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Abstract. We report on magnetization measurements as a function of temperature between 0.1
and 10 K for Cu0.98Zn0.02GeO3 single crystals in a magnetic field up to 14 T. The successive
antiferromagnetic order and the spin–Peierls (SP) transition are confirmed. In the SP state, the
paramagnetic contribution due to the spins induced by impurities corresponds to one spin 1/2
per Zn atom. The very specific nature of the low-temperature antiferromagnetic state coexisting
with the dimerized spin–Peierls state is also revealed in the magnetization curves.

1. Introduction

In the last few years, the quasi-one-dimensional (Q-1D) Cu2+ (S = 1
2) antiferromagnet

CuGeO3 has been intensively studied [1]. This compound undergoes a spin–Peierls (SP)
transition which is driven by the interaction between 1D antiferromagnetic chains and the
3D phonon field. As a result of substitution at the cationic site, the lattice and exchange
interactions between Cu2+ spins are modified, resulting in a competition between the
lattice dimerization and the 3D antiferromagnetic (AF) ordering [2]. The coexistence at
low temperatures of the SF and AF states has been demonstrated by neutron scattering
experiments on Zn-doped [3–5, 7] and Si-doped [3, 6, 7] crystals. Such a coexistence
between two order parameters, supposed exclusive, is possible due to the very specific
nature of the SP ground state. This latter results from the coupling between the 1D
antiferromagnetic order and the crystal lattice which induces a dimerization of the magnetic
ions leading to the formation of a non-magnetic singlet ground state [1]. But the quantum
coherence of this singlet ground state is very sensitive to any disorder, which can affect it
and consequently reveal the magnetic properties of the spins from which it is formed. Using
a phase Hamiltonian, it was shown that lattice distortion and staggered moments may have
a long-range order but with spatial modulations: the lattice dimerization is reduced at the
impurity site and the staggered magnetic moments extend to a soliton size of a few lattice
constants [8]. A similar model was also proposed in which the localized spins released by
impurities are antiferromagnetically coupled by the polarization of the singlet background
[9]. These models indicate that the dimerization sustains the coherence of the AF phase of
the spin polarization and that there is no critical impurity concentration for the occurrence
of the AF state. Thus it was recently shown that AF order appears in Cu1−xZnxGeO3 below
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28 mK for x ∼ 5× 10−3 [10]. On the other hand, if the number of impurities is increased,
the SP transition temperature decreases and the coupling between the AF moments may
lead to a conventional AF Ńeel state, without SP lattice distortion, as shown from specific
heat measurements for Si-doped CuGeO3 with x = 0.02 (TN ∼ 4.5 K) [11].

The magnetic phase diagram of doped CuGeO3 has general features which do not
crucially depend on the type of dopant; it has been derived from neutron scattering [3–7],
magnetization [2, 12–14], specific heat [11] and ultrasound measurements [15–17]. The
phase diagram includes the uniform (U) phase, the dimerized (D) phase, the AF phase at
low temperature and the magnetic incommensurate (I) phase which appears above a critical
magnetic field. The existence of the I phase above 10 T was proved by x-ray measurements
performed on Zn-doped [18] and Si-doped [7] crystals. From our ultrasound measurements
on a 2% Zn-doped crystal [17], we have shown that the I phase is situated in an area of
the phase diagram demarcated by three lines as shown in figure 1: the I–U, I–D and I–I′

lines. The I–I′ and I–U lines merge together atH = 15 T andT = 5 K. Above 15 T up to
20 T, the transition line between phases U and I′ is nearly temperature independent. The
I′–I line has also been detected up to 14 T by ultrasound measurements on a 1–5% Zn-
doped crystal [16] and by specific heat measurements up to 15 T on a 1% Si-doped crystal
[11]. It also appears that the transition lines between the AF and SP states and between the
commensurate and incommensurate phases cross at a ‘tetracritical’ point located at 9 T and
2 K for the 2% Zn-doped crystal (figure 1).
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Figure 1. The magnetic phase diagram of Cu0.98Zn0.02GeO3. The open squares represent the
critical fields determined from the magnetization measurements. The solid lines were obtained
from sound velocity measurements [17].

