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Thermal contraction at the spin-Peierls transition in CnGe03
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We report the results of an x-ray-scattering study of the b-axis lattice constant of the quasi-one-
dimensional spin-

~
antiferromagnetic chain system CuGe03 as a function of temperature and magnetic

field. A spontaneous thermal contraction hb along the b axis perpendicular to the chain direction is ob-
served below the spin-Peierls transition temperature T, near 14 K. The contraction, hb, is well de-

scribed by a simple power law, Ab ~(1—T/T, )", where the exponent x is found to be close to 0.5.
Below the transition temperature, hb scales with the intensity of the superlattice rejections with indices

(h/2, k, l/2)(h, l: odd, k: nonzero integer) measured by neutron scattering. The shift of the transition
temperature, b, T, =—T, (0)—T, (H), is found to scale as H in quantitative agreement with the results of
magnetic susceptibility measurements and with theory. A small increase in the a-axis lattice constant is

observed below T, .

The cooperative behavior of lower-dimensional quan-
tum spin systems is a subject of continuing research. One
particularly interesting phenomenon is the so-called
spin-Peierls transition, which is a structural phase transi-
tion driven by the magnetic interaction in one-
dimensional (1D) S=—,

' chain compounds. By analogy
with the we11-known Peierls instability in a 1D metal, it
can be shown that a uniform antiferromagnetic chain is
unstable with respect to a lattice distortion, which dimer-
izes the chain into an alternating antiferromagnet, there-
by introducing a gap into the chain spin-excitation spec-
trum. Until about a year ago, spin-Peierls transitions had
only been observed in a few organic compounds such as
TTF-CuS~C~(CF3)& (Refs. 3 and 4) and (MEM)-(TCNQ)z
(Ref. 5). In each case the transition was well described by
mean-field theory.

Recently, a structurally simple, inorganic chain com-
pound copper germanium trioxide [CuGe03] has attract-
ed wide-spread attention. This material appears to be a
good realization of a 1D S=

—,
' system, although there are

non-negligible 2D interactions. CuGe03 exhibits the
behavior predicted for a spin-Peierls system in several
respects. First, Hase, Terasaki, and Uchinokura
discovered that the magnetic susceptibilities in all direc-
tions drop exponentially to small constant values below a
transition temperature ( T, ) of 14 K. Second, T, shifts to
lower values with increasing magnetic field. Third,
Nishi, Fujita, and Akimitsu confirmed the formation of
a gap in the spin-excitation spectrum below the transition

temperature using inelastic neutron-scattering tech-
niques. Using the same experimental technique, Fujita
et al. characterized the nature of this gap mode to be a
triplet by observing the splitting of the gap mode into
three distinct modes under the application of a magnetic
field. Fourth, the superlattice rejections resulting from
the lattice dimerization below the transition temperature
have recently been observed by electron diffraction, x-

ray, and elastic neutron diffraction. '0'"
The crystal structure of CuGe03 is orthorhombic,

space group Pb (Dzt, ), with a unit cell (Fig. 1) of di-
mensions a =4.81 A, b =8.47 A, and c =2.94 A at room
temperature. Each Ge atom is tetrahedrally coordinated
to four neighboring oxygens, and each distorted tetrahed-
ron shares oxygens at the corners with two other tetrahe-
dra to form a Ge03 chain along the c axis. The Cu atoms
are octahedrally coordinated to the neighboring oxygens,
and each distorted octahedron shares edges with two
neighboring octahedra to form a Cu04 chain parallel to
the Ge03 chain. The two chains are linked together
through the oxygen atoms.

In a recent neutron-scattering study, Lorenzo et al. '

observed an anomalous softening of the longitudinal
acoustic phonons propagating along the b axis perpendic-
ular to the chain direction. They also observed a spon-
taneous lattice contraction in the same direction below
the transition temperature of 14 K, which coincides with
the transition temperature observed in the magnetic sus-
ceptibility measurements. ' The motivation of the
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FIG. 1. Unit cell of CuGe03,' the space group is Pb . The
atomic positions are Cu in 2(d) at ~,0,0; Ge in 2(e) at

x, ~~, ~~ (x=0.0743}; O(1) in 2(f) at x, 4, 0 (x=0.8700), and

O(2) in 4(i) at x,y, ~ (x =0.2813,y =0.0838).

present experiment was to understand the nature of this
thermal contraction.

