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[1] Introduction

Magnetic properties of low-dimensional systems of quantum spins with
antiferromagnetic (AF) interactions have attracted much attention because
of their various interesting phenomena, e.g., the spin-Peierls (SP) transition
in AF Heisenberg chains with 1/2 spins coupled to the three-dimensional
(3D) phonon systems (Jacobs et al. 1976), the appearance of the Haldane
gap in Heisenberg chains with integer spins (Haldane 1983a and 1983b, Renard et al. 1987, Katsumata et al. 1989 and Ajiro et al. 1989) and the
high-temperature superconductivity occurring in layered cuprates including
CU02 planes (Ginsberg 1992). In particular, AF oxides containing Cu2+
have been extensively studied (Cheong, Thompson and Fisk 1989) since the
discovery of cuprate superconductors, because the two-dimensional (2D)
CU02 planes are responsible for the high-temperature superconductivity.
Our motivation to study the magnetic properties of CuGe03 including linear chains with Cu2+ is to compare one-dimensional (lD) Cu2+ based antiferromagnets with 2D cuprate superconductors. This compound is suitable
for magnetic studies because only Cu2+ is magnetic (5=1/2).
In this Doctor's Thesis, I report the magnetic susceptibility of singlecrystal CuGe03, which clearly exhibits the characteristic properties of the
SP transition (Hase, Terasaki and Uchinokura 1993). As far a I know, the
existence of this transition has been discovered for the first time in inorganic
materials, while it has been observed so far in some organic compounds such
as TTF-CuBDT (Bray et al. 1975) and MEM-(TCNQh (Huizinga et al.
1979).
In addition to this discovery, I have investigated magnetic properties
of CuGe03 in high magnetic fields with using the magnetization measurements and compared the results with the data of organic SP materials and

~l)('ctra

theories (Hase et ai. 1993a). In this study, I have succeeded in obtain-
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ing the magnetic phase diagram, which confirms the occurrence of the SP
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transition in this cuprate.
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The effects of the impmity doping on the SP system have been also
studied (Hase et ai. 1993b). This study is the first report of the effects of
impurities on the SP system. As is well known, the impurities doped in the
AF quantum spin systems significantly affect its physical properties. For
example, Cu doped in the Haldane material causes the 5 = 1/2 degrees of
freedom at the edges (Hagiwara et ai. 1990), while Zn doped in the high-Tc
cuprate drastically suppresses its superconductivity (Maeda et ai. 1990).
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On the contrary, the effect of impurities for the SP system has never been
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investigated. In organic SP materials, unpaired electrons on molecules such

h~'

th(, dilJl('!'i/al iUll,

uniform
(T>Tsp)

j>O

as TTF+ or TCNQ- are responsible for localized spins (5=1/2). Thus
the value of 5 on a part or all of these ions cannot be easily changed.
On the other hand, I have succeeded in substitution of Zn2+ for Cu2+.
The magnetic su ceptibilities of polycrystalline CUl_xZnxGe03 were measured. The SP transition temperature drastically reduces upon Zn doping
and the SP transition was not observed around x = 0.03. The Zn-doping
causes another phase transition in the samples with 0.02 S x S 0.08, which

Fig.. 1-1
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proved to be spin-glass-like. Besides the magnetic susceptibility, I report
the magnetic-field, temperature and x dependences of the magnetization of

CUl-xZnxGe03 and the magnetic phase diagram (Hase et ai. 1994).
I briefly summarize the SP transition. This transition may occur in
a system with 5=1/2 (or half-odd) Heisenberg-XY AF chains coupled to
3D phonons. In the SP system, both structural and magnetic properties
change at T sp . As is shown in Fig. 1-1, uniform Heisenberg AF linear
chains undergo a transformation to dimerized AF linear chains.

In the

SP state, the value of the exchange interaction alternates according to the

Fi,L', 1-2
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[2] Theoretical Review

[2-1] Model Hamiltonian and Hartree approximation

In this section, I briefly summarize the theories related to the SP transition.

The model Hamiltonian for the SP system is given as follows;

In [2-1], the model Hamiltonian of the SP system is introduced

(Pytte 1974), and the fundamental mechanism in the occurrence of the SP

(2 - 1)

transition is explained with using the J ordan-Wigner transformation (J 01'-

(2 - 2)

dan and Wigner 1928) (the spinless-fermion representation) and a Hartree
approximation for the spin system and a random phase approximation for
H 2 = Ii

the phonon system. However the Hartree approximation is inadequate to

L wqb~bq,

(2 - 3)

q

the treatment for the spin system, because quantum fluctuations are considered to be significant in one-dimensional systems. Thus Cross and Fisher

(2 - 3)

have developed the theory of the SP transition which treats more accurately

+ 1),

interactions between spinless fermions in the vicinity of the Fermi surface

The variables J(i, i

(Cross and Fisher 1979, and Cross 1979).

On the basis of the Luther-

teraction, the phonon energy with the wave-number g, the g-value of the

Peschel treatment (Luther and Peschel 1975), they transformed the Hamil-

isolated spin and the magnetic field, respectively. The constants Ii and MB

w q , 9 and H denote the intrachain exchange in-

tonian represented by the spinless-fermion operators into that represented

denote the Planck constant and the Bohr magneton, respectively. The op-

by density operators (boson operators), and obtained an exactly solvable

erators Si and b~(bq) represent the spin operator at the i-th site and the

model, which is equivalent to the Tomonaga-Luttinger model (Tomonaga

phonon creation (annihilation) operator, respectively. The terms of HI, H 2

1950 and Luttinger 1963). Their theory is briefly described in [2-2]. In

and H 3 mean the Hamiltonians for the spin system coupled to the phonon

[2-3], I report the phase Hamiltonian developed by Nakano and Fukuyama

system, the phonon system and the Zeeman energy, respectively.

(1980 and 1981). They transformed the Hamiltonian expressed by den-

First of all, the spin system is considered. If the value of

Ui

(the shift

sity operators into a phase Hamiltonian, and succeeded to treat properly

of the i-th site) is much smaller than that of a (the lattice spacing), the

the ground state and the low-lying excitation in the SP state. In addition

term HI is expanded as shown in eq. (2-4).

to the above-mentioned results, Inagaki and Fukuyama (1983a, 1983b and
1984) obtained various phase diagrams represented by the parameters such

J(i, i

+ 1)

rv

J

+ (Ui

- Ui+d

",a

J(i, i

uUi

+ 1).

(2 - 4)

as the spin-phonon coupling constant, interchain exchange interaction, the
staggered field, the anisotropy of the exchange interaction and the magnetic
field.

Thus the Hamiltonian HI is rewritten as follows;

(2 - 5)
4

5

-----

1

H i1 = J2:)Si' Si+l - 4}'

(2 - 6)

where

i

H 12

=

~(Ui -

Ek

Ui+l) 8~i J(i, i

+ I){Si . Si+l

-

~}.

(2 - 7)

The Hamiltonian expressed by the spinless-fermion operators is obtained by the J ordan-Wigner and Fourier transformations.

Let us now

consider the Heisenberg-XY Hamiltonian given in eq. (2-8).

= h{cos(ka) -I},
Vq

= J z cos(qa).

(2 - 15)

The first and second terms of r.h.s. of H'll denote the kinetic energy of the
spinless fermions and the interaction energies between the spinless fermions.

I:i < S{ >= 0 in

Since the magnetization is 0, i.e., N-l
the following relation is obtained.

the absence of H,

(2 - 8)
N - 1~
L

(2 - 9)

j

(2 - 16)

In order to obtain a solvable model, a Hartree Approximation is used.
Assuming eq. (2-17) and using self-consistently solvable eqs. (2-18) ,..., (2-20),

(2 - 10)
Since the spin operators have the commutation relation [Sk, SI] =

2

i

The eq. (2-16) means that the band of the spinless fermions is half-filled.

i-I

-- exp
. { -~7r
. ~
t .} a t
S i+ -- (S-)t
i
Laja
J
i

t
t
1
< akak
>= N-1 ~
L < aiai >= -.

k

The operators at and ai are defined in eqs. (2-9) and (2-10).

the Hamiltonian (2-21) is obtained (now h

= J z = J).

iEklm sm ,

(2 - 17)

the following anticommutation relations are derived.
(2 - 18)

{aLa;t} = 8ii

l

(2 - 11)

Ek
{aLa!,} = {ai,a;t} = 0

(2 - 12)

p= 1-

= pJ cos(ka).

