have been made on crystals of CuGeO3 with
different substitutions for either the Cu2+ ions (Zn2+, Ni2+, Mg2+) or the Ge4+ ions (Si4+)
[13, 14, 15]. What is remarkable is that all report the appearance of a 3D antiferromagnetic
state at low temperature, qualitatively independent of spin and dopant.

In this paper we concentrate on the effect of doping Zn and Ni impurity ions into
CuGeO3, namely the suppression of the S–P transition and the appearance of a 3D magnetic
phase at low temperature. We have chosen to study a series of single crystals of CuGeO3

doped with a range of concentrations of Zn2+ (S = 0) or Ni2+ (S = 1). The radii of these
impurity ions are closest to that of Cu2+ and therefore they distort the crystal structure
minimally. This paper is organized as follows. The method of crystal growth is described in



Neutron scattering on single crystals ofCu1−x(Zn/Ni)xGeO3 6253

Table 1. Crystals of Cu1−xAxGeO3 (A = Zn, Ni) grown by the floating-zone method in an
infra-red image furnace. The % dopant concentration given in the first column was determined by
averaging the concentration obtained from mass spectroscopy measurements (with an accuracy
of ppm) on segments taken from each end of the crystal. The third column represents the
variation in dopant concentration across the crystal.

Dimensions Dopant concentration
Crystal (a × b × c) (mm3) range (%)

Pure CuGeO3 2 × 4 × 32 <1 ppm

Zn-doped 1.2 2× 3 × 39 0.09
(%) 1.5 2× 3 × 32 0.18

2.0 2× 4 × 31 0.36
2.4 2× 3.5 × 32 0.27

Ni-doped 1.7 2× 3 × 32 0.07
(%) 1.9 2× 3.5 × 37 0.12

2.9 2× 3 × 35 0.04
3.3 2× 3 × 31 0.38
6.0 5× 4 × 21 0.24

section 2, and then susceptibility data and analysis are presented in section 3.1. Our neutron
scattering results are given in section 3.2 and focus on the variation of order parameters with
temperature at the structural superlattice position (1/2, 3, 1/2); the appearance of long-range
AF order; and the variation ofTN with dopant concentration; the observation of magnetic
saturation in a 2.4% Zn-doped crystal; and evidence that the magnetic moment direction
in the Ńeel state changes fromc∗ to a∗ when the crystal is doped with Ni instead of with
Zn. Analysis and discussion follows in section 4 and our overall conclusions are given in
section 5. A short report on some of these data has been published previously [16].

2. Experimental details

The single crystals studied were grown by the floating-zone method in 1 atm of flowing
oxygen. Seed crystals were used to initiate growth along thec-axis, at a slow rate of 2
mm h−1, thus ensuring a regular deposition of crystal layers and good sample quality. Laue
x-ray diffraction photographs and the presence of visiblea∗ cleavage planes, confirmed that
the samples were single crystals. The composition and dimensions of the crystals used
(after removal of sections for susceptibility measurements) are listed in table 1. All of the
crystals were grown in a single pass through the floating zone and were not subsequently
annealed.

Since the value ofTsp is known from early studies to be concentration dependent
[17] and the crystals are relatively large, special care was taken to ensure homogeneity in
composition along the entire length of the crystals. Small pieces from the ends of each
crystal were dissolved and analysed using an inductively coupled plasma mass spectrometer
to measure the ratio of58Ni/ 65Cu or 66Zn/ 65Cu with accuracy of the order of 1 ppm. We
found considerable differences between nominal and actual concentrations; for instance the
most highly doped crystal—nominally 10% Ni2+ doped—was in fact only 6% Ni2+ doped.
However, there is no substantial concentration gradient over the entire length of any of the
samples, as can be seen from the third column in table 1.
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3. Results

3.1. Susceptibility

The sections removed from the end of each single crystal had susceptibility measurements
taken using a SQUID (Quantum Design, USA) magnetometer over the temperature range
of 2 K to 300 K. Magnetization was recorded in an applied field of 0.01 T with thec-axis
of the crystal perpendicular or parallel to the field. Although the S–P transition is second
order, and therefore should not exhibit hysteresis, care was taken to ensure that the samples
were cooled in nominally zero field. We first present results on the pure compound.