In this paper, we present an x-ray-scattering measure-
ment of the lattice constant b as a function of tempera-
ture under various external magnetic fields. The experi-
ment was carried out on MIT/IBM beamline X20B at
the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory. The white x-ray beam
from a bending magnet was monochromatized by a single
Si(111)crystal. The energy of the incident x-ray photons
was fixed at 17.4 keV. Scattering was in the horizontal
plane and a fiat Si(111) crystal was utilized as the
analyzer. A single crystal of Cuoe03 grown by the float-

ing zone method was used in the experiment. The sample
was mounted with wave vectors (Okl) in the scattering
plane in an x-ray-compatible split pair superconducting
magnet manufactured by Oxford Instruments Ltd. The
measurements were carried out around the (080) recipro-
cal lattice position, since in this experimental
configuration, the ratio of b,q/q, where b,q is the half-
width at h-alf -max-imum (HWHM), at (080}was the small-

est among those at (020), (040), (060), and (080). The lon-

gitudinal HWHM at (080) was -0.0013 A ', while the
in-plane transverse resolution was controlled by the sam-

ple mosaic of -0.009' HWHM. A variable temperature
insert of the liquid-He flow type was used. Hence, stable
and reproducible experimental conditions could only be
obtained for T) 7 K, where all the experiments were per-
formed.

The experimental results at zero field are shown in Fig.
2(a). The lattice contraction appears below a T, of
—14.2 K. The data are well described by the simple
form

b ( T)=be(1+BT ) bb, —

where the Srst term on the right-hand side of the equa-
tion is the conventional thermal expansion of the lattice
derived from a=(1/b)(db/i}T) ~ T for small T.' The
second term hb is weH represented by the single power-
law form:

0, T&7;
Ab= '

A(1 —T/T, }", T~T, ,

where the exponent x is found to be close to 0.5. The
solid line in Fig. 2(a) is the result of a least-squares fit of
Eq. (1) to the data with x fixed at 0.5.

In order to probe further the connection of this
thermal contraction along the b axis to the magnetic
transition observed by Hase and co-workers, ' we re-
peated the measurement of the lattice constant as a func-
tion of temperature in several fields up to 6 T. The mag-
netic field was applied in the vertical direction, that is,
the a-axis direction. Results similar to those found at
zero field were obtained for a series of fields up to 6T.
Shown in Figs. 2(b) and 2(c) are the results of the lattice
constant measurements under H=2 T and H=5 T, re-
spectively. %hile applying magnetic fields, the sample
position moved slightly compared with that at zero field;
this necessitated realigning the spectrometer, thence
causing a slight difFerence in the arm-zero position in
different magnetic fields; this subsequently led to a small
difFerence in the apparent absolute value of the lattice
constant. Accordingly, in Fig. 2 we have normalized the
lattice constants in different magnetic fields at 25 K.

In Fig. 2, the solid curves are the best fits of the data to
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FIG. 2. The lattice constant b of CuGeO3 as a function of
temperature and magnetic field. A spontaneous contraction
along the b axis is observed below T, -14 K; the solid lines are
the best fits to Eq. (1}with exponent x =0.5. The fitted error
bars are smaller than the symbols shown in the figure, though
the absolute error bars are larger. {a)H =0 T, T, =14.21+0.07
K. (b) H=2 T, T, =14.06+0.04 K. (c) H=5 T, T, =13.71
+0.03 K. The lattice constants in diferent magnetic fields are
normalized at 25 K; see text.
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where pz is the Bohr magneton and k~ is the Boltzmann
constant. ' ' The g factors observed by electron spin res-
onance (ESR) along the a, b, and c axes are g, =2. 15,

gb =2.23, and g, =2.05, respectively. ' The fitted value
for a is 0.45+0.09 in very good agreement with the value
a=0.40 deduced from magnetic susceptibility measure-
ments on a polycrystalline sample of CuGe03. These
two values for a in turn also agree well with the theoreti-
cal values of 0.44 calculated in the Hartree-Fock approxi-
mation" and 0.36 in a theory based on the Luther-
Peschel-type treatment of the spin-correlation func-
tions. '6 We note that the approximation of Eq. (3),
gpsH/ksT, (0) «1, is only moderately well satisfied,
since gpytH/kit T,(0)-0 lan. d 0.6 for H= 1 T and 6 T,
respectively.