The nature of the I′ phase and its difference from the I phase are not well understood.
Thus our aim was, by measuring the magnetization of a 2% Zn-doped crystal, first to follow
the I–D transition line at low temperature in the AF phase and, second, to detect any change
occurring at the I′–I transition line.

2. Experimental procedure and results

The Cu0.98Zn0.02GeO3 single crystal used in this study was cut from a large crystal several
centimetres long grown from the melt by a floating-zone method associated with an image
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furnace [19]. The magnetization was measured by the standard extraction method in
magnetic fields up to 14 T applied parallel to thec-axis. The same sample as for the
ultrasound measurements [17] was used. A dilution refrigerator was also used for the
measurements below 1.5 K.

2.1. The AF–I′ transition line

Curves showing the field dependence of the magnetization,M, measured at 90 mK, 200 mK,
1 K and 1.6 K are drawn in figure 2. Two magnetization jumps are observed; the AF–I′

phase transition line is associated with the large change of the slope dM/dH at the critical
field Hc ∼ 9.5 T.

A spin-flop transition occurs at 0.7 T as shown in the inset of figure 2 for temperatures
of 0.2 and 0.9 K. A similar spin-flop transition had already been reported for Si-doped
CuGeO3 [15] at the same field of about 1 T.
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Figure 2. The magnetic field dependence of the magnetizationM of Cu0.98Zn0.02GeO3, at
1.6 K, 1 K, 200 mK and 90 mK. The curves are shifted along they-axis. The inset shows the
lower part of the diagram exhibiting the spin-flop transition (H is applied along thec-axis).

Above the spin-flop transition, the magnetization curves have a non-linear dependence
on the magnetic field which may result from the formation of magnetic solitons at the
impurity sites (as discussed in the last part).

2.2. The D–I transition line

Figure 3 shows the field dependence ofM, measured at 1.6, 3, 5 and 7 K. The large increase
of magnetization at around 9.5 T is associated with the phase transition between the D and
I phases, similarly to the cases in previous reports for Zn-doped [13] and Si-doped [14]
CuGeO3 crystals.
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Figure 3. The magnetic field dependence of the magnetizationM (H is parallel to thec-axis),
at 1.6 K, 3 K, 5 K and 7 K. The solid curves are fits obtained using equation (1).

2.3. The AF–D and D–U transition lines

The AF transition is clearly detected atTN = 3 K under 0.5 T as shown in figure 4, in
agreement with the ultrasound results [17]. However, for higher fields applied along the
c-axis, above the spin-flop transition, it can be seen that in figure 3 the magnetization does
not show any sharp decrease, but shows a continuous broad increase asT is reduced to very
low temperatures. Such a drastic change of the AF state with the magnetic field was also
reported on the basis of specific heat measurements on a Si-doped crystal [11] and reveals
the very specific character of the AF state coexisting with the SP dimerized state. At higher
T , the drop inM/H corresponds to the occurrence of the dimerized state. The inset shows
in more detail the variation ofM nearTSP at different fields.
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Figure 4. The temperature dependence ofM/H at different constant applied magnetic fields
(parallel to thec-axis) lower thanHc. N: 0.5 T;•: 2 T; �: 5 T; ♦: 7 T.
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2.4. The I′–I and I–U transition lines

In figure 5 the temperature variation of the magnetization is drawn for fieldsH higher than
Hc, H = 10, 11 and 14 T. The drop inM/H at higherTc corresponds to the I–U transition
line. The transition temperature is determined by the maximum in the derivative dM/dH
as shown in the inset of figure 5 forH = 10 T.
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Figure 5. The temperature dependence ofM/H at different constant magnetic fields larger than
Hc. The inset showsM(T ) and the derivative dM/dT at 10 T.