CuGeO3 has two main regions for susceptibility data (above and belowTsp). A fit to
each part can help determine the nature of the coupling within each spin chain alongc

(intrachain) and the degree of interaction between them (interchain). The high-temperature
susceptibility of a 1D antiferromagnet is usually an effective way to measure the magnitude
of the exchange interaction,J . In the case of undoped CuGeO3 the value ofJ determined
depends on the model used. The following review compares our data with previous results.

Figure 2. High-temperature magnetic susceptibility of a section of CuGeO3 measured with
H parallel to c. Two theoretical curves are included for comparison. The Bonner–Fisher
model describes a uniform Heisenberg interaction along the spin chains by extrapolating chains
of magnetic moments [18]; the curve labelled Riera corresponds to a Heisenberg model that
includes next-nearest-neighbour interactions along the chain also [23].

Figure 2 shows the high-temperature dc susceptibility data for CuGeO3 aligned with the
c-axis parallel to a field of 0.01 T, compared with two theoretical predictions for an infinite-
chain (S = 1/2) Heisenberg antiferromagnet. The Bonner and Fisher curve [18] describes
a uniform Heisenberg interaction along the spin chains in the absence of dimerization. The
curve is produced via a numerical method that takes regular finite chains ofN magnetic
moments and extrapolates toN → ∞ and T → 0. While experimental results and the
Bonner–Fisher model fit well for the organic S–P compounds [20], the shape of the curve
is not sufficiently similar to the measured data for CuGeO3 to allow the quasi-1D magnetic
state aboveTsp to be identified as solely 1D Heisenberg antiferromagnetism. Introduction
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of the anisotropy parameterγ into the Heisenberg–Ising Hamiltonian [18] permits a small
amount of interchain coupling but does not greatly improve the fit. Nevertheless, a value of
the exchange parameterJ can be obtained by matching the broad maximum at 53 K in the
susceptibility data to the maximum in the Bonner–Fisher curve. We have reproduced Hase’s
result [1] with J = 88 K. An alternative method was used by Nishiet al [4] and Regnault
et al [14] who foundJ = 120 K from inelastic neutron measurements of the dispersions
(below Tsp) and then applied the des Cloizeaux and Pearson formula for the characteristic
energy of a 1D excitation [21]. However, the latter method does not describe a S–P system
near the antiferromagnetic zone centre and does not lead to the reported value of 1.93 meV
for the S–P gap. A recent ultrahigh-field measurement employing electromagnetic flux
compression to reach fields of up to 500 T produced a value for the coupling constant of
J = 183 K [22].

Other formulations based on an(S = 1/2) Heisenberg model with both nearest-
neighbour and next-nearest-neighbour antiferromagnetic interactions have recently been
proposed. This is justified in CuGeO3 due to the presence of the non-linear Cu–O–O–
Cu superexchange paths. Riera and Dobry [23] have presented a model withJ = 160 K
in the absence of dimerization by settingα = 0.36, whereα is the ratio between nearest-
and next-nearest-neighbour exchange coefficients. Then a reasonable fit to the shape of the
maximum of the susceptibility is obtained. However, as this value ofα is greater than a
critical valueαc = 0.24 obtained using the Heisenberg formulation, this model predicts the
presence of a small spin gap even whenT > Tsp. As yet there is no conclusive proof of
the existence of such a gap aboveTsp. Castillaet al [24] forcedα to equalαc in order to
avoid the complications of a spin gap but sacrificed the agreement with the susceptibility
data, obtaining a value ofJ = 150 K. Yet another alternative is to introduce 2D interchain
coupling as well as second-neighbour interactions. If this is done,αc is not restricted within
the Heisenberg model but can change its value. In the short-correlation limit, such as for
a spin-ladder system where interchain coupling extends solely to the neighbouring chains,
the predicted excitation spectra show a spin gap aboveTsp with the value ofαc expected
to be lower than 0.24. On the other hand, when long-range 2D intrachain order occurs, the
excitation is gapless and compensated with a larger value ofαc. Therefore it is possible that
relatively long-range interchain interactions in CuGeO3 can modify the value ofαc to 0.36
or above. Overall there is little agreement on the value ofJ which has made it difficult to
establish that the excitations from a S–P state are different from those of an antiferromagnet
[25].

