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Abstract
Magnetic excitations in the novel inorganic spin-Peierls (SP)
system CuGe0 3 have been studied by means of inelastic neutron
scattering. The formation of a gap state due to the structural
dimerization in the Cu-02-Cu chain along the c-axis with a gap
energy of about

~sp=2

meV was observed at T,p (= 14 K) for the

first time in a SP system. In the dimerized state (T < T,p) the character
of the excited state was determined by investigating the magnetic
field dependence of the gap state. An application of the magnetic
field in three different directions demonstrates the isotropic and
triplet nature of the gap state. Polarized neutron inelastic scattering
directly evidences the triplet states for the spin fluctuation components
of these Zeeman split under an applied field.

All these results

strongly underline the excitonic description of the singlet-triplet
transition in this alternating anti ferromagnetic (AF), S=112 chain
system. Detailed study of spin excitation dispersion relations in the
dimerized state shows that CuGe03 below T,p can be regarded as
weakly coupled alternating, S=112 AF chain system. The intra-chain
and inter chain exchange parameters were determined as Je
meV, J b
formula.

""

0.1 Je , and Ja

""

""

10.4

-0.01 Je by the Heisenberg AF spin wave

Line shape analysis shows a pronounced asymmetry,

suggesting the existence of a spin wave double continuum similar
to the case of a uniform S=112 AF chain.
Under hydrostatic pressure up to 1.8 GPa, the SP gap,

~sP

increases linearly with increasing pressure. This fact is consistent
with the increase of T,p under pressure observed by Takahashi et al.
However, intra-chain exchange interaction, Jc decreases with
increasing pressure.
In addition to these extensive magnetic excitation measurements,
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lattice dynamics in this SP system have been also studied by inelastic
neutron scattering. No appreciable softening of any phonon branch
was observed. An anomalous broad phonon line width was observed
for the [001] longitudinal phonon at about 21 meV near the Brillouin
zone boundary. However, the phonon profile did not change around
T,p.

From the magnetic critical scattering, the magnetic correlation
length did not agree with the calculated value by using the anisotropic
magnetic exchange constants in a usual anti ferromagnetic order.
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Chapter 1.

Introduction

Low-dimensional magnetic systems, especially quantum spin
systems, have attracted much attention during recent years both
theoretically and experimentally. The theoretical interest has been
focused on the S= 1/2 linear Heisenberg antiferromagnetism (AF)
since Bethe's exact solution for its ground state [I]. Its spin dynamics
was theoretically investigated by des Cloizeaux and Pearson [2]
who revealed a dispersion relation for excited states, being very
similar to the semi-classical Anderson's spin wave results with
renormalized zone boundary energy. Endoh et al. performed the
first inelastic neutron scattering experiment on CuCl 2·2N(CP),
dichloro his pyridine copper II (CPC) [3], and experimentally
evidenced the des Cloizeaux and Pearson's dispersion results. They
also observed an asymmetry in the line shape of the spin excitation
spectra. Subsequently, the exact calculation using finite chain showed
the existence of the spin wave double continuum (SWDC), which
could explain their neutron scattering results. The dispersion relation
by des Cloizeaux and Pearson turned out to be the lower boundary
of this SWDC. More recently, the existence of the SWDC was
confirmed in KCuF 3 by an inelastic neutron scattering using a chopper
time of flight spectrometer at the spallation source [4].

In 1983 Haldane proposed that the spin dynamics depends on the
spin value, whether being half-integer or integer. In particular, he
pointed out that S=I AF Heisenberg chain should have an energy
gap for excited triplet state even at the zone center [5]. This Haldane
gap initiated both theoretical and experimental controversies, because
it was contradictory to the expectation of the semi-classical spin
wave theory discussed so far. After many intensive studies both
theoretically and experimentally this controversy has been settled in

favor of Haldane's idea.
The S=I/2 linear alternating Heisenberg chain has also been a
long standing theoretical and experimental problem. lt has attracted
theoretical and experimental attention for about two decades,
particularly in relation to the spin exciton theory and the properties
of linear exchange coupled free radicals. Static properties like
magnetic susceptibility were calculated for this system and compared
with the experimental results on free radical solid. Spin dynamics in
these systems have also been discussed theoretically pointing to a
possible Wannier state for a small alternation parameter. More
recently, with the discovery of spin-Peierls (SP) system this
alternating Heisenberg chain became of increasing interests for
physicists.
The SP transition must be accompanied with an intrinsic lattice
instability in a system of quantum mechanical AF chains where the
spins are interacting via a Heisenberg or XY exchange interaction
and the chains are coupled to a three dimensional phonon. At the
critical temperature, called SP temperature 1',1" a second order
transition occurs and a dimerized state is stabilized below Tsl, where
a system can be regarded as an ideal linear alternating AF.
Experimentally the SP transition was first observed in the organic
compound TIF-CuBDT [6] by magnetic susceptibility and EPR
measurements. Subsequently, several other organic compounds such
as MEM-(TCNQ)2 [7], TIF-AuBDT [8], and SBTTF-TCNQCI2 [9]
were reported [7, I0]. In all these organic SP systems the evidence
for the SP transition was obtained either by observation of the
dimerization in the lattice or by the macroscopic magnetic
measurements of magnetization or susceptibility. Because of the
limited crystal size available for the organic SP substances, however,
direct observation of spin dynamics using neutron scattering has not

been possible.
Recently Hase et al. (1993) [11] reported the existence of the
SP transition in an inorganic CuGe03.