We also fitted all of the b-axis lattice-constant data
simultaneously to the following equation:

b (H, T)=ho(1+BT ) hb(H, T)—,

where

(4)

Ab(H, T)=
0, T& T, (H)

r (5)

Eq. (1) with x =0.5; one can clearly see that T, shifts to
lower values with increasing magnetic field. Figure 3
shows the magnetic field dependence of T, . The solid
line in the figure is the best fit to

T, (H) =T, (0) 1 —a gjmg H

Ab at all magnetic fields studied.
Very recently, the superlattice reflections with indices

(h/2, k, l/2) (h, l: odd, k: nonzero integer) have been ob-
served in electron, x-ray, and neutron diffraction. ' '"
Hirota et al. , based on their neutron-diffraction measure-
ment of the intensity of the superlattice reflections, have
proposed a lattice dimerization model of CuGe03 below
the transition temperature with oxygens O(2) displacing
in the ab plane by about 0.01 A, accompanied by a com-
parable shift of the Cu ions along the c axis. " The inten-

sity (I) of the superlattice refiections from the neutron-
diffraction measurements" turns out to be well described

by a simple power law, I oc(l —T/T, )2~. In Fig. 4 we

show a comparison of the measured lattice contraction
hD from our x-ray studies together with the intensity I of
the superlattice reflection at (0.5, 5, 0.5) from the neutron
measurements. " The agreement is clearly quite good;
this can be understood simply as originating in the cou-

pling between the lattice contraction and the order pa-
rameter in a Landau free-energy formalism. We also note
that both l5,b and the intensity I (0.5, 5, 0.5) are well de-
scribed by a single power law [1—T/T, (0)]

The appearance of the superlattice reflections is the re-
sult of the Cu dimerization and oxygen displacement
below the spin-Peierls transition temperature. If we let 5
denote a generalized lattice distortion amplitude, then the
intensity of the superlattice reflections I is simply propor-
tional to 5 . We can write down the extended Landau
free-energy I' after integrating out the spin de~;rees of
freedom

A(H) 1—
C

T& T, (H) F=Fo+ ,'a(T T, )5—+—,'u—45 + —,'u65

+ ,'K(l5.b) +yb—b5 (6)

with bo, B, A (H), T, (H), and x as adjustable parameters.
The best fit gives x =O. S3+0.02. This value for x pro-
vides satisfactory fits to the temperature dependence of

where —,'K(b, b) is the elastic energy contribution of the
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FIG. 3. The transition temperature T, as a function of ap-

plied magnetic field H. The solid line is the result of a least-

squares fit to the form T, (H) =T, (0)[1 a(g peH /2ks T,(0)) —],
where the fitted value of a is 0.45+0.09. The magnetic-field

dependence of the transition temperature T, (H) agrees quanti-

tatively with the results from magnetic susceptibility measure-

ments (Ref. 7).
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FIG. 4. Ab together with the intensity I of the superlattice
reflections measured using neutron-di8raction techniques (Ref.
11). The empty circles are the intensity of the superlattice
reflection at (0.5, 5, 0.5) measured by neutron scattering (Ref.
11). The solid line is the result of a fit of the superlattice
reflection intensity to a simple power law I ~(1—T/T, ) ~,

where the fitted value of P is 0.26%0.03. The filled circles are

the lattice contraction hb data from the x-ray measurements re-

ported here.
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lattice contraction (K is the corresponding elastic con-
stant), and the yhb5 term represents the lowest-order
nonvanishing coupling between the distortion amplitude
5 and the contraction Lib F. rom the condition that the
sample is stress free, one has BFjB(hb) =0, which gives

4.8016

4.8013-

CuGeO

hb= — 5E (7)

Combining Eq. (7) with I ~5, we have b,b -I, which is
exactly the result displayed in Fig. 4.

By inserting Eq. (7} back into the free-energy expres-
sion Eq. (6), we can see some indication why P might be
close to the tricritical value of 0.25. Combining Eqs. (6)
and (7), one has

2'
I" =Isa+ 2Ia(T —T, )5—+—,

' u4 — ~ 54+ I ue56 .—

Since u4 —=(u4 —2y'/II. ') &u4, the system is closer to a
tricritical point (u4=0 at the tricritical point) than the
noncoupling situation (y=0). The magnetoelastic in-
teraction between the 1D antiferromagnetic chains and
the 3D phonon field in the lattice drives the system
CuGe03 through a spin-Peierls transition and opens up a
finite energy gap in the spin-excitation spectrum by
dimerizing the lattice. " The atomic shifts induce the
lattice contraction hb and the coupling between the con-
traction and the lattice distortion in turn puts the system
near the tricritical point. A similar argument might be
made for the organic spin-Peierls system TTF-
CuS4C4(CF3)4, which instead has P=0.5. However, in
that case, there is a precursive 3D soft-phonon mode at
the superlattice position, which persists to very high tem-
peratures. Cross and Fisher argue that this soft-
phonon mode causes the mean-field P= —,

' behavior in the
TTF salt. No such soft phonon has been observed in
CuGe03 so far.