Low-temperature susceptibility measurements of CuGeO3 are also useful for examining
the S–P transition which is characterized by an exponential decrease belowTsp.
Susceptibility measurements of CuGeO3 below 20 K are depicted in figure 3 and are fitted
with the equation

χ(T ) = a

T
+ b

T
e−c/T . (1)

Here a, b and c are constants and the exponential term arises from the Bulaevskii mean-
field model [20] for a 1D magnetic system coupled to a 3D phonon field; and the 1/T

term models the observed increase at low temperatures. While this low-temperature rise in
susceptibility has often been dismissed as a consequence of magnetic impurities, our sample
of CuGeO3 contains<1 ppm of other magnetic ions. Instead, the low-T divergence may
be plausibly explained using the arguments of Liuet al [27] who describe the susceptibility
of two suspected S–P compounds, (6MAP)CuCl3 and (3MAP)CuCl3. While paramagnetic
impurities in our crystals are unlikely, another possibility is broken-chain effects arising
from imperfections in the crystal lattice that produce a statistical variation in chain length.
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Figure 3. Low-temperature susceptibility for CuGeO3 in a field of 0.01 T fitted with an
exponential curve and a 1/T function to model the low-T upward turn.

In the 1D Heisenberg AF model, chains with an odd number of spins produce aχ that
diverges as 1/T asT → 0.

Susceptibility curves for CuGeO3 are compared to those of Cu1−xZnxGeO3 and
Cu1−xNixGeO3 for a range ofx, in figure 4. The data are normalized to 1 aboveTsp

to emphasize the characteristic features such as the suppression ofTsp as the dopant
concentration increases. Qualitatively our measurements have the same shape as those
of Haseet al [12] and Ajiro et al [28] who have performed extensive measurements on a
range of Ni- and Zn-doped crystals of CuGeO3. Our susceptibility data were partly taken
as a means of characterizing the samples for later neutron scattering work which allows the
nature of each transition to be determined.

From the graphs in figure 4 it is clear that the transition to the S–P state is suppressed
with increasing dopant concentration; that there is still a 1/T low-temperature rise; and that
another transition is visible in the 1.5% and 2% Zn-doped crystals which exhibit cusps at
≈4 K.

Figure 5 shows susceptibility measurements on a 2.4% Zn-doped crystal with a field
of 0.01 T perpendicular and parallel to thec-axis of the crystal section.χ → 0 when
H is directed along the spin direction; therefore from this plot we can say that the Cu2+

moments in Zn-doped CuGeO3 lie primarily along thec-axis, whereas the absence of any
cusp or decrease in susceptibility in the Ni-doped compounds shown in figure 4, bottom
panel, suggests that now the Cu2+ moments are aligned in a different direction.

Previous measurements [12, 11] using susceptibility and later muon spin resonance
erroneously concluded that this transition was to a spin-glass phase. Our neutron scattering
results in the next section clearly demonstrate the transition is to a 3D Néel state.

3.2. Neutron scattering

Elastic neutron scattering experiments were performed on a series of Cu1−xAxGeO3 (A =
Ni, Zn) crystals which had been previously characterized by susceptibility measurements.
There were three main objectives: to look at the effect of doping on the S–P transition;
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Figure 4. Susceptibility of Zn- and Ni-doped crystals of CuGeO3 for H = 0.01 T. The curves
were normalized to the values at 20 K and 15 K respectively. Thec-axis is parallel to the
applied field of 0.01 T.

to characterize the nature of the low-temperature transition in the doped compounds; and
to determine the direction of the coupled moments in this low-temperature phase. The
experimental results are presented below.