Their single crystal

measurement clearly indicated that its magnetic susceptibilities
rapidly drop to zero along three principal axes below the SP transition
temperature T,p (= 14 K) as shown in Fig.!. The peak position of
Bonner-Fisher [12] curve is adjusted to the maximum value of the
magnetic susceptibility, but it cannot fit well to the observed value
in contrast to that of ITF-CuBDT [6]. They also observed the
magnetic field dependence of the phase transition temperature Tsp(H)
of polycrystalline CuGe0 3, and demonstrated that its magnetic phase
diagram is in qualitative agreement with that of an organic SP
system [13]. The SP transition temperatures T,p and AF exchange
interactions J of CuGe03 [14] and organic SP substances [6,7,8,9]
discovered so far are shown in Table 1 with the spin lattice coupling
constants 1]', SP gaps

~(O)

at T = 0 K, and

2~(O)

/ knT,p'

T,p and J

of CuGe0 3 show the intermediate values among these substances.
The comparison of these basic parameters implies that the SP
transition mechanism of CuGe03 are basically the same as those of
other orgarnc compounds.
This particular transition doesn't occur in the majority of quasione-dimensional AF inorganic compounds because of the necessary
conditions as follows [8] ; (1) a one-dimensional material is most
suitable, (2) the material must be an insulator, not a metal, (3) a
spin quantum number of 1/2 is required, (4) an AF intra-chain
exchange constant is necessary and (5) the intra-chain exchange
interaction must not be of the Ising type.
The spin system requires a magnetically singlet ground state
with an energy gap accompanied with the lattice dimerization. If
the dimerization occurs, the unit cell doubles along the chain direction
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Fig.I. Magnetic susceptibility on CuGe0 3 along three principal
axes by Rase et al. [11]. Bonner-Fisher curve was adjusted at the
maximum value of magnetic susceptibility.
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Tablel. Spin-Peierls compounds with the transition temperature

Tsp ' the intra-chain exchange interactions J, spin-lattice coupling
constants

rl',

spin-Peierls gaps ~(O) at T=

a K and 2~(0) / kBT,p'

where J is defined by following Hamiltonian:

H

=J

'" Si . Si+l and 1]' is equal to T. / 0.8 J

~

~

T sp

x.

rl=T%8J

t.(O)(K)

2t.(OXl sp

14

121

0.145

24.5

3.50

(6)

12

77

0.195

21

3.50

(8)

2

68

0.037

MEM-(TCNQ)2(7)

18

106

0.209

56

3.11

SBTIF-TCNQCI

38

160

0.297

67

3.52

(11.14)

CuGeO)
TIF-CuBDT
TIF-AuBDT

r

3.7

3.70

and a new satellite peak should appear at

e= 0.5.

Recently, electron

[15] and x-ray diffractions [16] independently confirmed the presence
of superlattice reflections at (11+ 1/2, k, e+ 1/2) with h, e integers and
k odd number. The subsequent neutron scattering study [17]

evidenced the dimerization of the Cu atoms along the c-axis,
confirming that CuGe0 3 is a typical SP system. The out-of-phase
dimerization of the neighboring chains along the a or b-axis indicates
a finite inter chain interaction. In the neutron scattering experiment,
the superlattice reflections with k even number were also observed
as a result of the shift of the

°

atom positions in the a-b plane [17].

A spontaneous contraction strain below T,p along the b-axis was
also observed by neutron [18] and x-ray [19] diffractions. Anomalies
in the lattice dynamics, most probably associated to this strain,
have been studied by inelastic neutron scattering [18].
Since a large single crystal of CuGe03 (typically 45 x lOx3
mm 3 in size) has been available, detailed study of the spin dynamics
by means of inelastic neutron scattering in a SP system has been
possible.
We thus performed inelastic scattering experiments using both
unpolarized and polarized neutrons to study spin dynamics in
dimerized (T < T,p) and normal (T> T,) state in CuGeO)" Since the
SP transition is related to the lattice instability, a lattice dynamical
study was also performed.
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Chapter 2.

Experimental

2-1. Crystal Structure
The crystal structure of CuGeO J is orthorhombic (D~h - P bmm )
with a = 4.81
[20].

A,

b = 8.47

A,

and c = 2.94

A at room temperature

This structure is built up by [Cu0 2f and [GeOJf linear

chains along the c-axis in which a copper atom is located at the
center of the square of four oxygen atoms with the short Cu-O
distances (1.94 A) as shown in Fig. 2. The superexchange interactions
between the Cu 2+ spins at
bound oxygens located at

z = 0 and 1 are mediated by two shortest
z = 1/2. Hence it is expected that these

Cu-0 2-Cu bonds form quasi-one-dimensional AF chains along the
c-axis.

(a)

c

tLb

•
0

Cu
Ge

i} 0

A
A
c = 2.9 A
a = 4.8

b = 8.5

(b)

Fig. 2. Crystal structure of CuGe0 3. Cu02 and Ge0 3 linear chains
are along c-axis.

2-2. Sample Preparation
Powders of CuO (99.99 % Rare Metallic CO., LTD.) and Ge0 2
(99.999

% Furuuchi

Chemical CO.,

LTD.) were mixed

stoichiometrically and the water contained in the mixture was removed
in vacuum for about 12 hours at 250°C. This sample was transacted
to a quartz tube which was evacuated and placed in the furnace
heated to I 100°C and kept for 48 hours. Then the furnace was
cooled gradually to room temperature. Many needle like single
crystals grew up in the turquoise blue powder. This powder sample
used for the neutron powder scattering [21] was confirmed not to
contain impurities by x-ray scattering. CuGe0 3 single crystals were
kindly supplied by 0. Fujita and J. Akimitsu at Aoyama Gakuin
University. Their growing procedures are described in the following.
The powder sample was pressed into a rod (7 mm0x 100 mm) and
sintered at about 1000 ·C. A single crystal was grown by a traveling
floating zone method. Growth rate in a floating zone process was 1
nun per hour under 02 gas flowing. The single crystal obtained was
transparent blue with the size of 45x lOx3 mm 3 and a plate-like
shape. X-ray diffraction and magnetization measurements confirmed
that it was a single-phased CuGeOr Magnetization measurements
showed that data were in good agreement with that of Hase et al.
[11], such that the magnetization drastically dropped to zero at 14 K
along three principal axes.
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2-3. Neutron Scattering
Neutron scattering experiments were performed on the POlarized
iieutron Iriple ~xis (ISSP-PONTA) and !iigh .Q ~esolution (ISSPHQR) spectrometers installed at JRR-3M reactor at Japan Atomic
Energy Research Institute (JAERI), Tokai, Japan.

The (0 0 2)

reflection of pyrolytic graphite (PG) was used for both
monochromator and analyzer, and a PG filter was placed behind
the sample to eliminate higher order contamination. The typical
experimental condition at PONTA was as follows; the incident energy
of neutron E,=I4.77 meV, the wave length A = 2.353

A and

the

collimation open(40')-40'-40'-40'. When PG filters were set both
before the monochromator and between the sample and the analyzer,
the half A intensity was an order of 10-6 • In HQR spectrometer, we
used the double axis mode with the incident neutron energy E ,= 13.84
meV, the wave length A = 2.431

A and the collimation open(6')-open

(30')-40'. When the PG filter was set between the monochromator
and the sample, the half A contamination became below 10-3.