IV Lnkcos(ka),

(2 - 20)

k

With using eqs. (2-9) and (2-10), and the Fourier transformation

aj = N-t L exp( -ikja)ak,

(2 - 19)

2

H ll

->

(2 - 13)

L

Ekakak.

(2 - 21)

k

k

With using (2-22) and the Jordan-Wigner transformation, the Hamiltonian H 12 is changed as follows;

the following Hamiltonian is obtained,
(2 - 14)

Uj

= (MN)-t L exp(iqja)(bq + b~q),
q

6

7

(2 - 22)

~~~----

H 12

--->

L g(k, q)(bq + b~q)alak-q,
kq

(2 - 23)

where g( k, q) denotes the spin-lattice-coupling strength;

(2 - 24)

g(k,q) = 2ig(q)psin(ka)
I

g(q) = (MN)-2

f)
~J(i, i
UUi

+ 1)

(2 - 25)

As a result, the Hamiltonian for the SP system is given as follows;

+11 LWqb~bq.

(2 - 26)

q

This Hamiltonian is equivalent to that of the Peierls system.

(a)

E(k) .

The phonon energy changes due to the spin-lattice coupling. The transformed phonon energy is obtained on the basi of a random phase approximation.

O~ = w~

+ n(q, Oq),

(2 - 27)

k
n(q, Oq) = L Ig(k, q)1 2 0 ~k; n -; E .
k
q
k-q
k

(2 - 28)

n(q,Oq) is the polarizability due to the spin-lattice coupling. Considering
the nesting condition, a phase transition characterized by

02k F

= 0 occurs,

and this transition is the SP transition. In Fig. 2-1, dispersion curves of
the spinless fermions above and below the SP transition temperature (Ts p)
are shown. Below Ts p, an energy gap opens at the Fermi surface. From
eqs. (2-27) and (2-28), the value of Tsp is determined as follows;

T sp = J exp( _r 1 ),

(2 - 29)

A _ Ig(2kFW
- Jwikp

(2 - 30)

8

fig. 2-1
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[2-2] Theory of Cross and Fisher

PI (-q) = L atka1k+q,

(2 - 35)

k>O

P2(q)

As is above-mentioned, the spin fluctuations cannot be properly treated
in the calculation with the Hartree approximation. Therefore some prob-

L a~k+qa2k'
k<-q

P2( -q) = L a~ka2k+q.
k<-q

lems occur owing to this approximation. For example, the formula of T sp
is considered to be invalid. In 1979, Cross and Fisher have developed a new

=

(2 - 36)

(2 - 37)

These density operators satisfy the following commutation relations,

theory. In this section, their theories are briefly summarized.

[Pl(-q),PI(q')] = [P2(q'),P2(-q)] =

At low temperatures, the properties of the fermion system such as the
behavior of the response function are considered to be mainly determined

[PI(q),P2(q')]

=

~~(jq,ql,

o.

(2 - 38)

(2 - 39)

by low-energy excitations near the Fermi surface. In their theory, the term
Ek

The second term of r.h.s. of eq. (2-14) is transformed in the same manner.

given in (2-15) is linearized as follows.
(2 - 31)

This new

Ek

is almost consistent with

Ek

given in (2-15) in the vicinity of

H'int =

~L

{PI(q)PI( -q)

k

Ekakak = Ja L k(aLalk - a~ka2k).

(Iql ""' 0 01" 4kp),
(Iql ,,",2k p),

(2 - 41)

(otherwise) .

(2 - 32)

k

(2 - 40)

In order to obtain eq. (2-40), the value of v q is assumed as follows;

the Fermi surface. With using this approximation the first term of r.h.s. of
eq. (2-14) is expressed as
H o == L

+ P2(q)P2( -q) + 4pl(q)P2( -q)}.

q

Although the detailed calculations are omitted, the polarizability at

The fermions with wave-vector k ""' k F and k ""' -k F are indicated as 1 and

q -+ 2kp and 02k p

-+

0 is given in eq. (2-42).

2, respectively. Let us now identify H' 0 which obeys the same commutation
relation as H o.

(2 - 42)
Thus Tsp is obtained as shown in eq. (2-43).

(2 - 33)
T sp = 0.8J>.',
The operators Pi(q) denote the density operators,

where

>.'
Pl(q) = La!k+qalk,

(2 - 34)

= 4Ig(2:F

W

Jrw 2kp

k>O

10

(2 - 43)

11

(2 - 44)

7I"

[2-3] Phase Hamiltonian

2

Ja

(2 - 51)

C=-2 '
7I"2J

D=~,

In the following paragraphs, I briefly introduce the phase Hamiltonian
method which has been developed by

The spin operator SZ(x) is represented by phase variables as follows.

akano, Inagaki and Fukuyama, and

summarize their results.

1

71"

SZ(x) = ;,- cos{;,-x + 8(x)}

Nakano and Fukuyama (1980 and 1981) have obtained the Hamiltonian
expressed in terms of the following phase variables.

(2-52)

If 8(x)

1

+ 271" V8(x).

(2 - 53)

= 0, SZ(x = La) = (l/a) x (_1)1. Therefore the state that 8(x) = 0
= 71"/2, SZ(x = La) =

indicates the Neel state. On the other hand, if 8(x)
(2 - 45)

O. Thus the state that 8( x)

=

71"/2 corresponds to the spin-singlet state.

Assuming that there exists a lattice distortion, this state represents the SP
state. The characteristic advantage of the phase Hamiltonian is that various

8±(x) = i 2:[Pl(q) ± P2(q)] ~71" exp( -Tlql- iqx).

(2 - 46)

q

q#O

the same manner.

These operators satisfy the following commutation relations,

[8(x),p(x')]

=

states such as the SP, Neel and incommensurate tates can be treated in
Although I omit the detailed analyses, the various phase diagrams ob-

i8(x - x').

(2 - 47)

tained by the phase Hamiltonian are shown in Figs. 2-2 ,..., 2-4.
(1) the spin-lattice coupling versus the Ising anisotropy

The Hamiltonian is transformed as follows;

H =

2: J(i, i + 1)8

i .

8i+l

+

i

%2:(Ui - ui+d

E

=

~

-

(Alb

vs.

1) (Fig. 2-2) (Inagaki and Fukuyama 1983a)

As the Ising anisotropy increases, the Neel state appears. However the
2

SP state is stable in a wide region of parameters in this figure.

i

(2) the spin-lattice coupling versus the interchain exchange interaction

(1]
H

=

J

dx [A{V8(X)F

+ C p2(x) - B sin{8(x)} - D cos{28(x)} + 2~{ U 2] ,

=

4".;;:a2

vs. j'

= %l)

(Fig. 2-3) (Inagaki and Fukuyama 1983b).

As the interchain exchange interaction increases, the

eel state ap-

pears. This result indicates that the SP state becomes unstable for the

(2 - 48)

interchain exchange interaction.

A= Ja

(2 - 49)

vs. j' /1]) (Fig. 2-4) (Inagal(i and Fukuyama 1984)

B= JAU
a2 '

(2 - 50)

state appears above a high field. In addition to this, it should be noted

(3) the magnetic field versus the interchain exchange interaction (h/1]

where

8'

12

This figure clearly shows that the magnetic discommensurate (MD)

13

that the field representing the phase boundary between the SP and MD
phases reduces with increasing j',

'17i~
SP

i'·

N

o
Fig. 3.
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Schematic diagram of 'stable states; SP:

the spin-Peierls stale, N: the Neel state. e=J./J-1.
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[3] Spin-Peierls Transition in Organic Compounds

ID-AF Heisenberg model (Bonner and Fisher 1964), the Heisenberg AF
chains with alternating exchange interactions (Bonner et al. 1979) and the
Haldane system (Renard et al. 1987) are shown in Figs. 3-2(a), (b) and

I report experimental results of organic SP materials. The SP transition has been known to occur so far in some organic materials. Typical SP
systems are summarized as follows.

excitation at k=O. On the other hand, the susceptibilities of the latter two

TTF-CuBDT (Tsp = 11 K and

lintra =

77 K)

(Bray et al. 1975).
TTF-AuBDT

(Tsp

(c), respectively. As is seen in Fig. 3-2 (a), the susceptibility of the ID-AF
Heisenberg model is finite even at 0 K, which means an existence of a gapless

= 2.0 K and

lint,·a

= 68 K)

systems drop drastically to small valus at low temperatmes, which is the
common characteristic of the system having a nonmagnetic ground state
with a finite energy gap in the magnetic excitation spectrum.
A lattice dimerization below Tsp was observed in organic SP com-

(Jacobs et al. 1976).
TTF-CuBDSe

6 K and

(Tsp =

lintra =

88 K)

MEM-(TCNQh: van Bodegom, Larson and Mook 1981). Figure 3-3 shows

(Interrante et al. 1979).
MEM-(TCNQh (Tsp = 18 K and

lint,·a =

106 K)

the X-ray diffraction pattern of TTF-CuBDT (Moncton et al. 1977). New
Bragg peaks appear below T sp and the temperature-dependent intensity

(Huizinga et al. 1979).
DEM-(TC Qh (Tsp

pounds (TTF-CuBDT: Moncton et al. 1977 and Kasper and Moncton 1979;

=

23 K and

lintra

=

75 K)

(Schwerdtfeger, Oostra and Sawatzky 1982).

of the new peak is accurately fitted by the BCS gap function (Fig. 3-4;
Moncton et al. 1977). It is emphasized that the strong diffuse scattering
dominates the X-ray cross section at the dimerization superlattice positions

In experimental aspects, the appearance of the SP transition was con-

for temperature as high as 225 K, which means the fluctuations preceding

firmed in the magnetic susceptibility, which exhibits a characteristic tem-

the SP transition. The persistence of the pronounced peak to high tem-

perature dependence. In Fig. 3-1 the susceptibility of single-crystal TTF-

peratures indicates that a mode of very low frequency (soft phonon mode;
~

1 me V) exists. The magnitude of the displacement was estimated to

CuBDT is shown (Bray et al. 1975). The suscptibilities along two direc-