Several neutron scattering experiments were performed on the cold source of the DR3
reactor at Risø National Laboratory using the TAS VI and TAS VII triple-axis spectrometers
with incident energy of 4.95 meV or 14.56 meV (reactor-to-detector collimation 30–open–
60–120 for both). Measurements were made with the appropriate Be or PG filters in order
to eliminateλ/2 contamination. A helium-flow cryostat was used over the temperature
range 1.5 K to 30 K and a pumped3He refrigerator for the range 0.3 K to 6 K. The crystals
were mounted in two different scattering geometries depending on the type of measurement.
Magnetic peaks were measured in the(0, k, l) plane and structural superlattice peaks were
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Figure 5. Susceptibility for two different field orientations,H ‖ c andH ⊥ c in 2.4% Zn-doped
CuGeO3. The cusp at the antiferromagnetic transition at 4.5 K shows the overall spin direction
to be along thec-axis.

measured in the(h, k, h) plane established by earlier measurements [7]. All of the data
shown here have been fitted with Gaussian lineshapes. Before describing the results, we
comment on the large discrepancy in intensity observed at the(0, 2, 0) nuclear reflection
in each scattering plane. In going from the(0, k, l) to the (h, k, h) scattering plane (a 30-
degree rotation of the crystal), the intensity of the(0, 2, 0) reflection increased by a factor
of 10. This motion corresponds to a Reninger scan around the scattering wavevector. We
suspect that multiple scattering is the explanation, possibly enhanced by the size and shape
of the crystal. Therefore normalization of the magnetic scattering to nuclear peaks was
rejected and normalization to crystal volume was used instead.

One crucial and determining characteristic of the S–P transition is the appearance of
extra superlattice peaks belowTsp. These peaks arise from lattice dimerization that is
not directly along the Cu2+ chain axis but is directed along the(h + 1/2, k, h + 1/2)

wavevector [7]. Figures 6(a) and 6(b) show the variation of the order parameter with
temperature for a selection of Zn2+- and Ni2+-doped crystals at the superlattice peak position
Q = (1/2, 3, 1/2), together with power-law fits nearTsp. Values of the order parameter
critical exponent (β), obtained from these fits, are listed in table 2 as well as the transition
temperaturesTsp for each crystal. We do not wish to put undue emphasis on these exponents
as their magnitudes depend greatly on the temperature range used for fitting, but we note
that at low concentrations they are consistent with Heisenberg theory [29], whereas for
higher doping concentrations they approachβ = 0.5 which suggests a mean-field model.
Clearly as the dopant concentration increases,Tsp diminishes, but the most dramatic effect
is the rapid decrease in intensity of the superlattice peaks.

A second characteristic of these doped crystals of CuGeO3 is a low-temperature phase
transition, which could be observed as a cusp in the susceptibility data for the more highly
Zn-doped crystals. Our elastic neutron scattering measurements show extra magnetic peaks
at the positionsQ = (0, 1, 1/2), (0, 3, 1/2), (0, 1, 3/2) and (0, 3, 3/2). Comparison of
the widths of rocking curves at magnetic and nuclear peaks demonstrate that long-range
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Figure 6. Order parameters at the structural superlattice reflectionQ = (1/2, 3, 1/2) for
(a) three Zn-doped and (b) two Ni-doped CuGeO3 crystals with pure CuGeO3 included for
comparison. The integrated intensities have been normalized to sample volumes.

antiferromagnetic order exists below the Néel transition temperature,TN . We have measured
the variation of the magnetic order parameter (βm) at (0, 1, 1/2) with temperature for the
ten Zn- and Ni-substituted single crystals listed in table 2. These results give an accurate
estimation of the variation ofTN with concentration, allowing the formation of a phase
diagram (figure 7) when combined with theTsp-measurements discussed previously. In
figure 7, P = paramagnetic (1D antiferromagnetic), SP= the spin–Peierls state and
AF = the Ńeel state observed in doped crystals. The crosses come from susceptibility
measurements on Zn-doped polycrystalline samples made by Haseet al [1] and are included
for comparison.