Chapter 3.

Magnetic Excitations

3-1. Temperature dependence
(I) T

< T,p

We performed the first inelastic neutron scattering to study the
magnetic excitations in CuGeO)[14]. For the quasi-one-dimensional
SP system, the excitation dispersion spectrum is generally known to
have an energy gap at q = O. In addition, this alternating spin singlet
state changes to a uniform state above T,p and the finite energy gap
vanishes at the center of Brillouin zone. The sample was mounted
in an Al can filled with helium gas and attached to the cold head of
a closed cycle helium refrigerator which could cool to 4 K. Crystal
axis was set with the [l00] direction vertical in the b*-c * scattering
plane. To observe such phenomena, we measured the temperature
dependence of the neutron scattering intensity at an energy transfer
,1E = 1 meV at the lower energy of the SP gap (q = 0) using the

triple axis mode with E;= 13.7 meV at (0, 1,0.5). As shown in Fig.
3, the neutron scattering intensity increases with decreasing
temperature, reaches its maximum at about T,p = 14 K, and then
exponentially decreases below T,p due to the formation of the SP
gap. An overdamped mode occurs in the intensity profile above T,p'
therefore, the intensity gradually decreases as temperature is
increased. It should be noted that the excitation spectrum from the
singlet ground state to the excited triplet state should occur below
T,p' although the resultant excitation peaks around T = 14 K are not

spin waves in a strict sense, since no long-range magnetic order
exists. Thus, these propagating quasi particles in the excited triplet
state should be called "magnetic excitons" instead of magnons. The
temperature dependence of the magnetic exciton profiles of CuGeO)
at (0, 1,0.52) is shown in Fig. 4 for E; = 13.7 meV and collimator
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Fig. 4. Energy scan profiles of the magnetic exciton at (0, 1, 0.52)
for various temperatures with E; = 13.7 meV.
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setting; open(40') -40'-40'-80', where a very sharp peak is seen at 4
K. The magnetic exciton at q = 0.02 c* has a wavelength 50 times
larger than that of the lattice constant c. Note that at 12 K the peak
becomes broader and weaker and shifts to lower energy, while at
14 K the SP energy gap completely vanishes and the magnetic
excitations are simultaneously overdamped. The neutron scattering
profiles between 14 and 16 K are very similar and show a FWHM
of about 4 meV around I1E = 0 meV.
Figure 5 shows the dispersion relations of the magnetic excitons
along each principal axis (a, b, and c), where it is obvious from
these results that (0, 1,0.5) is the zone center. Since the strongest
correlation energy occurs along the c*-axis parallel to the direction
of the Cu0 2 chain, this confirms that CuGe0 3 has a one-dimensional
magnetic character along this axis. Using the des Cloizeaux and
Pearson formula [2], the characteristic energy for a one-dimensional
excitation is nJc 12 = 16.3 meV. However, the intra-chain exchange
parameter J c = 10.4 meV (120.4 K) is larger than the expected
value Jc = 7.58 meV (88 K) obtained from magnetic susceptibility
data [11].

Other zone boundary (ZB) energies were obtained as

E bzB=5.6 meV at (0, 0, 1/2) and EaZB =2.7 meV at (112, I, 112),
which is the superlattice point [15, 16, 17] in the dimerized crystal
structure. It should be noted that the magnetic zone center is different
from the structural superlattice point. To estimate the inter chain
exchange constants, we analyzed our data in terms of the Heisenberg
anti ferromagnetic Hamiltonian

H=

IJjjSjSj"

The dispersion

,j

relation can be obtained from the Heisenberg anti ferromagnetic
spin wave formula [22], i.e.,

14

20

R.= 0.75

•

15

T=4K

;;0)

§

10

~

<l

5

o

o

0.4

0.8

1.2

q (AI)

Fig. 5. The dispersion relations of the magnetic excitons in CuGe0 3
along each principal axis at T = 4 K. The solid lines indicate resultant
curve fittings using the Heisenberg anti ferromagnetic spin wave
formula. (0, I, 1/2) is the zone center; q= O.
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where Ja , Jb , and Jc are, respectively, the exchange parameters
along each principal axis and the uniaxial anisotropic magnetic energy

EA is used to replace the SP energy gap. Consequently, the exchange
energies along the b- (Jb ) and a-axes (fa) were, respectively, estimated
as Jb "" 0.1 Jc and Ja"" -0.01 Jc.t
The one-dimensionality of CuGe0 3 is not so pronounced as KCuF3,
being a quasi-one-dimensional quantum AF system [24].
The temperature variation of the SP energy gap at (0, I, 0.5) is
shown in Fig. 6, where the gap energy is 2.1 meV at 0 K. Using this
energy, a value of B "" 0.093 was determined by
(2)

where T,p =. 14 K.
For the one-dimensional Heisenberg spin system with S

=.

1/2,

quantum mechanical dispersion relation formula was proposed by
des Cloizeaux and Pearson, as
E =. nJ/2 I sin(2rtf) I .

(3 )

The dynamical spin-correlation function in (q,m) space was calculated
by Muller et al. [25]. They showed that eq. (3) only gives the lower
energy boundary of a magnetic excitation continuum which is called

t After submitting this thesis, we received the paper from Katoh
and Imada [23]. They derived the dispersion formula of SP system
including the inter chain exchange constant. The fitting procedure
to our data for their theoretical formula is now in progress.
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Fig. 6. The temperature dependence of the spin-Peierls gap at the
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spin-wave double continuum (SWDC). The upper boundary of
SWDC was given by Bonner and Bkite [26] as
E

= nfe

I sin(nf) I.

