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Magnetostriction of the spin–Peierls magnet CuGeO 3
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The temperature dependence of the longitudinal magnetostriction of a CuGeO3 single crystal
is measured within the temperature range 4.2–20 K in a magnetic field of 10 T. As the temperature
is raised above 4.2 K, the magnetostriction at first increases from vanishingly small values,
attains a maximum at a temperature of approximately 12 K, and then abruptly drops as the
temperature approaches the spin-Peierls transition. The results are interpreted on the basis
of a simple model utilizing the real pattern of magnetic excitations in the spin system. ©1998
American Institute of Physics.@S1063-7834~98!02309-0#
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It has now been reliably established that the lo
temperature decay of the magnetic susceptibility of an ort
rhombic CuGeO3 crystal is attributable, in large part at leas
to the spin-Peierls phase transition of this magnet into a
glet dimerized state. This phenomenon essentially entails
capability of an antiferromagnetic chain of spinsS51/2 situ-
ated in a three-dimensional lattice to go over to the dim
ized state at temperatures below a certain critical value.
transition is accompanied by doubling of the lattice per
along the axis of the chain and, from the magnetic sta
point, is characterized by a singlet ground state. The sp
trum of magnetic singlet-triplet excitations has a characte
tic energy gap, which governs such salient features of
magnetic properties of a spin-Peierls magnet as low-t
perature exponential decay of the magnetic susceptibility
the intensity of magnetic resonance, as well as the magn
zation jumps at a certain critical value of the magnetic fie

These considerations spotlight the importance of inv
tigating spin-phonon interactions in spin-Peierls systems1–4

The investigation of the magnetostriction of CuGeO3 single
crystals at various temperatures has shown that its temp
ture dependence is nonmonotonic and that the magnetos
tion has a maximum at a temperature of approximately 10
We have proposed a simple model of this behavior of
magnetostriction of a spin-Peierls magnet.4 Here we describe
a more detailed measurement of the temperature depend
of the magnetostriction of a CuGeO3 single crystal and sub
mit a more correct analysis of the model for explaining t
results.

1. EXPERIMENTAL RESULTS

The CuGeO3 single crystals used for the measureme
were grown by the technology described in Ref. 5. T
samples were prepared from blue single crystals. Meas
ments of the magnetic susceptibility of the crystals ha
shown that the spin-Peierls transition temperature
1521063-7834/98/40(9)/3/$15.00
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TsP514.2 K and that a low-temperature rise of the susce
bility is not observed. The latter result attests to the h
quality of the crystals.6

The magnetostriction was measured by a tensome
method using low-magnetoresistance strain gauges in
temperature range 4.2–25 K. The results are shown in Fig
and 2. Curves1 are plotted for cooling and subsequent he
ing of the sample without any external magnetic field; curv
2 are plotted for cooling and heating of the sample in
external magnetic fieldH510 T. It follows from the data in
the figures that when a magnetic field is applied, the sam
increases in size, corresponding to positive longitudinal m
netostriction along thec andb axes of the crystal.

The magnetostriction-temperature curves3 have been
obtained by subtracting curve1 from curve2. It is evident
that the magnetostriction is small at temperatures below 5
increases as the temperature is raised, attains a maximu
T512– 13 K, and then drops to vanishingly small values
the spin-Peierls transition temperature. We note that a sim
behavior of the temperature dependence of the magnetos
tion of CuGeO3 has been observed Ammerahlet al.3

2. DISCUSSION OF THE RESULTS

We have previously4 proposed a simple model that ca
be used to explain the unusual behavior of the magnetos
tion of a spin-Peierls magnet as a function of the tempera
in comparison with conventional magnetic materials. T
model is based on a very simple representation of the s
Peierls state of a two-level singlet-triplet system.
T50 K this kind of system is nonmagnetic, and the sp
subsystem of the crystal does not influence the lattice. As
temperature is raised, the triplet states becomes popula
and the magnetic subsystem influences the equilibrium
tice strains by way of magnetostrictive coupling. It is obv
ous that the temperature dependence of this influence is
sociated with the population variation of the triplet states
0 © 1998 American Institute of Physics
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the system. The application of a magnetic field alters
singlet-triplet energy gap, causing the population of the tr
let states and, hence, the ‘‘magnetic’’ contribution to the l
tice strain to change. At high temperature, where the po
lations of the triplet and singlet states equalize, the influe
of a magnetic field on the equilibrium lattice strains throu
vanishes by virtue of the decrease in the energy gap.

Neutron-diffraction examinations7 have shown that mag
netic excitations of the spin-Peierls system form a trip
band with maximum dispersion along thec axis of the crys-
tal. Consequently, to analyze the spin-Peierls system m
correctly, it is necessary to investigate the band of magn
singlet excitations instead of the triplet excited level. Ina
much as exchange interaction within the chain of spins of
Cu21 ions of the CuGeO3 crystal is an order of magnitud
larger than exchange interactions between chains, we
consider only spin excitations along thec axis. The disper-
sion relation for such excitations can be written in the for8

w~k!25@D21~wM
2 2D2!sin2~k!#, ~1!