Now taking a closer look at a crystal of CuGeO3 doped with 2.4% Zn, we extended
our previous work on this sample [16] and performed elastic neutron scattering at the
(0, 1, 1/2) peak over the temperature range 0.3 K to 5 K (figure 8). Haseet al [15] recently
took measurements on a 3.4% Zn-doped crystal that has the sameTN as our 2.4% Zn-doped
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Table 2. Critical exponents for doped derivatives of CuGeO3. Tsp andβ are obtained from power
law fitting to the order parameters atQ = (1/2, 3, 1/2), using the equation :I = I0(1−T/Tsp)β .
Some of these curves are shown in figure 6.TN is obtained from straight line fits to the order
parameter measured atQ = (0, 1, 1/2).

Crystal Tsp (K) β (approx) TN (K) (approx)

Pure CuGeO3 14.04± 0.04 0.3(1) 0

Zn-doped 1.2 12.2± 0.1 0.3(3) 2.3
(%) 1.5 12.06± 0.05 0.3(7) 2.4

2.0 11.6± 0.1 0.4(7) 4.0
2.4 11.6± 0.1 0.5(0) 4.4

Ni-doped 1.7 11.53± 0.02 0.4(3) 2.3
(%) 1.9 11.50± 0.01 0.4(5) 2.5

2.9 9.17*± 0.07 0.4(4) 2.6
3.3 Not observed — 4.2(6)
6.0 Not observed — 3.2(0)

* Obtained from x-ray scattering on a small portion of crystal [35].

Figure 7. The phase diagram for Zn- (filled circles)
and Ni- (open circles) doped CuGeO3. The crosses
correspond to susceptibility measurements on a series
of Zn-doped crystals made by Haseet al [12].

crystal. They measured for temperatures>1.4 K and therefore failed to observe saturation
of the moment. We extended our measurements to 0.3 K using a3He refrigerator and
observed the onset of saturation of the magnetic moment which is apparent from the sharp
change in gradient at 1.5 K. In the light of our evidence, the estimation given by Haseet
al of the magnetic momentµeff = 0.19µB at 2.2 K, must be scaled upwards to estimate a
value of the saturated moment at 0.5 K. We obtainµeff = 0.24µB at 0.5 K. This value is
still much smaller than typical values for the Cu2+ ion in compounds such as KCuF3 [30]
(0.49µB).

We have also used neutron scattering to investigate the direction of the magnetic
moments in the low-temperature antiferromagnetic state for a range of doped crystals, by
taking measurements atQ = (0, 1, 1/2), (0, 3, 1/2), (0, 3, 3/2) and (0, 1, 3/2) at two
temperatures—one scan below and one scan aboveTN . Characteristic plots are shown in
figure 9 for crystals doped with 2.4% Zn and 2.9% Ni to give an indication of the variation of
peak intensity with position in reciprocal space and temperature. The anisotropy in figure 9
suggests that the antiferromagnetic structure can be described using a simple collinear model.
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Figure 8. The temperature dependence of the peak at the superlattice magnetic reflection
Q = (0, 1, 1/2) for the 2.4% Zn-doped CuGeO3 crystal. Note the change of slope at 1.5 K and
the linear behaviour of the order parameter from 1.5 K to 4 K.

In general, the integrated neutron scattering intensity of a magnetic peak can be written as

Im
hkl

I n
001

= (M⊥
hkl)

2(Fm
hkl)

2L(22hkl)

(F001)2L(22001)
. (2)

HereFm
hkl = 2f (Q) is the magnetic structure amplitude for each of the scatteringQ-vectors

for the (h, k, l) magnetic Bragg reflections considered andf (Q) is the Cu2+ form factor
[31] at that position; the coefficient off (Q) is a geometrical structure factor,

(1 − e2π i(h+k+l)) (3)

which is 2 for every magnetic reflection that we observed.L(22) is the Lorentz factor which
can be written as 1/ sin(22). The selection rule for the magnetic scattering is included in
M⊥

hkl—the component of the moment perpendicular to the scattering vector, from which
the magnetic moment in each crystal can be deduced. Assuming a random orientation of
the unitary spin direction,̂s = (sx, sy, sz) and for a vectorQ̂ oriented in theb∗–c∗ plane,
Q̂ = (0, sinα, cosα), where the angleα describes the rotation of theQ-vector from the
c∗-axis (see figures 10, left), we get (in an unsimplified form)

M⊥
hkl ≡ Q̂ × (ŝ × Q̂)

= â(sx) + b̂(sy cos2(α) − sz sin(α) cos(α)) + ĉ(sz sin2(α) − sy sin(α) cos(α)).