(4 )

SWDC as an expression of quantum effects in an AF Heisenberg
linear chain was observed as asymmetric line shapes in neutron
scattering experiments on CPC [3] and KCuF3 [24]. Recently, Nagler

et at. [4] confirmed SWDC up to upper boundary in KCuF 3with
pulsed neutron source. In our measurements on CuGe0 3, asymmetric
line shapes are observed in Figs. 7 (a) and (b), where the deviations
from the Gaussian line shape on the high energy side may be attributed
to SWDC. In the constant energy scan in Fig. 8, similar discrepancies
to Gaussian fitting curve were also seen at low q side which cannot
be accounted for by the resolution effects. These additional intensities
should be therefore attributed to SWDC. Hence, these results clearly
demonstrate the existence of SWDC above the lowest excitation
boundary in the dimerized S = 1/2 spin chain. The one dimensionality
is maintained even at low temperature in spite of the rather large
inter chain exchange (fb Ife - 1/10), because the correlation lengths
in the individual chain do not diverge but remain finite due to the
singlet nature of the dimerized S = 1/2 chain.
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(2) T> T,I'
As shown in Fig. 5 CuGe0 3 has a one-dimensional magnetic

character along the c*-axis parallel to the direction of the Cu0 2
chain [14].
Above T,I' the alternating spin singlet state changes to a uniform
state and the finite energy gap vanishes at the Brillouin zone center.
To observe the critical scattering above T,I" the temperature
dependence of the neutron scattering intensity was measured around
(0, 1, 1/2) using the double axis configuration with incident neutron
energy £;=30.5 meV and collimation open(40')-20'-20' [27]. As shown
in Fig. 9, one can see that with decreasing temperature, the neutron
scattering intensity at (0,1.05,0.5) increases critically, reaches its
maximum at T,I" and then exponentially decreases below T,,) due to
the formation of the singlet pair ordering.
We measured the neutron scattering intensity by the step scans
parallel to c*- and b*-axes through (0, 1, 1/2) at 15.3 K.

The

neutron scattering cross section in the quasi-elastic approximation
is proportional to the wave vector dependent susceptibility, X(q)·
X(q) is represented by the Lorentzian spatial distribution in the

Marshall and Lowde's formalism [28] as follows:

B

(5)

and
x(O,O,qc)

=

C

(6)

where Band C are constants and
(7)
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Lines are guides to the eye.

We obtained experimentally the correlation lengths as Sc=12±1
and Sb=4.1±0.3

A from eqs. (5) and (6) as shown in Fig.

A

10. Using

the exchange constants, Jb and Jc obtained from the dispersion relation,
the ratio ){b is estimated to be 12 from eq. (7). However, the
observed ratio ){b =2.9±0.4 at 15.3 K is not in agreement with the
calculated value but in agreement with the ratio of structural
correlation lengths, 3.1 previously obtained by Pouget et al. [16]
from the structural fluctuations measured by x-ray scattering.
Figure II shows the magnetic excitation spectrum at (0,

T, 0.65)

measured with fixed incident neutron energy £;=30.5 meV and the
open(40')-40'-40'-80' collimation at different temperatures. Although
the peak intensity decreases with increasing temperature, an
underdamped excitation at 29 K is still visible at the same energy as
at 8 K. Since the magnetic excitation at Q=(O, T, 0.6) is already
damped at this temperature, one can estimate the magnetic correlation
length Sc to be -7

A at 29

K from the empirical formula A.c-3 Sc

[29], where \=c/(0.65-0.5)=20

A,

the maximum wave length of

well defined excitations above magnetic transition temperature. This
value Sc is accidentally close to the structural correlation length.
The inverse correlation length of critical fluctuations along the c
direction is shown in Fig. 12 as a function of temperature obtained
by Pouget et al. [16].

Solid curve is the best fit to the x-ray

scattering data by a square root law.

Our data obtained from

neutron scattering are shown by open circles.

Both anisotropy

ratios of the structural and magnetic correration lengths agree near

Tsp , but the magnetic correlation length along the c-direction at
15.3 K deviates from a square root law. Katoh and fmada [23]
predict not to be divergent at Tsp . The magnetic correlation lengths
may have a different behavior from the normal AF transition at Tsr
To clarify the relation of magnetic and structural correlations,
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resolution width. (b) Step scan along b*-direction with the same
conditions as in (a). Solid line is a result fitted by Lorentzian.
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Fig. 12. Temperature dependence of inverse correlation length.
Closed circles are the results from x-ray measurements by Pouget et
at. [16]. Open circles from neutron scatterings by Nishi et at. [27].
Solid line shows the best fit of x-ray's data to the square root function
of temperature.
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more data upper and lower Tsp will be required. Lorenzo

el

al. [18]

reported a remarkable soft longitudinal acoustic phonon along the
b-axis. This results also indicates that CuGe0 3 has a low dimensional
character crystallographically. If the inter chain coupling is weak,
the Cu atom dimerization may arise.
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3-2. Magnetic Field Dependence

Theoretically, the nature of the ground state and the properties of
the SP gap in low-lying excitations have been subjects of interest
[26]. The effect of a magnetic field on the SP transition has also
been a subject for theoretical interests [30]. Experimentally, the
phase diagrams in T and H space were determined in the organic
SP systems and compared with the theoretical predictions [31].
However, no direct observation of SP gap as a function of magnetic
field by inelastic neutron scattering was possible because the large
single crystals of such organic substances were not available. In
this chapter the results of an inelastic neutron scattering study of
the magnetic excitation state was reported as a function of magnetic
field up to 6 T [32,33].

(I)

Horizontal Field (Un polarized)

Performing the experiments in two different field configurations,
(see Figure 13), the polarizations of the triplet modes observed
under applied fields were determined. This is the first direct evidence
for the theoretical result that the gap in a SP system corresponds to
a singlet-triplet transition.
Inelastic neutron scattering experiment was performed using the
unpolarized neutron with the fixed incident neutron energy, E;=14.7
meV and the collimations, open(40')-20'-20'-40'. Horizontal field
superconducting magnet (Oxford Instruments) capable of generating
fields up to 6 T was used. The two pieces of single crystals with
the sizes of 5!1lx9 mm were mounted inside an aluminum can oriented
so as to give crystallographic (0, k, e) zones in the scattering plane.
Because of the accessible scattering angle of the horizontal field
superconducting magnet, only the excitations at reciprocal points
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Fig. 13. The relationships between the scattering vectors and applied
fields. The spectra at (0,1, I/2) and (0,3,1/2) were obtained at 5 K
with field directions designated as the HI and H 2 , respectively.