n.wo

tions decrease rapidly below about 11 K, which means an existence of a

be 0.072

nonmagnetic ground state with a finite energy gap in a magnetic excita-

chain direction). The existence of the soft phonon mode in MEM-(TCNQh

tion spectrum. The data is isotropic in the whole measured temperature.

was also observed by far infrared spectroscopy (Tanaka, Satoh and Nagasaka

It should be noted that the susceptibility above Tsp quantitatively agrees

1990).

A (about 1 % of the

distance between TTF molecules along the

with the theoretical curve calculated by Bonner and Fisher (1964), which

Among many experimental and theoretical works of the SP system,

strongly indicates a ID magnetic system. The susceptibility of the SP ma-

an investigation of this system in magnetic fields (H) is one of the most

terial is compared with those of other systems. The susceptibilities of the

stimulative studies, because the organic SP materials exhibit characteristic

16

17

TIKI
10

30

properties in H below Tsp(O) (Tsp without H) (Bray et ai. 1979, Bloch
;:;

et al. 1980 and 1981, Northby et al. 1982a and 1982b, Hij mans , Brom
and de Jongh 1985, de Jongh et ai. 1986 and Bonner et al. 1987). In
the absence of H, the wave vector of a lattice distortion (q) is 1r1a (a is

g2
~

~

~:I

~
:
.

UPPERSC'LE

- ------

\

//

lOWER$CAlE

~i~

~,_ ...

...:

a lattice spacing in a chain), which causes the lattice dimerization. In the
200
TlK)

SP system, as temperature (T) is lowered, a phase with uniform chains (

FIG. 2. Magnetic susceptibility of TTFCuS~C4(CFYl
along two directions. Solid lines are calculated from a
spin-Pelerls theory, which contains AF chains with uniform exchange above 12 K and temperature-depeodent
alternating exchange below.

phase) are transformed into a phase with dimerized or alternating chains (D
phase) at the transition temperature in a weak H. When the magnetic field
is applied to the SP system, the value of q sticks at

1r

1a

in low magnetic

fields on account of umklapp effects. However, another magnetic phase (M
phase) appears above a critical field (He) and is considered to be an incommensurate phase. In Fig. 3-5, the H dependence of the magnetization

fig. 3-1
The magnctic susceptibility of single-cT\-stal TTf-CuBDT (Bray et 01.

Hlio).

of TTF-AuBDT is shown (Northby et ai. 1982a). Below Tsp(O), a rapid

0·"0
O.Od

bl

00;

change of the magnetization was observed, which indicates a phase transi-

"",0,06

~

0.0';

~ O,.OJ

tion between the D and other phases. The M phase is different from the U

0-02

phase, because the phase transition between the M and U phases was found
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in the T dependence of the differential susceptibility (Fig. 3-6; Northby et
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al. 1982a) and the specific heat (Fig. 3-7; Bonner et ai. 1987) measured

0.09

(bl

0,0,

~·Q3

%:-:
....:;:

terms of a soliton-lattice model (Fig. 3-8).
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imentally obtained phase boundaries between U and the other phases are of
second order, and are consistent with the theoretical result of Cross (1979).
On the other hand, the transition between D and M phases (DM transition)
is of first order in a low-temperature region [TITsp(O) :::; 0.5'" 0.7].
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It was claimed that typical organic SP materials show a universal be-

ables TITsp(O) and HITsp(O) (Fig. 3-9; Northby et al. 1982a). The exper-

30

0."

MR experiments can be explained in

havior for the magnetic phase diagrams represented in terms of reduced vari-
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in various fields. As for the M phase, Hijmans, Brom and de Jongh (1985)
have asserted that their results of
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[4] Crystal Structure of CuGe03

In this section, I summarize the crystal structure of CuGe03 investigated at room temperature (Fig. 4-1; Vollenkle, Wittmann and Nowotny
1967) and expected magnetic properties from the structure.
The crystal structure of this cuprate has an orthorhombic unit cell
(D~h

- Pbmm). The lattice constants of a, b and c axes are 4.81, 8.48

and 2.94

A,

respectively.

The Cu2+ ion has a 3d9 configuration and a

(a)

(b)

• Ge

8=1/2 spin. Other ions such as GeH and 0 2 - have closed shells and are
nonmagnetic.

Each Cu2+ ion is crystallographically equivalent at room
Cu

2

temperature. The distance between nearest neighbor Cu + ions, which are
located along the c direction (2.94 A), is much shorter than that between
third nearest ones along the a direction (4.81 A). Six 0 2 - ions are located

C0

around Cu2+ ion and Cu site has a nearly tetragonal symmetry. Since the

00

distance between Cu2+ and O~- ions (1.94 A) is shorter than that between

• Cu
• Ge

oi-

ions (2.78 A), the spin exists in the d x 2_ y 2 orbit which

extends into O~- ions. Adjacent Cu2+ ions in the c direction are coupled
through two 0 2 - ions. Considering this structure, I expect a quasi-1D-AF
interaction between spins on adjacent Cu2+ ions in the c direction. It is
emphasized that the crystal structure of this cuprate is simpler than those
of organic SP compounds.
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•

o

second nearest ones along the b direction (4.24 A) and than that between

Cu2+ and

o

Fig. -1-1
The crystal srrlleture of CuGeO:;.
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•
o

•

o

[5-3] Magnetic susceptibility of polycrystalline CUl_xZnxGe03

[5] Purposes of the Present Studies

The impurities doped in the antiferromagnetic (AF) quantum spin sysIn this thesis, I report temperature (T) and magnetic field (H) depen-

tem significantly affect its physical properties. For example, Cu doped in

dences of magnetizations (M) of pure and Zn-doped CuGe03' The purposes

the Haldane material causes the 5 = 1/2 degrees of freedom at the edges

of the present studies are summarized as follows.

(Hagiwara et al. 1990), while Zn doped in the high-Tc cuprate drastically
suppresses its superconductivity (Maeda et al. 1990). On the contrary, the

[5-1] Magnetic susceptibility of single-crystal CuGe03

I show the susceptibility of CuGe03 and prove that the SP transition
occurs in this cuprate around 14 K in [7-1].

[5-2] High-field magnetization of polycrystalline CuGe03

effect of impurities for the spin-Peierls (SP) system has never been investigated. In the organic SP materials, unpaired electrons on molecules such as
TTF+ or TCNQ- ions are responsible for localized spins (5=1/2). Thus
the value of 5 on a part or all of these ions cannot be easily changed. However, one expects that Cu2+ in CuGe03' as well as in the high-Tc cuprates,
can be substituted by other metal elements. Therefore this compound is

This cuprate is a unique SP system. Localized d electrons of Cu2+ are
responsible for 5=1/2 spins in CuGe03' On the other hand, local spins

suitable for a study of impurity doping in the SP system.
To study the effects of impurities, we chose Zn as the best dopant.

orbits of planar complexes such

First of all, Zn is expected to be substituted only for Cu, because the ionic

as TTF+ or TC Q- in ordinary organic SP systems. As a result, there

radius of a Zn2+ ion (0.75 A) is similar to that of a Cu2+ ion (0.73 A),

are due to unpaired electrons located in

7r

occur some differences between this cuprate and organic SP materials. For

but is larger than that of a Ge4+ ion (0.40 A) (Shannon and Prewitt 1969

example. an average g-value of CuGe03 (2.18) (Petrakovskii et al. 1990)

and 1970). Secondly, the value of 5 on Cu sites will be unchanged, because

is larger than 2, which is considered to be due to the spin-orbit interaction

both Cu and Zn cations are divalent. Thirdly, Zn2+ ions are nonmagnetic,

of d electron, while the g-value of organic SP compounds is nearly equal

that is, the magnetic susceptibility is mainly determined by the magnetic

to 2 (TTF-CuBDT: Bray et al. 1975, TTF-AuBDT: Jacobs et al. 1976

properties of Cu spins. The results will be described in [7-3].

and MEM-(TCNQh: Huizinga et al. 1979). This difference may cause
the material dependence of magnetic properties because the magnetization

[5-4] High-field magnetization of polycrystalline CUl-xZnxGe03

is finite in the M phase. Therefore it is important to examine whether

I report the high-field magnetizations of a series of CU1_xZnxGe03.

the above-mentioned universality is valid for CuGe03 or not. Thus, we

Our main purposes are to study H, T and x dependences of the magnetiza-

measured high-field magnetizations of this cuprate and compared our result

