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Abstract

Theoretical study on magnetic properties of pseudo-one-dimensional (pseudo-1D)
quantum spin systems is made by developing new useful theoretical methods. Particular
attention is paid to magnetic phenomena in which interchain coupling plays an important

role.

1. Magnetic Properties of Pseudo-1D Exchange-Alternating Systems

The pair dynamical correlated-effective-field approximation (Pair-DCEFA) is formu-
lated by extending the DCEFA developed originally by Suzuki. This Pair-DCEFA is suit-
able for treating exchange-alternating systems such as antiferromagnetic-ferromagnetic
(AF-F) alternating chains, and also has advantages of being able to calculate easily the
¢- and w-dependent susceptibility and its temperature dependence. Magnetic phase tran-
sitions of pseudo-1D S=1/2 AF-F alternating systems under zero and non-zero magnetic
fields are investigated by the combined method of the Pair-DCEFA and the usual mean-
field approximation (MFA). Interchain exchange couplings of a couple of pseudo-1D S=1/2
AF-F alternating systems are successfully evaluated.

The g-dependent staggered susceptibilities at finite temperatures of S=1/2 exchange-
alternating chains are calculated for the first time by using the exact diagonalization
method (EDM) for finite chains. It is shown that interchain couplings of pseudo-1D
S=1/2 exchange-alternating systems can be evaluated more quantitatively with use of
the staggered susceptibilities obtained by the EDM and by applying the MFA to inter-
chain interaction.

Intensities of inelastic neutron scattering of pure-1D S=1/2 AF-F alternating chains
are calculated by numerical method based on the EDM, and several interesting natures of
the magnetic excitations are predicted: (1) the so-called second gap exists always, (2) the
lowest energy in the continuum region above the second gap takes the maximum value
at ¢ = m/2, (3) the magnitude of the second gap at ¢=0 decreases with increasing the
magnitude of the ferromagnetic coupling, (4) the continuum states above the second gap
may be observable at large ¢, and (5) the intensity due to the lowest triplet states takes

the maximum value at ¢ = 7/2 in the whole range of the exchange ratio.

2. Magnetic Resonance in Spin Peierls System CuGeO;

The interchain exchange integral J’ along the b-axis of CuGeO3 has been evaluated

by analyzing the exchange splitting of EPR spectra observed at T=300 K under ultra-high



magnetic fields on the basis of the mean-field random-phase approximation (MF-RPA).
The two peak structure of the observed EPR spectra and its dependence on the field
direction are explained successfully, and by solving the equation of motion for the spins
it is clarified that the observed two peaks correspond to the ferromagnetic and antiferro-
magnetic resonance, respectively.

Origins of two kinds of ESR lines (2 meV and 5 meV) in the spin Peierls phase of
CuGeQgj are clarified or proposed. By assuming the Dzyaloshinsky-Moriya interaction
and the different g values for spin pairs of the Cu dimer, which can be expected reason-
ably from the supposed crystal structure, it is shown that the 2 meV line is ascribed to
the transition to the lowest triplet state with ¢=0 from the singlet ground state. As the
origin for the 5 meV line, transition to two triplet excited states above the second gap is
proposed. This model can explain well the configuration dependence of the observed ESR
spectra and also the recent experimental findings such as observation under zero magnetic
field.
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Chapter 1

Introduction

The low-dimensional quantum spin systems have been attracting much attention as
typical examples which manifest remarkable quantum effect. In particular, the mag-
netic properties of the quantum spin gap systems which have a spin singlet ground state
with a finite gap to the lowest excited state are the most interesting problem among
them. Examples are the exchange-alternating chains [1, 2, 3] inclusive of spin Peierls
[4] systems, Haldane systems [5] and S=1/2 double spin chain systems [6] and so on.
These systems have been studied extensively both experimentally and theoretically, and
many interesting results have been reported so far. Theoretically purely one-dimensional
exchange-alternating chain systems have been extensively studied mostly on the basis
of the exact diagonalization method (EDM) for finite chains [7, 8, 9]. However, it is
the present status that there are few theoretical works about role of interchain coupling
in pseudo one-dimensional systems. To be important, the real systems are pseudo-one-
dimensional and there are many phenomena in which interchain coupling can not be
neglected. In fact, the magnetic phase transitions have been observed experimentally in
a couple of pseudo one-dimensional systems [1, 2, 10], which show clearly the importance
of the interchain coupling. By focusing our attention on the effect of interchain coupling,
we have developed quite useful methods which can take into account interchain coupling
quantitatively and performed theoretical analyses of magnetic properties of a couple of

pseudo-one-dimensional quantum spin systems.