30

(0, 1, 1/2) and (0, 3, 1/2) were measured. Both reciprocal points are
equivalent with smallest magnetic excitation gap (about 2 meV).
The relationships between the scattering vectors and the directions
of the applied fields for these two configurations designated as HI
and

~

configuration, respectively, are depicted in Figure 13. These

two configurations were chosen such that in HI the magnetic field
direction is as parallel as possible to the scattering vector and in H2
as perpendicular as possible to the scattering vector, at the same
time allowing the energy scan up to about 3.7 meV energy transfer
at these reciprocal points within the limited windows of the magnet.
Therefore, the magnetic field direction HI was chosen as shown in
Fig. 13 for the (0, 1, 112) reflection (HI configuration) and that of
the H 2 for the (0, 3, 1/2) reflection (H 2 configuration), respectively.
The angles between the magnetic field directions and the scattering
vectors are ex=10.7 deg. (sin 2(l0.6T)=0.034) and 53.7 deg.
(sin2 (53.T)=0.650) for HI and H 2 configurations, respectively.
Because of the selection rule for the magnetic neutron scattering,
the cross section of the components of magnetic fluctuations can
be seen in these configurations as

(8)

where

(MiMi)

and

(M, M,)

denote magnetic fluctuations

perpendicular and parallel to the applied magnetic field, respectively.
Inserting the angles ex,

(9)

for HI configuration and
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(10)

for Hz configuration. The spectra in the HI configuration at (0, 1,1/2)
under applied fields of 0, 1.5, 3.2, 4.5 and 6 Tat 5 K are shown in
Figure 14. The value of energy gap at zero field is 2.0iO. I meV,
being in agreement with the previous data [14J. The splitting of
this single gap at H=O into upper and lower energies can be clearly
observed.
Figure 15 shows the spectra in the Hz configuration at (0, 3, 112)
under horizontal applied fields of

°

and 6 T at 5 K. The zero field

result in this configuration shows a single peak at the same energy
transfer as in HI configuration. In contrast to HI configuration, the
development of a three peak structure under an applied field of 6 T
is obvious.

In the HI configuration (Fig. 13), the scattering vector was
almost parallel to the magnetic field (sin 2(10.67")=0.034), thereby
only

(M.LMJ

component was observed and

(M 1 M 1 )

component

associated with the longitudinal spin tluctuation was not observed.
On the other hand, in H2 configuration (Fig. 15) we can see both
the

(M 1 M1 )

and

(M.LM.L) components

of the magnetic excitations

at (0, 3, 1/2). The appearance of a triplet peak structure under a
magnetic field clearly demonstrates the spin excitation mode in
three fold degenerate state. [n order to know the accurate peak
intensities and widths, we performed the Gaussian fitting procedure
as expected from the instrumental resolution function. The small
deviations of the line shapes at the wings at larger energy transfers
cannot be attributed to the 'tailing' due to the resolution effect
which stems from the steep slope of dispersion curve along c*direction, and should be related to SWDC as shown in Fig. 7(a).
Figure 16 depicts the field dependence of the energy positions of
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the observed gap energies as obtained from the Gaussian fits. It
can be inferred that the field dependence of the energies is linear
with a slope of ±0.12 meVrr and that the energy splittings at (0,
1,1/2) and (0, 3, 1/2) are identical. This linear dependence can be
well fitted by the equation M=M(O)±gpBH, where g-values is 2.1.
From the magnetization measurements [34], critical field He at which
SP phase disappears and magnetic triplet phase appears is about 13
T. However, as shown in Fig. 4, the extrapolated value at LlE=O is
IS T. This discrepancy may be explained by the theoretical prediction
that transition from the SP state to magnetic state may be the first
order [35]. This should be confirmed under a higher magnetic field.
The fit results for the intensities of upper and lower energy
peaks in Fig. 15 indicate that the intensities of these peaks in both
configurations are equal, if one considers the known magnetic form
factor for Cu2+ and the factor due to the magnetic selection rule as
described above. This means that the intensities of (M1.M1.) observed
in both configurations are same.
Comparing the intensities of

(M 1 M 1 )

and

(M1.MJ

at (0, 3,

1/2) and 6 T, where both components are visible at the same time,
it can be inferred from eq. (10) that the intensities associated to

(M M
1

1

)

is identical with the intensities associated to
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(M 1. M1.).

(2)

Vertical Field (unpolarized)

An asymmetric superconducting magnet with a vertical field up to
4.75 T was used. The sample was oriented with its b* and c* axis
in the scattering plane. Figure 17 shows a typical spectrum with
the applied field of 4.75 T. The splitting of the single peak observed
at 2 meV in zero field into a triple peak structure can be clearly
seen. In Fig. 16 the energies observed in the vertical configuration
at 4 and 4.75 T are marked with crosses together with the results of
the horizontal field configuration with two different field directions
in the b*-c* plane [32]. This result strongly suggests the isotropic
nature of the gap mode because all three field directions yield the
same field dependence of the Zeeman splitting modes.
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Fig. 17. Energy scan profile at (0, 1, 1/2) at 5 K under the vertical
magnetic field of 4.75 T.
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(3)

Vertical Field (Polarized)

Polarized neutrons were employed in order to separate the

(M, M1 )

and

(M.LMJ

components unambiguously. When the

polarization direction is perpendicular to the scattering vector, as it
is the case here, the spin fluctuations parallel to the applied field
are seen in the non-spin flip (NSF) process, and the spin fluctuations
perpendicular to the applied field in the spin flip (SF) process [36].
The (I I 1) reflection of magnetized Heusler alloy was used for
monochromator and analyzer. The incident energy was fixed at
14.7 meV. Coarse horizontal collimations of open(40')-40'-40'-80'
were used to partly compensate the intensity loss due to the
polarization analysis. A DC flipper was introduced before the sample
to obtain NSF scattering with flipper off state and SF scattering
with flipper on state. A flipping ratio of about 20 was measured on
a nuclear Bragg peak, yielding a neutron polarizing efficiency of
about 90 %.
Figure 18 shows the results of the polarization analysis. NSF
scattering is indicated by open points and SF scattering by closed
points. Solid and broken lines are best fit with Gaussians. It is clear
that the field independent peak and the two Zeeman split modes
consist of

(M, M, )

and

(M.LMJ, respectively.