tions especially in M phase and to examine whether the above-mentioned

with the known data of organic SP materials and the theories. The results

universality is valid for CUl-xZnxGe03 or not. The results will be described

will be described in [7-2].

in [7-4].
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[6-2-2] Induction method

[6] Experiments

Magnetization (M) was obtained as a function of H in pulsed magnetic
[6-1] Sample preparations

fields up to 25 T with a duration time of about 12 ms at Institute for

I chose CuO (purity of 99.999 %), Ge02 (purity of 99.9999 %) and ZnO

Solid State Physics, The University of Tokyo. The data of dM/dt and

(purity of 99.9 o/c) as starting materials. The single crystals of pure CuGe 0 3

dH/ dt were detected using an induction method and the values of M and

were grown by a self-flux method in air. A mixture of Ge02 and CuO with

H were numerically calculated. The pick-up coil of M consists of two coaxial

°c

coils wound in the oppo ite direction to cancel the voltage induced by the

for about 24 hours and then was cooled slowly to 1100 °C for 50 hours.

external magnetic field when a sample is removed. The length of the pick-

a 1 : 1.2 molar ratio was melted in a platinum crucible around 1200

Obtained crystals were confirmed to be single-crystal CuGe03 by the x-ray

up coil of M is about 7 mm. The inner coil with the radius of 2 mm has

diffraction pattern and Weissenberg method. The obtained single crystals

400-turn windings, and the outer coil with the radius of 3 mm has 180-turn

are transparent with light-blue color and insulating. A typical dimension is

windings. The powder sample (about 137 mg) was stuffed into the inner

about 0.05, 0.2 and 2 mm parallel to the a, band c axes, respectively.

coil. The pick-up coil of H is located near the pick-up coil of M. The

Fifteen samples of polycrystalline CUJ_xZnxGe03 with x=O, 0.002,

measurement was performed at various temperatures from 3.5 to 20.3 K.

0.005, 0.010, 0.020, 0.030, 0.035, 0.040, 0.045, 0.050, 0.060, 0.070, 0.080,
0.090 and 0.100 were prepared by an ordinary solid-state reaction method.
They were sintered at about 1000 OC for about 50 hours in air. The x-ray
diffraction patterns of the samples show that there are no trace of other
impurity phases, and that the lattice constants are almost independent of
x.

[6-2-3] Vibrating sample magnetometer
The magnetization was obtained as a function of H by the vibrating
sample magnetometer in static H up to 15 T induced by a water-cooled
magnet at Institute for Materials Research, Tohoku University. The measurement was performed at various temperatures from 2.0 to 15.0

[6-2] Magnetization measurements

I~.

[6-2-4] Extraction-type magnetometer

[6-2-1] SQ ID magnetometer
The magnetization was obtained as a function of H by the extractionThe temperature dependence of the magnetic susceptibility was mea-

type magnetometer in static H up to 23 T induced by a hybrid magnet

sured by an SHE model 905 SQUID magnetometer at our Laboratory and

at Institute for Materials Research, Tohoku University. The measurements

by a Quantum Design SQUID magnetometer at Electrotechnical Labora-

were performed at various temperatures from 4.2 to 11.0 K.

tory. The measured temperature and magnetic field are between 2
K and between 0.01

rv

rv

300

5.5 T, respectively.
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Tonetheless the susceptibility of CuGe03 is very similar to that of Haldane

[7J Results and Di cussions

materials, suggesting that the excitation spectrum of CuGe03 has a finite
[7-1J

energy gap with a nonmagnetic ground state below 14

lagnetic susceptibility of single-crystal CuG e0 3

I~.

There exists another system which shows a nonmagnetic ground state
The temperature dependence of the magnetic susceptibility of singlecrystal CuG e0 3 is shown in Fig. 7-1 (Hase, Terasaki and Uchinokura 1993).
Measurement was performed from 4.5 to 300 K under the magnetic field
H of 1 T in the configurations with H parallel to three principal axes.
The most striking feature is that the susceptibilities in all the directions

Xi(T) (i = a, b and c) exponentially drop to small constant values below 14
K. The data measured in zero-field cooling and field cooling processes are

identical. As usual we assume that the orbital part of the susceptibility Xi"b
(i = a, b and c) is independent of temperature, because it consists of Van
Vleck paramagnetic susceptibility and diamagnetic one of core electrons.
Although an accurate value of Xi Tb is unknown, it is estimated to be of
the order of 1 x 10- 4 emu/mole, comparable with the magnitude of the
4.5-K susceptibilities. Since the spin parts of the susceptibilities X:Vin(T)

and a finite energy gap between the ground and excited state. It is a system
of Heisenberg AF chains with alternating exchange interactions (Bulaevskii
1969). If the distance between S = 1/2 spins located on Cu2+ ions changes
alternately, the AF exchange integral J will also change alternately. The
susceptibility of this system is theoretically calculated and shows a rapid
decrease slightly below a temperature at which the susceptibility is maximum (Bulaevskii 1969). As mentioned previously, positions of Cu2+ ions
in CuGe03 are equivalent at room temperature (V6llenkle, Wittmann and
Nowotny 1967), indicating that the AF interaction is uniform at room temperature. However, an abrupt change of the susceptibility at 14 K in Fig. 7-1
strongly suggests some kind of phase transition. This may cause the change
of the homogeneous AF chain to an alternating AF chain.
To confirm existence of a phase transition at 14 K we have measured the

the observed

specific heat (Fig. 7-2; Kuroe et al. 1994a). The experimental results clearly

data strongly indicates that x::Vin(T) rapidly reduces to zero with decreasing

show an anomaly due to a second-order phase transition around 14 K. This

temperature.
It is necessary to seek a possible origin of the rapid decrease of the

Then there remain two possibilities. One is the case that a simple structural

susceptibility below 14 K. First of all, we emphasize that neither a 3D AF

phase transition accidentally occurs with the doubling of the c length, which

(i

= a,b and

c) can be obtained as X?in(T)

= Xi(T) - Xr b ,

definitely shows the existence of a phase transition at this temperature.

long-range order (LRO) nor a 1D Ising-like antiferromagnet (Bonner and

then induces the alternation of the AF couplings among the Cu2+ spins.

Fisher 1964) can explain the observed data, because in these two cases the

The other is a spin-Peierls transition, which has been confirmed to exist

susceptibility decreases to zero as T

only in organic compounds. The difference between the two is whether the

---+

0 K only in one direction of the

crystal and remains finite in other directions. Secondly, we also exclude a
Haldane system because CuGe03 has linear spin chains with a half-integer
spin of Cu2+ . (An integer-spin chain is essential to a Haldane system.)
28

AF interaction is essential to the phase transition or not.
Before reaching a conclusion let us discuss the magnetic properties
above the transition temperature.

The temperature dependence of the
29

susceptibilities in the a, band c axes shown in Fig. 7-1 is almost identical with one another except for a weak anisotropy. The spin parts of the
susceptibilitie A?ill(T) can be obtained as discussed before. The ratios
A~pill(T)h~pill(T) and A~pill(T)/X~pill(T) are 1.10 and 1.22, respectively,

in the temperature region between 4.5 and 300 K. This suggests that the
magnetism of this compound can be described by a Heisenberg model,
H=J

L

Si,Sj.

(7 - 1)

<i,j>

The susceptibility has a broad maximum near 56 K and slowly decreases
above 56 K with increasing temperature. This broad maximum strongly
indicates the exi tence of an AF exchange interaction (Bonner and Fisher
1964). As was discussed already, a magnetic interaction of the spins in
C uGe0 3 is expected to be ID. The value of J is calculated to be about 88
K according to the model of uniform Heisenberg AF linear chains (Bonner

~3

~2.0

QJ

~2

'70
::::>-

1

.~

and Fisher 1964). However, as is seen in Fig. 7-1(a), the experimental results

UJ

does not quantitatively agree with the theory. The magnitude of the former
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E

~1.5

~

QJ
U

0

is smaller than that of the latter, and the temperature dependence of the
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former is weaker than that of the latter. We cannot at present determine
the reason of this discrepancy but the weak interchain coupling between