We also observed a small increase of the lattice con-
stant a in the a-axis direction below the transition tem-
perature T, (Fig. 5). The change of the lattice constant a
between 10 and 15 K is about 0.002%, which is to be
compared with the 0.0065% change along the b-axis
direction.

Finally the theory of Cross and Fisher' predicts that
the spin gap b, varies as 5 or equivalently
b, -I'~ -(bb)'~ . We show in Fig. 6 the data of Nishi,
Fujita, and Akimitsu for the spin gap together with the
power law of Fig. 4 raised to the power —,

' and the low-
temperature superlattice intensity data of Hirota et al."
also raised to the power —,

' normalized at 4 K. Clearly the
agreement is quite satisfactory given the combined uncer-
tainties. Thus, once more we see the consistency between
the theory for the spin-Peierls transition and the experi-
mental data of CuCxeO3. The small gap exponent of
0.093 suggested in the paper of Nishi, Fujita, and Akim-
itsu is the result of fitting the gap data far away from the
transition temperature to a power law. Clearly, in order
to draw a definitive conclusion on the scaling of the spin
gap with the atomic displacements, additional data on
the gap energy, especially close to the transition tempera-
ture, are needed.
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FIG. 5. The lattice constant along the a axis as a function of
temperature. The fitted error bars are smaller than the symbols

(except the last point}, although the absolute error bars are
larger.
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FIG. 6. Gap energy (Ref. 8) together with I' and the power
law in Fig. 4 raised to the power —'. The empty circles are the
intensity of the superlattice reflection at (5, 0.5, 5) (Ref. 11)
raised to the power 3. The solid line is the power law

(1—T/T, ) ~ of Fig. 4 raised to the power 3. The solid circles
are the gap energy (Ref. 8).

In summary, we have accurately measured the lattice
constant b as a function of temperature and magnetic
field in CuGe03. A spontaneous thermal contraction hb
is observed below the transition temperature T, of about
14 K, which coincides with the spin-Peierls transition
temperature. The quadratic magnetic-field dependence of
T, agrees quantitatively with the results from the mag-
netic susceptibility measurements, which in turn agrees
with theory. ' ' hb is well described by a simple power
law, with an exponent x close to 0.5. hb is also found to
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scale with the intensity of the superlattice reflections,
which is explained through a simple coupling term be-
tween the contraction and the order parameter in the
Landau free-energy formalism. It is noted that the tran-
sition may be close to a tricritical point. Future, more
precise experiments on the heat capacity, the critical fluc-
tuations above T„and the order parameter below T,
should serve to distinguish between tricritical behavior
and the expected asymptotic 3D Ising behavior at the
spin-Peierls transition.

Although, in many aspects, CuGe03 has demonstrated
itself to be a model spin-Peierls system, there are still
some remaining questions yet to be answered. Among
them, the most significant is how important the inter-
chain couplings are, that is, whether CuGe03 is best de-
scribed as a one-dimensional antiferromagnetic chain sys-
tem or a spatially anisotropic two-dimensional system.
Specifically, Nishi, Fujita, and Akimitsu find significant
dispersion of the magnetic excitations along both the b
and c axes, with zone-boundary energies of -6 meV and
—16 meV, respectively, while the dispersion along the a
axis is negligible. The atomic displacements below the
transition temperature as determined by Hirota et aI."
are also more complicated than the simple dimerization
along the chain direction as expected from an idealized
spin-Peierls transition. The atomic displacements of Cu

and O(2) may not only dimerize the intrachain interac-
tion but may also modify the interchain interactions, sug-
gesting that spin-ladder gap efFects could also play a
role. ' ' Finally, the temperature dependence of the
magnetic susceptibility above the transition temperature
departs significantly from the Bonner-Fisher curve for
the linear spin- —,

' antiferromagnetic chain. It is clear,
therefore, that in order to understand fully the interesting
behavior of CuGe03, much more experimental and
theoretical work is needed.
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