Considering these

assignments of the fluctuations, the unpolarized neutron scattering
results show that the intensities of

(M.LM.L)

(M 1 M,)

and the sum of

are equal in the vertical field configuration with the field

of a*-direction. Hence, it can be concluded that not only the energies,
but also the detailed character of the spin fluctuations, i.e. the
intensities of

(M, M,)

and

(M.LMJ,

do not depend on the field

direction. All these results impressively demonstrate the isotropic
nature of the gap mode.
This is consistent with the susceptibility measurements under
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applied fields by Hase et ai. [II], i.e. the Hamiltonian describing
the magnetic system is very isotropic. Considering this isotropic
nature, the splitting of the energy gap into three distinct levels
under an applied field suggests that this is an exciton like transition
from a non-magnetic singlet ground state to the magnetic triplet
state in a SP system CuGeOr
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field of 4.75 T. NSF and SF scattering are indicated by open and
closed points, respectively.
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3-3. Pressure Dependence
The organic SP systems were extensively studied, but an only
few experiments were made under pressure. A variety of pressure
dependence of Tsp's are observed as tabulated in Table 2
[37,38,39,40]. One should note the difference of the sign of dT,/dP.

In 1991, Adams et al. [41] reported the pressure dependence of
the lattice constants on CuGeO) using x-ray diffraction. All lattice
constants decreased with increasing pressure up to 7 GPa at room
temperature (RT). Recently, AC susceptibility and magnetic balance
measurements have been performed on a single crystalline CuGeO)
under high pressure up to 8 GPa and 1.1 GPa, respectively [40].
T,p was increased linearly with increasing pressure at a rate of 4.8

KJGPa. The pressure dependence of the Curie constant C and
Weiss temperature

e were also obtained by fitting the susceptibility

above T,p.
To observe the pressure dependence of the SP gap, we tried the
neutron inelastic scattering using a CuGeO) single crystal with the
size 4 mm0 x 9 mm grown by traveling solvent floating zone
method [42]. The incident neutron energy was fixed to be 13.7
meV and typical collimations were open(40')-40'-40'-80'. The SP
gap was measured at (0, I, 112) in the (0, k, f.) scattering plane.
A clamping type high pressure cell used for neutron scattering at 5

K was mounted to the cold head of a closed cycle helium refrigerator.
The single crystal CuGeO) was mounted with NaCI as a pressure
standard in an Al micro-cell. Pressure was generated at RT using
Fluorinert as the pressure-transmitting fluid and clamped by bolts
and ring made from maraging steel [43]. The generated pressure
was measured by monitoring the change of the lattice constant of
single crystal NaCI.
The pressure dependence of the relative deviation of the lattice
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Table 2. Spin-Peierls transition temperatures and their pressure
dependent coefficients observed until now. The data of CuGe03
were given by Takahashi et al. [40].

T sp

~ T s~P (K/GPa)

TTF-CuBDT

11.5

MEM-(TCNQ\

17.4

(TMTTTF) 2 PF6

20

-6.57

14.1

+4.8

CuGe03

43

-1.83
+18.6

(37)
(38)
(39)
(40)

constants b and c at 5 K normalized by the RT values are shown in
Fig. 19. Note that c-axis slightly elongates, while the b-axis
remarkably shortens to 1.8 GPa. The temperature dependence of
the three lattice constants was reported by BNL group [17, I 8,19]
that the lattice constant c expanded with decreasing temperature
and saturated below 20 K. A large contraction of the lattice constant

b was also observed with decreasing temperature below T,p in Ref.
[18,19].
The spin excitation profiles observed at the (0,1,1/2) reflection by
neutron inelastic scattering are shown in Fig. 20 at several pressures
and at 5 K. Each pressure indicated in the figure was determined
by the lattice constant of NaCI obtained from the (2 0 0) reflection.
These peaks were fitted by a Gaussian function. A strong intensity
rising at lower energy side stems from the strong incoherent
background around D.£=O.
These SP gaps

(D.s~

are plotted against pressure in Fig. 21, and

D.spis proportional to the pressure P; the ratio D. s/P=1.3 meV/GPa
(15 KlGPa). The SP gap energy in high pressure cell at the
atmospheric pressure (AP) is slightly different from the data on the
same single crystal batch in the He gas atmosphere in the Al can.
One possibility of this disagreement may come from the difference
of thermal expansion coefficients between CuGeO] and Fluorinert.
To evaluate the intra-chain exchange parameter along the c-axis,
we measured the dispersion relation at 1.8 GPa and at 4.3 K as
shown in Fig. 22. The data at AP is also shown in the same figure.
To observe the dispersion relation at high energy transfer was difficult
because of the weak signals. Extrapolating the data to the zone
boundary by the same method at AP, exchange constant Jc was
roughly estimated to be 8.4±0.6 meV (100 K), that is about 0.8
times of the value at AP.
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Fig. 19. The pressure dependence of the relative deviation of the
lattice constants, band C at 5 K, normalized by b RT and CRT' (6b/b RT
= (b(P)-bRT)/b RT ), where b RT and CRT' are the lattice constants at RT
and atmospheric pressure. Pressure was determined by the use of
(200) reflection of NaCI. Solid lines are guides to the eye.
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Chapter 4.

Discussion

4-1. Spin Dynamics
(l) Dimerized State

In the SP system, one-dimensional spins couple to threedimensional lattice distortions [8]; phenomena resembling with BCS
theory in which conduction electrons make a singlet pair through
the phonons. Therefore, to compare the SP energy gap to a
superconductive one, we show the calculated values from the BCS
equation, where the energy at 0 K is normalized to 2.1 meV. The
temperature dependence of CuGeO)'s SP energy gap does not agree
with BCS equation and a much smaller critical exponent exists.
These phenomena are caused by a one-dimensional quantum spin
fluctuation in CuGe03. The equation 2.1(0) = 3.50 T'J1 is very close
to the BCS formula 26(0) = 3.53 T'J1'

The 2.1 meV (24.5 K) SP

gap energy is in agreement with the value obtained by the magnetic
susceptibility experiments [11].

When the lattice dimerizes, two

unequal and alternating J's are produced,

J

J.2

(11 )

= Je (I±8(T) }.