the spins or the temperature dependence of the exchange interaction may
be possible reasons. The discrepancy between the measured susceptibility
above the transition temperature and the theories must be studied in more
detail.
We will prove that the phase transition of CuGe03 is really the spinPeierls transition. In Fig. 7-3 we show the temperature dependence of the
susceptibility of a polycrystalline sample under various magnetic fields. It
can be seen that the transition temperature shifts to lower temperature
with increasing magnetic field. We cannot expect the shift of the transition
30
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temperature to lower temperature in a simple structural phase transition.

8

:J

Therefore the possibility of a simple structural phase transition can be ex-

-2

cluded in CuGe03 and it is concluded that the spin-Peierls transition occurs

CO

-7

>-

around 14 K.

'uCO

g.

6

TOW

U

let us compare the experimental results with theories and the ex-

perimental results of the already known organic spin-Peierls systems. According to the Hartree-Fock theory of Bulaevskii, Buzdin and I\:homskii
10

11

12

13

14

(BBK) (1978) and also to the Luther-Peschel-type treatment of the spin-
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gJ-LBH )2
2k BT sp (0)'

(7 - 2)

tively. The left-hand side of Eq. (7-2) of the experimental results is plotted
as a function of (gJ-L B H/2k BTsp (0))2 in the inset of Fig. 7-3. It shows
the expected H 2 dependence and the value of 'Y obtained in our sample is
about 0.39, which is in excellent agreement with 0.38 of Cross (1979). This
means that the Luther-Peschel-type treatment (Luther and Peschel 1975) of

0.0.'

(9 ~ BH 1 2kBT so0 )2

12

(

2kBTSp(0),

where J-LB is the Bohr magneton and k B is the Boltzmann constant. The

-;'1

0.04

~ 'Y

~

value of 'Y is about 0.44 and 0.38 according to BBK and Cross, respec-

I:'P
j:t;::::
I pi.....

0,00

[Tsp(H)] is expressed as follows when gJ-LBH

Cross and Fisher (1979) and the phase Hamiltonian method of
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effects in zero magnetic field, give more suitable ground for understand-
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ing the spin-Peierls transition in the magnetic field than the Hartree-Fock

i" SI'('1l

treatment, on which the papers of Bray J. W. 1978 and Bulaevskii, Buzdin
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and Khomskii 1978 are based. In organic spin-Peierls systems it has been
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established that the phase boundaries are expressed by a universal phase
diagram (Northby et al. 1982a), which in particular at low magnetic-field
range coincides with the theories of BBK as well as Cross. This means

3:2
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that the phase boundary between the spin-Peierls and the uniform states

theory of Cross and Fisher (1979), T sp is given by

in C uGe0 3 agrees with that of the organic spin-Peierls systems.

T sp = 0.8Jr/.

Below Tsp two alternating J's [It,2(T)] are formed and expressed as
follows (pytte 1974);

where

r/
J 1 ,2(T) = J{1 ± o(T)}.

(7 - 3)

r/

(7 - 5)

is the spin-lattice coupling constant. From Eq. (7-5) we obtain

= 0.20. The values of TJ' and

tl(O) in CuGe03 are surprisingly close to

those of TTF-CuBDT (0.18: Bray et al. 1975) or MEM-(TCNQh (0.21:
Huizinga et al. 1979).

According to the mean-field theory of Pytte the relationship between o(T)

The properties of CuGe03 can be well described by the existing theories

and the excitation energy gap tl(T) at temperature T is expressed as (Bray

of spin-Peierls transition and no inconsistencies with the theories have been

et ai. 1975)

found. Moreover the agreement with the experimental results in organic

o(T) = tl(T) ,
pJ

(7 - 4)

where the value of p is 1.637. Bulaevskii has calculated the susceptibil-

spin-Peierls systems is very good. I think that they have firmly proven the
existence of spin-Peierls transition in Cu2+ linear chains in an inorganic
compound CuGe03'

ity of the system of the Heisenberg AF linear chains with temperature-

In the following paragraphs, I report further investigations of CuGe03

independent alternating J in the Hartree-Fock approximation (Bulaevskii

such as the neutron scattering measurements (Nishi, Fujita and Akim-

1969). The value of o(T) and therefore tl(T) can be obtained by com-

itsu 1993), the X-ray structural analyses (Izumi et al. 1993), the nuclear

bining the Bulaevskii's theory with Eqs. (7-3) and (7-4). By this method

quadrupole resonance ( TQR) (Kikuchi et ai. 1994), the Raman scattering

we obtained 0(0) = 0.17, (i.e., h(0)/J1 (0) = 0.71) and tl(O) = 24 K.

spectra (Kuroe et ai. 1994b, and Sugai 1993a and 1993b) and the optical

These values are isotropic, because X?in(T)'s are almost identical if they

reflectivity spectra (Terasaki et ai. 1994). From these studies, the following

are normalized by their maximum values as was discussed before. It should

results have been obtained at present.

be noted that the experimental data cannot be simply explained by the

(1) The phase transition occurs around 14 K, and the ground state is

model of the Heisenberg AF linear chains with temperature-independent

nonmagnetic and the finite magnetic energy gap opens below 14 I\:.

alternating J. In Fig. 7-1(b), we show a theoretical curve of this model

These properties are consistent with the result of our works.

with estimated parameters. The discrepancy between the theoretical curve
and the experimental data becomes evident above 10 K, which is due to a
temperature dependence of J 1 ,2(T). The value of ;;~j,~~ is 3.43, which is
close to the values of organic spin-Peierls materials (3.53, 3.7, and 3.16 for

(2) A static lattice distortion has not been observed so far. This does not
agree with those expected for the SP transition.
(3) The exchange interaction is quasi-ID in CuGe03. However the interchain exchange interaction in the direction of b axis is not so small.

TTF-CuBDT (Bray et al. 1975), TTF-AuBDT (Jacobs et ai. 1976) and

In the inelastic neutron scattering measurements, the intensity with

MEM-(TCNQh (Huizinga et ai. 1979), respectively). According to the

the energy transfer tlE=1 meV at (0,1,0.5) decreases exponentially below
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14 K due to the SP gap formation [Fig. 7-4(a); Jishi, Fujita and Akim.itsu
1993]. From the data of the dispersion curve [Fig. 7-4(b); Nishi, Fujita and
Akimitsu 1993J, the energy gap around 0 K was derived to be about 2.11
meV (24.5 K), which agrees with the estimated value by us (24 K). The
value of the exchange interaction along the c ~""(is (Je) is about 10.4 meV
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has not been found so far. There are also no evident observations of a new
The following results were obtained in the NQR measurements
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(ferromagnetic), respectively. Although these results are consistent with the

peak in the X-ray measurements (Izumi et al. 1993).

15

300

(AF), and those along the b and a axes are about 0.11e (AF) and -O.Olle
appearance of the SP transition, a satellite peak due to a lattice dimerization

f
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the trlllpl'l'iH1\l'(' dl'pr11<!f'11(,(' of rh(' 11CIl-

rron scattering intensity at ~E=lllle\·. (I»)

the dispersioll rdation uf thc

magnetic exciton alo11g the (. axis.

line splitting nor broadening due to an internal field. This fact means that
there is no long range order (LRO) of Cu spins down to 1.3 K. The 63Cu

3000

34.4

CuGeO,
5JCu

nuclear spin-lattice relaxation rate 63(1/Td rapidly drops below about 14

N

2500

I

K, which indicates the opening of the energy gap (Fig. 7-5). An extrapo-

~ 34.3

2000

lated value of 63(1/T1 ) to 0 K is finite. This result indicates that a magnetic

>.

Ll

c

Q)

LRO does not exist even at 0 K, and that the exchange interaction is a 1D
Heisenberg type. On the other hand, the NQR frequency

(VNQR)

is almost

T-independent from 4.2 to 20.0 K (Fig. 7-6). It is noted that a change of
VNQR

has not been detected at Tsp.

In the above-mentioned investigations, a change at Tsp has not been

-
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and Sugai 1993a and 1993b). However the origin of these new peaks is
not known. I emphasize that the optical reflectivity spectra is nearly T-
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observed except for the magnetic properties. On the other hand, new peaks
appear below Ts p in the Raman scattering spectra (Kuroe et al. 1994b,