(4)

Values ofM⊥
hkl calculated for four crystals, using equation (2) withI n

001 set to 1, are plotted
versusα in figure 10 (right) with curves fitted from equation (4). Given that the magnitude of
M⊥

hkl will be largest whenQ̂ is perpendicular to the magnetic moment and using equation (4),
we deduce that the Zn2+-doped crystals have a moment almost completely along thec∗-axis.
For the Ni2+-doped crystals there is little variation inM⊥

hkl asα increases. This suggests that
the moments in these crystals are aligned along thea∗-direction (and therefore are always⊥
to Q̂) with only a small component in theb∗- or c∗-directions, within experimental accuracy.
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Figure 9. A comparison of neutron diffraction spectra at two magnetic wavevectors:Q =
(0, 1, 3/2) (left) and Q = (0, 1, 1/2) (right) for a Cu0.976Zn0.024GeO3 single crystal at 1.7 K
and 5.5 K, and a Cu0.971Ni0.029GeO3 single crystal at 2 K and 8 K.

4. Discussion

From the evidence presented above, we can conclude that the main effects of the presence
of impurities in the S–P system CuGeO3 are to suppress the transition temperatureTsp and
lead to the emergence of a long-range Néel state at low temperatures. However, actual
microscopic models of the role of impurities have not yet been developed, partly due to the
departures of CuGeO3 from ideal S–P behaviour. It seems reasonable, however, to surmise
that a small amount of dopant acts to disturb the chains of Cu2+ ions, destroying long-range
S–P order and simultaneously increasing the importance of 3D interactions between the
magnetic moments. A mean-field approach to a valence bond solid [26] uses the starting
assumption that the correlations along the chains are randomly interrupted by impurity ions
to predict that in doped crystals,Tsp will be proportional to(1 − x) wherex is the dopant
concentration. In figure 7 this linear behaviour is reproduced. Compare this graph to
figure 11 where the integrated intensity of the superlattice peak at(1/2, 3, 1/2) at 5 K is
plotted versus dopant percentage. ClearlyTsp does not change significantly with dopant
concentration, while the intensity of the reflection rapidly diminishes asx increases. As
the intensity of a superlattice peakI ∝ δ2, whereδ is the displacement of the atoms in
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Figure 10. Schematic diagrams relating the scattering vectors for four antiferromagnetic
reflections to the direction of the magnetic moments for (top left) Zn-doped crystals (µ ‖ c) and
(bottom left) Ni-doped crystals (µ ‖ a). TheM⊥

hkl versusα for these reflections, fitted with the
curve derived from equation (4), are shown on the right, top and bottom.

the dimerized system [23], it seems that the effect of increased doping is either to lower
the value ofδ or to decrease the volume of the dimerized regions within the S–P crystal.
If the latter interpretation is correct, the doped crystal can be visualized as comprised of
S–P regions separated by impurities. The average volume of these regions decreases asx

increases.
An additional effect of doping into CuGeO3 is the appearance of a low-temperature 3D

antiferromagnetic state. Again, from the phase diagram in figure 7 for low levels of dopant
ions, TN increases with concentration, to a maximum atx = 4%, then decreases until
at the highest concentration measured—6% Ni—TN is now only 3.2 K. It is postulated
by Haseet al [15] for Cu1−xZnxGeO3 and Renardet al [13] for CuGe1−xSixO3 that
at small concentrations the impurities break up the linear Cu2+ chains, disrupting S–
P correlations along the chains and allowing the fragmented portions to have increased
interchain interactions, which ultimately leads to long-range 3D AF order. A different
perspective comes from the work of Dupas and Renard [32] A quasi-1D antiferromagnet
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Figure 11. The integrated intensity of the(1/2, 3, 1/2) superlattice peak at 5 K normalized to
the sample volume versus dopant concentration for Ni- and Zn-doped crystals of CuGeO3. The
line is a guide to the eye.