No significant variation inM(T ) at fixed field can be associated with the I′–I transition.
Such a transition, which was clearly observed in ultrasound measurements, should involve
a very small (if there is any) magnetization jump.

All of the transition points obtained from our magnetization measurements are indicated
on the phase diagram in figure 1.

3. Discussion and conclusions

The dimerization at zero field in a 2% Zn-doped CuGeO3 crystal occurs at∼10 K, as
compared with 14 K for the pure compound. Application ofH reduces the energy gap
by the Zeeman energy, until zero is reached at the critical fieldHc. A universal curve for
gHc/(2TSP(0)) versusT/TSP(0) has been shown to be followed by all SP compounds,g

being the gyromagnetic factor in the field direction. WithTSP(0) reduced from 14 to 10 K,
Hc is also reduced from 14.5 T to 10 T in good agreement with our data.

For pure CuGeO3, the dimerized (D) phase is non-magnetic, but aboveHc the prolif-
eration of magnetic solitons in the incommensurate I phase yields an increase of the
magnetization. In the 2% Zn-doped CuGeO3, a non-zero magnetizationMD is observed
in the D phase (see figure 3). Such a behaviour is related to the free-1/2-spin field in the
vicinity of each Zn impurity. Thus the magnetic field dependence ofMD above 3 K in the
dimerized region (figure 3) can be relatively well described by a Brillouin function (Bri):

MD = NµBBri
µBH

kBT
(1)

whereN is the number of magnetic momentsµB. The relations contenty = N/Nmol
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used in (1) to fit the data from figure 3 are reported in table 1. It can be calculated that
one 1/2 spin is associated with each Zn impurity, in agreement with the results given in
references [12, 13].

Table 1. The parameter describing the magnetization in the dimerized phase,y = N/Nmol, for
NmolµB = 5585 emu mol−1.

3 K y = 0.025
5 K y = 0.021
7 K y = 0.026

We have shown from our magnetization measurements that the incommensurate
transition extends at low temperature into the AF state. Thus we have measuredHc down
to 90 mK. The effect of magnetic field on the AF+SP coexistence states has been recently
studied theoretically [20]: it was shown that, for dilute systems, the formation of solitons
at the impurity sites will contribute to the magnetizationxµB per site above a critical field
Hc(x) depending on the concentrationx of impurities. Another jump of magnetization
will occur atHc > Hc(x) due to solitons similar to those in pure compounds [20]. Our
magnetization curves in the AF region are in good agreement with such a description, in
particular as regards the non-linear field dependence of the magnetization above the spin-
flop transition (figure 2). A weak-dilution analysis is appropriate for 2% Zn-doped CuGeO3,
which has a separation of about 50 Cu–Cu distances between two Zn ions. This average
impurity distance is much larger than the soliton lengthχ0 for the pure system, evaluated
to be∼12 Cu–Cu distances [7].

The soliton structure built when the fieldH is increased in magnitude beyondHc from
the dimerized phase or from the AF+ SP phase is not essentially magnetically different;
consequently the I–I′ transition line detected by ultrasound measurements is not detected
from our magnetization measurements. However, from figure 1 it is seen that, whenH

is increased, the I phase is more and more restricted in the phase diagram, to the benefit
of the I′ or AF phase, and disappears aboveH = 15 T above which the phase diagram
between the I′–AF and U phases reduces to a vertical line atT = 4.5 K. It was shown that a
sufficient doping totally suppresses the spin–Peierls phase and in this case the (H , T ) phase
diagram is a vertical line atT ∼ 4.5 K separating an AF Ńeel state and the paramagnetic
phases (see figure 4 in reference [11] for 2% Si-doped CuGeO3. Thus it can be concluded
that for doped CuGeO3 samples, high magnetic fields destabilize the spin–Peierls state in
its incommensurate phase and favour a pure AF state above a field of∼15 T.
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