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[7-2] High-field magnetization of polycrystalline C uGe0 3

1993a). Since the Zeeman energy depends on the g-value as well as H itself,
we use gHj2Tsp (0) instead of HjTsp(O), which was used in the paper of
orthby et al. 1982a. The average g-values are 2.18, 1.97,2.05 and 2.00 for

Typical data of M and dMjdH are shown in Fig. 7-7 (Hase et al.
1993a). Let us begin with the data at 4.2 h:. We observed a characteristic
nonlinearity of M associated with a phase transition, and the hysteresis
between 1I{'s for increasing and decreasing H, which indicates the firstorder phase transition. In the following discussion, we define He related to
the phase transition as the field of the peak position in the dMjdH curve,
which is indicated by triangles in Fig. 7-7. The value of He measured in increasing field

(H~P)

is slightly larger than that measured in decreasing field

(Hgown). As temperature is raised, the nonlinearity becomes less evident
till 13.4 K, and M is a linear function of H up to 25 T above 13.8 K. The
hysteresis decreases with increasing temperature and disappears above 10.0
K. Thus the transition is of first and second order below and above 10.0

K, respectively. Below 13.8 K, the slope of M changes outside the region

CuGe03 (Petrakovskii et ai. 1990), TTF-CuBDT (Bray et ai. 1975). TTFAuBDT (Jacobs et ai. 1976) and MEM(TC Qh (Huizinga et al. 1979).
Open circles and triangles represent h~P [=gH~P j2Ts p(O)]
[=gHgown j2Tsp(0)] in the region of the first-order phase tran-

respectively.
and

h~own

sition, respectively, and closed squares he [=gHej2Tsp(0)] in the region of
the second-order phase transition. Closed diamonds represent the magnetic
field dependence ofTsp [Tsp(H)] determined from X(T)'s, which were measured in constant fields up to 5 T by a SQUID magnetometer in our previous
work (Hase, Terasaki and Uchinokura 1993). The data of typical organic
SP materials are also included in this figure (Bloch et al. 1980, Bloch et
ai. 1981 and Northby et ai. 1982a). Solid and dashed curves, which have
been calculated by Cross (1979), denote phase boundaries between D and
phases and between U and M phases, respectively.

where the nonlinearity appears, that is, the slope in a high-field region is
larger than that in a low-field region. It means that the transition from a

The magnetic phase diagram of CuGe03 agrees qualitatively with both

phase with a small susceptibility to that with a large susceptibility occurs

experimental results of organic SP systems and the theoretical prediction

with increasing H. As is indicated by dashed lines in Fig. 7-7, an extrap-

despite large differences in crystal structures. As a result, we could de-

olated line of the magnetization from the high-field region intersects the

termine the boundary between D and the other phases in this work. The

left-hand ordinate at M ,..., O. The similar nonlinearity and hysteresis of M

value of he decreases with increasing temperature above t ,..., 0.74. In other

have been also reported in organic SP materials, and are common features

words, the transition temperature is decreased by the field. The reduction

of the SP system (Bray et ai. 1979, Bloch et ai. 1980, Bloch et ai. 1981

of the transition temperature is due to the suppression of spin fluctuation

and

and the increasing Zeeman energy. Especially below h ,..., 0.39 (H ,..., 5 T),

orthby et ai. 1982a). The magnetization was also measured in static

magnetic fields (Fig. 7-8). The T dependence of the magnetization is weal,

the data of CuGe03 and theoretical curve exhibit an excellent agreement.

in a high-H region.

On the other hand, below t ,..., 0.74, the value of

h~P

is nearly independent

We show the magnetic phase diagram expressed in terms of the re-

of temperature and that of h~own decreases slightly as temperature is low-

duced variables h [=gHj2Tsp (0)] and t [=T jTsp(O)] in Fig. 7-9 (Hase et ai.

ered (The value of He is 12,..., 13 T). The difference between the values of
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h~P

and h~own increases with decreasing temperature, which qualitatively

diil'~rdlJl ar ()
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agrees with the results of organic SP materials. The existence of the first-

dilllf'l1"illual H,'i",,'ul)('r~ al1rif"lTOllla'!,II,'r Cllllplt-d \\'irhllll' larricI' di~lllnillu,

order phase transition is theoretically suggested in the following papers;
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Harada and Kotani 1982.
The phase boundary between the U and M phases was determined

d"l}f'lId IIU c1'\',.,tal "I rill rlll<'~,

CuGe03

in the differential susceptibilities (Fig. 10; Hamamoto et ai. 1994) and is

21-~~"""""'~""""'~~~"""-.=.!
13,8 K 0

consistent with both experimental results of organic SP systems and the

o~""

theoretical prediction. Recently the first analysis of the line shape in the
electron spin resonance (ESR) has been done in a high-H region (Adachi et

---

UJ

'1§ 0

ai. 1994). The line shape at 78 K in the U phase obeys Lorentzian, which

10.0 K

:J

indicates the existence of an exchange narrowing. On the other hand, the

~
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2"0

M

In the following paragraphs, we discuss the material dependence of the

2

magnetic phase diagram, which is observed in the transition region between

0

D and M phases. The value of he indicating the DM transition (h;:M)

00

varies in all the compounds, which had been considered to be almost the
and

:J

dM/dH

existence of an incommensurate structure.

h~'P

o~
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line shape at 5 K in the M phase obeys Gaussian, which indicates the

same (Northby et al. 1982a). The difference between the values of

lit lI,n,1I
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Magnetic Field (T)

h~own in CuGe03 is smaller than that in TTF-CuBDT (Bloch et ai. 1980)

Til" lIW,'!,lll'lic-h,'ld d"I)(,I"I"I]('" IIf JI alld rlJ/'rllJ IIf l'"h"IY"I,t1lilll'

:IE i(TC Qh (Bloch et al. 1981). The value of t below which the
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or

transition is of first order is about 0.71 in CuGe03, which is close to the

1oCJ:3 a

value obtained in MEM(TCNQh (0.67) and slightly larger than the values

1I11 lilt' Idr-!laud 'lIlll ri.'!,llf-lwlId ,.,id,'" of I lit' h,'!,III"', 1'<'''['''('1 i\',·h,. ('1'N'd 'ilid

Th,' \'t'nical po,.,iliou" of JI <lwl rlJI/I!fI al't' ,.,llil'r,'d ,t,., illdicar"d

obtained in TTF-CuBDT and TTF-AuBDT (Hijmans, Bram and de Jongh
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1985) (0.50 and 0.50, respectively).
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It is commonly considered that the interchain exchange interaction

affects the properties of the M phase, because the magnetization is finite

I!I,' ",'illI 'If III" lid,!. I),bllt'd lill"'" 1II"al' III" l'xlr,qlt,J,liillll 'If I Ill' IlI<l,'!,lll'rif'llillli 11'11111 I Ill' Ili:-;!I-fi,'ld !"','!,i'lli 10 f[=(),

in the M phase. Inagaki and Fukuyama (1984) have obtained the phase
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[7-3J Magnetic susceptibility of polycrystalline CUl_xZnxGe03

CuGe03
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The temperature dependence of the magnetic susceptibility per one-

~o

u::

mole Cu ions [x(T,x)J of CU1_xZnxGe03 is shown in Fig. 7-12.
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14 K was observed in the samples with x ::; 0.02. The value of T sp

defined as the onset temperature of the drop reduces with doping and dis0
5

10

20

15

Temperature (K)

10
5
Temperature (K)

0

(a)

Fig 1-10

15

appears around x = 0.03. The magnitude of X(T, x) increases upon doping
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below 20 K. We also measured X(T, x)'s from 20 to 300 K, which show
only a weak x dependence (Fig. 7-13). This suggests that the spin and
orbital parts of the susceptibility [Xspin(T) and X0 1' b , respectivelYJ remain
unchanged by Zn doping from 20 to 300 K. Since in general the value of X01' b
is independent of temperature, we can see that Xspin(T) below about 20 K
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the value of Xspin(T) does not become zero in the SP state, in contrast to

°0 0 78 K

r:;

0
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f(Ho~ H ) ~6HJ~
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not become singlet because of the existence of Zn ions.
Most unexpectedly, we discovered an occurrence of another phase transition characterized by a cusp of X(T, x) around 2