with a gap is prevented from achieving long-range 3D order because the 1D spin-correlation
length,ζ , tends to a constant value asT → 0,

ζ ∝ J/1 (5)

(where J is the interchain exchange coefficient), instead of diverging as is the case for
a gapless quasi-1D antiferromagnet. Doping into this system reduces1, allowing ζ to
increase and then diverge at low temperatures as1 → 0. Renardet al use this argument
to postulate that the energy gap disappears for a dopant concentration that corresponds to
the maximumTN , for our results, atx = 4%. We have performed some inelastic neutron
measurements on a 2.4% Zn-doped crystal and found no sign of an energy gap, although
there is evidence that dimerization does occur, as can be seen from the weak superlattice
reflection atQ = (1/2, 3, 1/2) in figure 6 as well as the small minimum in the susceptibility
data at approximately 10 K in figure 4. The existence of a gapless S–P state in doped
CuGeO3 was first suggested by Blincet al [33] and we plan further investigations of this
phenomenon. The decrease inTN as the dopant concentration is increased past the optimum
level can be explained as due to the increasing hindrance of the AF correlations between
Cu2+ chains. The correlation length decreases and so doesTN .

Taking a look at the correlation lengths alongk and l in real space for the(0, 1, 1/2)

magnetic peak in the 2.4% Zn-doped crystal, and comparing them to the(0, 0, 1) nuclear
peak via the equation below, assuming a gaussian lineshape convoluted with a gaussian
resolution function,

1c =
√

FWHM2
(0,1,1/2) − FWHM2

(0,0,1) (6)

gives, for thel-scans at 0.55 K,1cl = 185 Å, while the k-scans taken at 0.70 K gave
1ck = 623 Å. Therefore in real space the magnetic correlation length is a lot larger in the
k-direction than in thel-scan where it closely matches the correlations of the nuclear Bragg
peaks.
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5. Conclusion

We have presented results from susceptibility and neutron scattering measurements on a
range of Ni2+- and Zn2+-doped single crystals of CuGeO3 with concentrations from 0.5%
to 6%. We have found that doping with Zn or Ni suppresses the S–P state and leads to the
emergence of long-range Néel order at low temperatures, in broad agreement with the work
of Haseet al. A new result is the extension of measurements on a 2.4% Zn-doped crystal
to temperatures below 1.5 K where a change of slope in the intensity of the(0, 1, 1/2)

magnetic peak indicates the onset of saturation of the moment. The current picture of
doped CuGeO3 is that the impurities probably act to divide the 1D AF chains into smaller
sections of spin–Peierls material that interact via an enhanced superexchange mechanism.
Our measurements ofTN versusx show thatTN is suppressed for dopant concentrations
>4%, in support of the idea that beyond a certain concentration of impurities, interchain
interactions are hindered and cannot propagate in three dimensions. In order to determine
the direction of the magnetic moment in the Néel state for the Ni- and Zn-doped crystals, we
have measured the intensity of the magnetic reflections(0, 1, 1/2), (0, 3, 1/2), (0, 1, 3/2)

and(0, 3, 3/2). Our results show that for the Zn2+-doped crystals the magnetic moment is
still aligned in thec∗-direction but belowTN in the Ni-doped crystals the moment now aligns
primarily in the a∗-direction. This situation is analogous to the 2D compound La2CuO4

when some Cu2+ ions are replaced by either Zn2+ or Ni2+ [34]. Pogorel’tsevet al have
found that doping with non-magnetic Zn does not change the magnetic order while doping
with magnetic Ni produces a change in the orientation of the magnetic moment. It is
assumed that the Ni impurity perturbs the nearest-neighbour spin environment in the Cu–
O planes which becomes significant for concentrations>5%. For a lower-dimensional
compound like Cu1−xNixGeO3, we expect the effect of doping with magnetic impurities to
be correspondingly greater.
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