Established result from the mean field theory gives as follows [6]

( 12)

8(7) = 6(7) /pJ e ,

where p = I+2/n at T« Je •
Substituting 6(0)=24.5 K and Je =I20 K, we get 8(0)=0.12 and
J2(0)1J/0)=0.78.

As can be seen in the spectra of constant Q scan (Figs. 7. (a) and
(b», the asymmetry in the line shape of magnetic excitation along
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c* is quite pronounced. In the constant energy scans in Fig. 8,
similar discrepancy to a Gaussian profile was observed. These
asymmetrical line shapes resemble with the first experimental
observation of SWDC (spin-wave double continuum) in the uniform,
S=1I2 Heisenberg AF chain, CPC by Heilmann et al. [3J. Exact

quantum mechanical calculation of a finite, S=I/2 chain by Muller

et al. [25J demonstrated the existence of an excitation continuum
(SWDC) between lower and upper energy boundary given by eqs.
(3) and (4). The lower energy boundary given by eq. (3) is the
quantum renormalized spin wave dispersion relation given by des
Cloizeaux and Pearson [2J. This is the first experimental evidence
that the SWDC survives the dimerization of SP transition. One could
imagine that once excitonic fluctuations were created in the nonmagnetic, dimerized singlet ground state, they can propagate in the
same manner as in the magnetic uniform chain.
ext we discuss the magnetic field dependencies of the energy
gap in SP system. We note here that an energy gap due to a single
site anisotropy term of the Hamiltonian in a classically S=ll2 ordered
AF system splits to a doublet state, namely to up and down spins
under a magnetic field. On the other hand, it is expected that a
singlet state split to triplet state in SP system. There is an another
class of system which shows nearly the same field dependence of
the gap mode, namely Haldane systems with S=l. In both typical
Haldane systems, NENP [44J and CsNiCI J [45J, (Mol Mol) fluctuations
show Zeeman splitting with a slope of -0.12 meVIT, while
(M J M 1 ) mode remains unchanged.

According to one of the

theoretical pictures of a Haldane S=I system [46], the individual
S=l spins are subdivided into two fictitious S=I/2 spins and the two

neighboring S=1I2 spins, then form a singlet pair (valence bond).
Since there is no static dimerization involved in this picture, one

might consider a dynamical singlet formation in this case. The above
observation of the field dependence of the gap mode in SP and
Haldane systems, therefore, strongly supports the static singlet
formation in SP systems on one hand and the dynamical singlet
formation in 5=1 Haldane system on the other. The recent ESR
result under applied magnetic fields up to 14 T by Brill et al. [47]
could be explained by the magnetic transition from a singlet to
triplet state, in qualitative agreement with the result presented here.
The pressure dependence of ~sp is represented by the following
linear equation,
~sp(O)

= 1.8 + 1.3 P

[meV].

(13)

By measuring T,p' as a function of pressure, on the other hand,
Takahashi et at. [40] obtained
[K].

(14)

From the equations (13) and (14), we obtained
GPa, which does not satisfy the BCS relation

2~sp

"" 4.2 kT,p at 1.8

(2~sp=3.53kT,p)'

being

asserted the consistency at AP by Nishi et at. [14].
According to the mean field theory [48,49], the SP gap can be
described as ~sp =2.4Jc exp( -0.48 OJo2J/l) where g is the spin-phonon
coupling parameter proportional to derivative of

Jc ' aJ/oz.

OJo

is

characteristic phonon frequency at q=2k F. In this case, g should be
constant, because c-axis dose not change against pressure. For
increasing ~sp. OJo must be decreased because of the constant g value.
However, the phonon softening related to SP transition has not been
observed so far, although much effort has been paid for the phonon
measurement [50].
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Referring the numerical calculations for the Heisenberg
antiferromagnetic chain by Bonner-BlOte [26], the ratio a=J/JI'
where J t and J2 are the alternating exchange constants and the
dimerization parameter o=(l-a)/(1+a) were also evaluated as a=0.9
and 0=0.06 at AP, and as a=0.6 and 0=0.2 at 1.8 GPa, respectively.
These values are different from the mean field theory in eqs. (11)
and (12), and are more reliable than the approximate theory.
As was shown in refs. [15, 16], the superlattice reflections due
to the lattice distortions appear at (h+ 1/2, k, f+ 1/2) not at (h, k,
£+1/2). However, we observed the divergent nature of the neutron

scattering intensity and it exponentially drops at (0,1,1/2) in this
system, clearly indicating that this wave vector point is magnetically
original. In addition, we observed the magnetic field dependence
between the singlet ground state and triplet excited state in SP phase
of CuGe0 3 [32,33], showing that (0, k, f+ 1/2) with k odd is actually
the energy minimum point of the singlet state.

Therefore, we

concluded that the magnetic condensation wave vector to a spin
singlet state was not the same with the superlattice wave vector in
CuGeO)'
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(2) Unifonn State

The temperature dependence of the static susceptibilities above

T,p in an organic SP systems ITF-CuBDT [6] and MEM(TCNQ)2
[7] agrees with a theoretical curve proposed by Bonner-Fisher [12].
It apparently shows that the development of magnetic short range
order is insensitive to the structural critical fluctuations. On the
other hand, the static susceptibility of CuGe03 exhibited different
behavior from the above organic systems. Liu et al. [51] proposed
the characteristic temperature TF which corresponds to the
temperature where the structural correlation length just becomes
comparable to the nearest neighbor distance of the magnetic atoms.