~

5 K for 0.02 ::; x ::; 0.08.

the other hand, the X(T, x )'s for x = 0.09 and 0.10 monotonically increase

10

16

that of x = O. These finite Xspin(T)'s are mainly caused by spins which do

We emphasize that the sample with x = 0.02 has two phase transitions. On

5

0

10

K

• 5

drastically changes with doping. As is seen in X(T, x)'s for 0.002::; x ::; 0.02,

5 K

as temperature is lowered below 20 K and show no transitions. In order to
18

20

floH(T)

see the novel phase transition more clearly, the data for x

= 0.04

measured

in various H's below 5 K is shown in Fig. 7-14 (Hase et aI. 1993b). A

Fit',. 1-11
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remarkable hysteresis is observed between the zero-field-cooling (ZFC) and
field-cooling (FC) processes in the data in 0.01 T below 4.7 K. The transi-

(·t o/. 199-1)

tion temperature is defined as the temperature at which the irreversibility
-l..j

45

begins, and is slightly higher than the temperature at which the suscep-

which is expressed as 1- 13.7x, and the SP state collapses around

tibility has the cusp. As the magnetic field increases, the hysteresis be-

This means that the value of Ts p drastically decreases by a small amount of

.1'

= 0.03.

comes less evident and the susceptibility reduces both below and above the

Zn doping. For example, as is shown in Fig. 7-18 (Cheong et al. 1991), the

transition temperature at low temperatures. The above-mentioned prop-

decrease of the Neel temperature [TN (x)] caused by the magnetic dilution

erties of the susceptibility strongly indicate that a spin-glass-like (SG-like)

is expressed as follows; TN(x)ITN(O) = 1 - ax, (0'

phase transition (Binder and Young 1986) occurs in CU1_xZnxGe03 for

dimensional magnetic systems). On the other hand, the SG-like transition

rv

1 in two or three-

0.02 ::::; x ::::; 0.08. However, the ZFC susceptibility of CU1_xZnxGe03 is

is seen in the samples with 0.02 ::::; x ::::; 0.08, and the value of Tsc(x) has a

different from that of an ordinary spin-glass material which monotonically

maximum around x = 0.04.

diminishes with decreasing temperature below the transition temperature.
We cannot at present determine the reason of this difference. This SG-like
transition has characteristic properties, that is, a small amount of impurities causes the phase transition and the SG-like transition temperature

(Tsc) is much smaller than

Jintra'

Analogous results were obtained in

other quasi-one-dimensional magnetic systems. For example, an anomaly
was observed around 3 K in the magnetic susceptibility of CsCo1_xMxCb
[M=Mg or Zn: x

rv

0.01,

l;ntra

rv

75 I\: (AF)], and interpreted by the ran-

dom field (Fig. 7-15; Mekata et al. 1987). The SG-like transition was seen
around 1.8 K in the differential susceptibility of C 6 H ll H3Cul_xMnxCb

[x = 0.009,

Jintra

rv

-70 K (ferromagnetic)] (Fig. 7-16; Cheikhrouhou.

Dupas and Renard 1983). In these materials, the interchain exchange interaction is considered to play an important role in the occurrence of the
random field or SG-like transition. On the other hand, a Haldane material with impurities shows neither a phase transition nor an anomaly. It
should be emphasized that the value of \Jinte,.jJintra I (linter is the value of
the interchain exchange interaction) is very small

(rv

10-

4

)

in the Haldane

material (Renard et ai. 1987).

We point out that X(T, x)'s at low temperatures do not obey a simple
Curie law. The data of log 10 [X(T, x)] vs. loglO(T) is shown in Fig. 7-19
(Hase et at. 1993b). The divergence of X(T, x)'s is weaker than liT in each
data. The slope of the curve changes outside the region where the SG-like
transition occurs, that is, the slope for x ::::; 0.01 is larger than that for
x = 0.10. Bulaevskii (1969) has calculated the susceptibility of the uniform

AF Heisenberg linear chain with defects, which diverges as liT. On the
other hand, Bulaevskii et ai. (1972) have also calculated the susceptibility of
the one-dimensional (lD) system with a distributed AF interaction, which
diverges weaklier than liT. These theories strongly suggest that the AF
interaction is not uniform at low temperatures in all the samples. The
nonuniformity may come from a local lattice distortion andlor a disorder of
AF interactions in these samples, although the SP transition is not observed
in the samples with 0.03 ::::; x ::::; 0.10. We point out as another feature
of the divergent term that the total amount of spins contributing to it
increases with x. Suppose that X(T,x) is roughly expressed as C(x)T-"YCx)

[')'(x) < 1] at low temperatures. To explain the increase of the magnitude
of X(T, x) with x, we conclude that only the value of C(x) increases with

The x dependences of Tsp [Tsp(x)] and Tsc [Tsc(x)] are shown in

x, because the slope, ')'(x), is nearly constant or slightly decreases with x.

Fig. 7-17. The value of Tsp(x )ITsp(O) linearly reduces up to x ::::; 0.02,

The value of C(x) is in general proportional to the total amount of spins,
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although an exact expression depends on a theoretical model. As is above-

spinless-fennion band induced by Zn ions. Although an explicit expression

mentioned, the strong x dependence was observed in X(T, x)'s below 20 K,

of the polarizability in CU1-xZnxGe03 has not been obtained, it is con-

which indicates that Zn homogeneously distributes in the AF chains in each

sidered that the absolute value of the polarizability becomes smaller upon
Zn doping at the same temperature because of the disorder of the spinless-

sample.
To discuss the effects of impurities on the SP transition, let us remind
the theories of this transition, which were given in [2]. The Hamiltonian for
the SP system is changed into that expressed in terms of spinless-fennion
operators by the Jordan-Wigner (1928) and Fourier transformations. To
treat the SP transition properly, it is necessary to include the interactions
between spinless fennions accurately. Cross and Fisher (1979) have developed a theory of the SP transition with using boson representations of
fermion operators. Nakano and Fukuyama (1980 and 1981) have obtained a
phase Hamiltonian, and succeeded in treating properly the ground state and
the low-lying excitations in the SP state. According to the theory of Cross
and Fisher, the value of T sp is determined from the following equations;

o = D6(2kF) + ll(2k F,T sp )

and ll(2k F,T) = -1.04Ig(2k FWT-\ where
Do(q), II(q, T), g(q) and k F denote the phonon frequency in the absence of
the spin interactions, the polarizability, the coupling constant between the
1D spin and three-dimensional phonon systems, and the Fermi wave vector.

respectively.

fermion band. Since the SP transition occurs at the temperature where the
value of -II(2k F ,T) is equal to that of D6(2k F ), the value of Tsp reduces
with doping. Further investigations are necessary for the quantitative understanding of the reduction of Tsp both experimentally and theoretically.
In the theoretical aspect, Lu, Su and Yu (1993) recently have studied the
effects of doping on SP systems using the unimodular mean-field theory
and have obtained the result that Tsp and the energy gap are reduced.
The calculated value of T s p(x) quantitatively agrees with the experimental
data.
We shall have a closer look at the newly discovered SG-like transition.
As is seen above, the SP order is destroyed by Zn. The disappearance
of the SP order leads to a development of the 1D AF correlation in each
chain, which is considered to play an important role in the appearance of
the SG-like transition. However, in addition to the 1D AF correlation, some
other conditions are necessary for the occurrence of the SG-like transition;
the frustration and/or randomness in the exchange interaction (Binder and

Let us consider the SP transition in CU1-xZnxGe03' The rapid and

Young 1986). There is randomness, because Zn is randomly distributed in

linear deCl'ease of Tsp reminds us of the reduction of the Peierls transition

chains. However, it is not a simple problem whether there is frustration

temperature (Tp ) in a low-dimensional conductor with nonmagnetic impu-

or not. If the chain is strictly 1D, the frustration does not cxist. On the

rities (Roshen 1985), e.g., Tal-xNbxS3 [Tp(x)/Tp(O)

~

1 - 31.3x: Tp(x)

other hand, a spin-glass transition occurs in a magnet, where the exchange

is Tp for x.] (Fig. 7-20; Hsieh P.-L. 1983). The Hamiltonian for the SP

interaction is 2D or 3D (e.g., 2D-AF Kagome lattice (Ramirez, Espinosa

system expressed by spinless fermions is nearly equivalent to that for the