FIG. 1. Temperature dependence of the lattice strain of a CuGeO3 crystal
along theb axis.1! Magnetic fieldH50; 2! magnetic fieldH510 T applied
along theb axis; 3! magnetostriction~obtained by subtracting curve1 from
curve2!.

FIG. 2. The same as Fig. 1, but the strain and magnetic field are dire
along thec axis.
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whereD is the energy gap in the spectrum of singlet-trip
excitations, andwM is the maximum value of the energ
w(k). The following values of the parameters were det
mined from the spectrum at low temperatures~1.8 K! in
experiments on the inelastic scattering of neutrons b
CuGeO3 crystal:D523 K; wM5180.5 K ~Ref. 8!. Measure-
ments in strong magnetic fields have shown that the ene
gapD and the transition temperatureTsP of the system to the
spin-Peierls state depend on the magnetic field.9,10 The gapD
decreases linearly as the magnetic fieldH increases:D
523@120.077H# ~D in kelvins, andH in teslas!. The tem-
peratureTsP also decreases as the field increases and is e
to 12.5 K in a field of 10 T. It is also important to bear
mind the strong temperature and pressure dependenceD
~Refs. 8 and 10!.

We analyze the temperature dependence of the ma
tostriction of the spin-Peierls magnet on the basis of an
vestigation of the strain dependence of the internal energ

U5Uel1Umag5
1

2
Eu21

2v0
21

~2p!3 E
0

p/2 w~k!d3k

ew~k!/T21
, ~2!

whereE is Young’s modulus,u is the strain of the crystal
and v05abc. The minimization of the energy~2! with re-
spect to the strainu gives its equilibrium value for a fixed
energy gapD. The difference in the equilibrium strains fo
different values ofD with and without an external magneti
field H determines the temperature and magnetic-field dep
dence of the magnetostriction. Bearing in mind the expe
mentally measured temperature and field dependences oD,
we have used a numerical method to find the tempera
dependence of the magnetostriction, which is represente
the dashed curve in Fig. 3. Also shown in this figure is t
experimentally measured temperature dependence of
magnetostriction when the magnetic field is directed alo
the b axis. All the results are given in values normalized

ed

FIG. 3. Calculated and experimental graphs of the temperature depend
of the longitudinal magnetostriction. The dashed curve represents the c
lated dependence, and the black squares represent the experimental
with the magnetic field along theb axis. The curves are normalized to th
maximum values of the magnetostriction.
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the maximum magnetostriction. In the calculations it h
been assumed that the governing magnetostriction me
nism is the strain dependence ofD. The temperature depen
dence ofwM is not taken into account. Satisfactory agre
ment is observed between the calculations and experim
Qualitative agreement is preserved for a field directed al
the c axis of the crystal but, at temperatures below the te
perature of the maximum, the experimental temperature
pendence of the magnetostriction is sharper.

The qualitative agreement of the magnetostrictio
temperature curves calculated on the basis of the prop
model and determined experimentally indicates that the p
posed magnetostriction mechanism based on a strong de
dence of the energy gapD on the lattice strain and on th
magnetic field, on the one hand, and based on theD depen-
dence of population of the band of triplet states, on the ot
is the principal mechanism in the region of the spin-Peie
magnetic state of a CuGeO3 magnet. The root cause of mag
netostriction is the strain dependence of the exchange in
actions. Anisotropy of the magnetostriction is induced b
by the elastic anisotropy of the crystal and by the comp
influence of various strains on the exchange interactio
One possible cause of the imperfect correspondence betw
the calculated and experimentally measured temperature
pendences of the magnetostriction is the disregard of
temperature dependence of the spectral bandwidth of m
netic singlet-triplet excitations.

The mechanism underlying the evolution of antiferr
magnetic exchange interaction in the chains of Cu21 spins of
CuGeO3 is not entirely clear at the present time. For e
ample, Geertsma and Khomskii11 have proposed an explana
tion of why the Goodenough–Kanamori rules are violated
terms of the influence of Ge41–O22 side groups on 90°
s
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Cu21–O22–Cu21 exchange. On the other hand, it has be
shown12 that marked distortion of the CuO6 oxygen octahe-
dra under certain conditions can generate an orbital supe
tice and, in keeping with the Goodenough-Kanamori rul
produce antiferromagnetic exchange interaction in the ch
of copper ions. There is a need for more precise calculati
from first principles of exchange interactions to quanti
tively account for the results of measurements of excha
and magnetoelastic interactions in CuGeO3.
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