In CuGe0 3 , TF is estimated to be around 80 K from the extrapolated
curve of x-ray scattering on structural critical fluctuations [16].
Therefore, it is possible that the magnetic susceptibility of CuGe0 3
deviates at least from Bonner-Fisher curve below 80K.
We measured the magnetic critical scattering and we obtained the
magnetic excitation profiles at several q at 8 K, 15.3 K, and 29 K
[27]. The magnetic correlation length at 29 K was experimentally in
good agreement with the structural correlation length. However, the
magnetic correlation length at 15.3 K did not coincide with the
structural correlation length. It is naturally understood that the
structural correlation length of SP system diverges at T,p on one
hand, and the magnetic correlation length does not show the divergent
nature on the other [23]. More data will be needed for the relationship
between the magnetic and structural correlation lengths to study the
critical behavior of the SP system.
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4-2. Coupling to the Lattice

In the Peierls system discovered so far, KCP[52] and TTFTCNQ[53], the longitudinal acoustic (LA) phonon along the chain
axis softens at q=2'7(kf

;

Fermi wave vector) because the electron

energy decreases by the splitting of the conduction band due to the
lattice distortion. In the case of CuGe03 , therefore, we speculated
for the SP transition that the LA phonon along the chain axis softens
at reciprocal lattice points (h, k,

e +112) due to the Cu-Cu spin's

singlet coupling. We made the inelastic neutron scattering experiment
on this phonon branch of CuGe0 3 [50]. The scattered neutron energy
was fixed at Ef =30.5 meV or 14.7 meV and horizontal collimators
were set at open(40')-40'-40'-80'. The plate-like single crystal with
size 45x IOx3 mm3 was oriented with the [I 00] direction vertical.
This configuration allows the measurement of the (0, k, I) zone in
the reciprocal lattice space. The Al sample can filled with He gas
was set at the cold stage of a closed-cycle He refrigerator which
could be cooled down to 4 K.
Figure 23(a) shows the clear two peaks at ~=0.25 of (0, 0,2+0
reciprocal point at T=200 K. The intensity of clear peak at lower
energy side decreases with increasing ~ and finally disappears at
zone boundary (ZB,

~=0.5).

energy with increasing

~,

Another peak shifts toward the higher

and its energy reaches 40 meV at ZB.

The imaginary part of dynamical susceptibil ity X /I ( q, /)"E) obtained
from the corrected spectra are shown in Fig. 23(b). The two distinct
peaks observed at ~=0.25 may originate from the coupling between
the longitudinal acoustic (LA) and longitudinal optical (LO) phonons.
Instead of clear peaks, we observed the pronounced broadened
phonon peaks at large ~-values of (0, k, 2+~) between ~=0.25 and
0.5 along the [001] direction. It is noted that these broad peaks are
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observed almost independently of (, between 0.25 and 0.5. The
broad peaks at different ZB show the intrinsic broadness of this
phonon profiles.
We obtained the another LO phonon profiles at (0, I, 2+(,) at
T=14 K with Er=30.5 meV (Fig. 24). We observed the same tendency
to the (0, 0, 2+(,), indicating that the peak intensity decreases and
the width gradually broadens and its position shifts to higher energy
side as increasing (,. The [001] LO mode at (0, 1,2+(,) corresponds
to the vibration with the inverse phase (the phase difference is just
n) between two Cu0 2 chains separated with a half of lattice constant

b. The direction of this vibration is consistent to the Cu atom shifts
observed in the superlattice reflections. It is reasonable that LO
phonon width broadens due to the spin-phonon coupling in proportion
as q closes to ZB. These phonon peaks may belong to the branch of
the broad phonon peaks as shown in Fig. 23.
The dispersion curves of these branches were plotted against (,
in Fig. 25.

We suggested that LO phonon in Fig. 24 would be

linked to the broad phonon in Fig. 23, and that LO-phonon in Fig.
23 did not soften at ZB of (0, 0,2.5).
Lorenzo et at. showed the concave curve at near (,=0.2 in [010] TA
and LA phonon branches. They proposed the softening of LA mode,
of which phonon energy is below TA mode, but Brillouin scattering
data [54] did not show any anomaly from room temperature to 20 K
in the [010] LA mode.
Now, proof of a strong spin-phonon coupling was obtained via
phonon measurements using inelastic neutron scattering experiments
[50]. These experiments showed that the phonon mode of CuGeO J
becomes very broad at energies from 5 to 30 meV, hence indicating
that the phonon couples to the magnetic excitation mode. Therefore,
it is likely that the longitudinal acoustic phonon caused by the
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dimerizing motion of the Cu-Cu atoms couples to the magnetic
exciton.
In general the phonon width tends to broaden if it couples to
another elementary excitation. We will report several experimental
examples on broadened phonons coupled to another elementary
excitation. Becoming a superconducting state below 18.3 Kin Nb 3Sn
[56], the spectral width of the phonon coupled to conduction electrons
broadens as might have been expected from the BCS theory. In
Nil_xP\. alloys [57], since the localized mode ofPt atom coupled to
acoustic phonon, the phonon profile of this resonance mode broadens.
The crystal structure of TTF-CuBDT changes at about 240 K [58]
and this crystal structure change plays an important role for the
magnetic properties at low temperature. Broad phonon peaks in
Figs. 23 and 24 might be related to the lattice instability or the
intra-chain magnetic interaction of CuGe0 3 • The origin of the
broadness will be a future problem.
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Chapter 5.

Summary and Conclusions

In this thesis work spin dynamics in the inorganic SP system
CuGeO) has been extensively studied for the first time by means of
neutron scattering. Tn a dimerized state a gap formation in the magnetic
excitations was clearly observed as 6$,,=2.1 meV at Q=(O, I, 0.5).
The dispersion relations along the three principal axes were
determined. The correlation is strongest along the c-axis, giving Je
=10.4 meV while two inter chain exchanges are J,,""O.]]e and J a""

-O.O]]e·
Under an applied magnetic field the direct evidence for the
singlet-triplet transition in the dimerized state was obtained by
inelastic neutron scattering. Applying magnetic field in the different
field directions, the neutron intensities of (M 1 M1 )

and (M J. M J.)

demonstrate the isotropic nature of the gap mode, hence supporting
the excitonic description of the singlet-triplet transition at the AF
zone center. The asymmetric line shape of the magnetic excitations
at finite q suggests the existence of a SWDC above the lower triplet
excitation boundary, and it is very similar to the uniform, S= 1/2 AF
chain.
Phonon measurements were also performed at several temperatures.
A broad peak was observed at 6£=21 meV with FWHM about 20
meV near the zone boundary along the [00 I] direction but it was
almost independent of temperature.

The following interesting unsolved problems remain: (I) The soft
phonon mode associated with the lattice dimerization has not been
observed. (2) The role of the soft [0 I0] LA mode in the SP transition
is not clear. (3) Since the inter-chain exchange interaction is not so
small, the anti ferromagnetic order is expected to become more
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stable than SP state. (4) The structure of M phase induced by a
higher magnetic field still remains experimentally unsolved. (5) The
pressure dependence of le' and T,p or SP gap is inconsistent.
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