and Cooper 1990)). Then we consider the following scenario. Even in a pure

Peierls system except for the interaction terms among spinless fermions.

SP system, there should be a weak interchain exchange interaction at least

Thus we think that the reduction of T s p originates from the disorder of the

in a paramagnetic state, which does not affect the SP state because most of
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CU1_xZnxGe03

Q)5 .---,---.---,---.---,---.--.--~
o
X=O
00.035

spins are singlet below Tsp. As a result, the 2D or 3D magnetic correlation
exists and may produce frustration. We think that the interchain exchange

0

E
::;4

interaction is neces ary for the occurrence of the SG-like transition.
We consider the x dependence of the 2D or 3D magnetic correlation.

~

The energy of the 2D or 3D magnetic correlation and then TSG are roughly
estimated to be proportional to 1~IIJinterl where ~II is the 1D AF correlation
length in the chain.
T.

::;

~3

The value of ~II is proportional to T- 1 in general

(Luther and Peschel 1975), while that of

J inte "

is almost independent of

b

Therefore a phase transition may occur when the magnetic energy,

Jinter

T

(1)

x

~

which increases with decreasing temperature, coincides with the thermal
energy. The Zn doping hardly changes the value of

00.002 • 0.040
~0.005 +0.045
0 0.010 "'0.050
v 0.020 + 0.060
• 0.030 0.070
·0.080
0.090
+0.100

>-

dominated mainly

.-t=

by the interchain exchange interaction inherent in the undoped system,
whereas the Zn doping changes ~II' In the small x region, the value of ~II
increases upon Zn doping because of the reduction of the SP order and
the corresponding development of the 1D AF correlation. As a result, the

H = 0.01 T

value of TSG(x) increases. On the other hand, in the large x region, the

5
10
15
Temperature (K)

value of ~II is limited to an average distance between two neighboring Zn
ions in chains, because the two Cu spins located on opposite sides of Zn
within a chain interact weaklier than the two neighboring Cu spins within
a chain, Since the average distance between two neighboring Zn ions in
chains reduces with doping, the values of

~II

and TSG decrease. In order

to understand the SG-like state and microscopic state of chains in more
detail, more experiments, such as the differential susceptibility and electron
nuclear double resonance, are needed.
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[7-4] High-field magnetization of polycrystalline CUl-xZnxGe03

difference between the values of H;:P and Hfown (H:;P

> Hfown) increases

with decreasing T, which qualitatively agrees with the re ult of organic SP
materials (Bloch et aI. 1980 and 1981). The values of T below which the
The data of M for x=0.005 measured in increasing static H are shown
in Fig. 7-21. As is described below, the Hand T dependences of M for
x=0.005 are similar to those for x=O. In the data at 2.5 K, we observed the

rapid change of M with the inflection point around 12.0 T. We also saw a
nonlinearity of M below 8.0 T, i.e., a reduction of dM/dH with increasing
H. As T is raised, the rapid change of M becomes suppressed and M vs.
H is nearly linear up to 15 T above 12.9 K. The data of M vs. H becomes

linear below 8.0 T with increasing T and shows a strong T dependence. This
is consistent with the T dependence of the magnetic susceptibility [X(T)]
in 0.01 T (Hase et ai. 1993b). On the other hand, M above 18.0 T is a
linear function of H and is independent of T. Below 12.9 K, the slope of
M in a high-field region is larger than that in a low-field region. As will be

seen later, the hysteresis between M's in increasing and decreasing H's was
observed below about 7.0 K. As is seen in Figs. 7-22 and 7-23, the data for

transition is of first order are about 10.0, 7.0, 7.0 and 2.4 K for x=O. 0.005.
O.OlD and 0.020, respectively.

We show the magnetic phase diagram expressed in terms of the reduced
variables gH/2Tsp (0) and T/Tsp(O) in Fig. 7-28(b). We assumed that the
average g-value of CUl_xZnxGe03 is independent of x, because it mainly
depends on the spin-orbit interaction of d electrons. The data of typical
organic SP materials (Bloch et ai. 1980 and 1981, and Northby et ai. 1982a)
and theoretical curves of Cross (1979) are also included in this figure. The
magnetic phase diagrams of CUl_xZnxGe03 agree qualitatively with both
experimental results of organic SP systems and the theoretical prediction
except for a weak material dependence of the data at low T. As a result, we
could determine the boundary between D and the other phases. It should
be noted that the value of gHe/2Ts p(O) at low T slightly increases with
doping, although the value of He itself at low T decreases.

x=O.OlD and 0.020 exhibit similar properties.

The data of 1\.1 measured at constant temperatures in increasing static
H are shown in Figs. 7-24

~

7-27. In the data at 4.2 K (Fig. 7-25), as x

increases, the value of M increases and the change of M associated with
the phase transition is suppressed. The x dependence of M in a high-field
region is weaker than that in a low-field region. In particular the slope of
M above 18.0 T is nearly independent of x.

The phase boundaries of CUl_xZnxGe03 are shown in Fig. 7-28. The
data above and below 5.5 T represent He determined from M in this work
and the H dependence of the SP transition temperature from X(T) by
the SQUID magnetometer, respectively. The value of He is nearly independent of T at low T in each sample and decreases upon doping. The
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[8J Summaries and Further Studies

tween the magnetizations measured in increasing and decreasing fields was
seen at low temperatures.

The temperature and magnetic field dependences of the magnetization
of CuGe03 and CUl_xZnxGe03 were measured. The susceptibilities in the
three principal orientations of single-crystal CuGe03 rapidly decrease below
14 K, which definitely shows the occurrence of the spin-Peierls transition.
The magnetic field dependence of the transition temperature can be quantitatively explained by the theories of BBK or Cross. As far as I know,
CuGe03 is the first inorganic compound which exhibits the existence of
this transition.

The magnetization in high fields is a linear

function of the field and almost independent of temperature, and shows
a weak x dependence.

When the magnetic phase diagram is expressed

by reduced variables gH/2TsP(0) and T/Tsp(O), the phase diagrams of
CUl_xZnxGe03 qualitatively agree with both the results of organic spinPeierls systems and the theoretical curve.

As the value of x increases,

the critical field of the transition between dimerized and magnetic phases

(HcDM ) reduces, while gH[JM /2Tsp (0) increases.
Finally I describe further necessary studies to understand CuGe03
and its spin-Peierls transition. As was discussed before, a lattice distortion

The magnetic-field dependence of magnetizations of pure CuGe03 were
measured at constant temperatures from 3.5 to 20.3 K in pulsed magnetic
fields up to 25 T. The nonlinearity of the magnetization was observed below

13.4 K, which means the transitions from dimerized to the other phases. The
hysteresis between the magnetization measured in increasing and decreasing
fields was observed below 10.0 K. The critical field of the transition between
dimerized and magnetic phases is about 12

rv

13 T. If the magnetic phase

caused by the spin-Peierls transition has not been observed yet. Therefore
it is necessary to study in detail the structural properties of this cuprate by
X-ray or neutron measurements. In addition, it is interesting to investigate
the newly discoverd spin-glass state by the differential susceptibility, the
relaxation of the magnetization or the remanent magnetization, if possible,
with using single-crystal CUl_xZnxGe03.

diagram is expressed by reduced variables gH/2Tsp (0) and T/Tsp(O), the
diagram of CuGe03 qualitatively agrees with both the results of typical
organic spin-Peierls systems and the theoretical curve calculated by Cross.
In CUl-xZnxGe03, the spin-Peierls transition temperature linearly reduces and the spin-Peierls state collapses around x = 0.03. I also discovered
a new spin-glass-like transition in the samples with x

= 0.02

rv

0.08. This

transition is caused by a small amount of Zn. This study is the first report
of the effects of impurities on the spin-Peierls system.
In CUl-xZnxGe03, the characteristic change of the magnetization was
observed below the spin-Peierls transition temperature, which means the
phase transitions from dimerized to the other phases. The hysteresis be64
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