Magnetic properties of S=1/2 exchange-alternating chains
Recently, interesting one-dimensional exchange-alternating chain systems such as
antiferromagnetic-ferromagnetic (AF-F) alternating chains have been synthesized and the

magnetic properties of these systems are activatively investigated. Quite recently three



dimensional magnetic order has been observed in pseudo-one-dimensional AF-F alternat-
ing systems such as Cu(TIM)CuCly, (4-BzpipdH)CuCl; [1] and MeNN [2]. However there
were few effective methods to discuss these phenomenon, and it is desired to develop a
practically useful method which can take account properly the interchain coupling. So, as
one of such methods we propose the following combined method: the intrachain and inter-
chain couplings are treated by the pair dynamical correlated-effective-field approximation
(Pair-DCEFA) and the mean field approximation (MFA), respectively. This Pair-DCEFA
has advantages of being able to calculate easily the ¢- and w-dependent susceptibility
and its temperature dependence and also being applicable to three dimensional systems
without difficulty. By using this combined method, the magnetic phase transitions of
pseudo-one-dimensional S=1/2 exchange-alternating chains are investigated, and the ex-
change couplings in real S=1/2 AF-F alternating systems are evaluated. Further, the
same phenomena are studied also by another combined method in which the intrachain
and interchain couplings are treated by the exact diagonalizaion method (EDM) for finite
chains and the MFA, respectively.

By specific heat measurements H. Manaka et al. have observed magnetic phase tran-
sitions [10] under magnetic fields in a pseudo-one-dimensional S=1/2 AF-F alternating
chain (CH3)oCHNH3CuCl; [3] which does not order in zero field. So, we have extended
the combined method of Pair-DCEFA and MFA to the case under magnetic fields, and in-
vestigated the magnetic phase transition observed in (CHz),CHNH3;CuCls. Also we have
analyzed by Pair-DCEFA the temperature dependence of nuclear spin-lattice relaxation
time 7} of this system, which has been measured by T. Kubo et al. [11].

Finally, as an theoretical propose, the intensity of neutron scattering is calculated for
the one dimensional AF-F alternating chain by using EDM for finite chain. In particular,

we focus ourselves on whether the excited states above the second gap is observable or not.

Magnetic Resonance in spin Peierls System CuGeO;

Since Hase, Terasaki and Uchinokura [4] reported the first example of spin-Peierls
system (Ty,=14 K) in an inorganic linear Cu®t (S=1/2) chain compound, CuGeO3, a
large number of experimental studies of various types have been carried out. The neutron
scattering experiments [12] confirmed a finite gap between the singlet ground state and the
triplet excited states, and also showed clearly that the interchain coupling, particularly
along the b-axis, is quite large compared with other spin Peierls systems. Existence of

significant interchain coupling has been also indicated from high field EPR measurements



[13]. These experimental evidences for large interchain coupling challenge the view that
one-dimensional nature is very important for spin-Peierls system. The neutron scattering
experiments [14] discovered also the existence of the second gap above the lowest triplet
excited states, which is characteristic to the exchange alternating systems.

Another quite interesting experimental result is the two kinds of transition from the
singlet ground state to the triplet excited states in the spin-Peierls phase, which were ob-
served by ESR measurements [13, 15]. The transition between the singlet ant the triplet
states is usually forbidden in the Heisenberg model, and the origin of these ESR lines is

still open to question.

Exchange splitting of high field EPR
Recently, the exchange splitting of the high field EPR spectra has been observed due

to the differences between the principal axes of the g-values of two adjacent Cu?* ions,
named respectively as sublattices 1 and 2 [13]. It should be noted that interchain ex-
change coupling has a great influence on this phenomenon. However, there were no useful
methods to discuss quantitatively this phenomenon. In practice, though we have analyzed
by using Hamano-Shibata theory [16], the reasonable results have not been obtained. So,
we have analyzed the observed exchange splitting of EPR spectra by the Mean-Field
Random-Phase-Approximation (MF-RPA), and estimated the interchain exchange inte-
grals. Further, the origin of respective peaks is discussed by solving the equation of
motion for the spins with use of the MF-RPA’s Hamiltonian. It is shown that the spins
at sublattices 1 and 2 perform the motion coupled each other and the obtained mode

correspond to those of the ferromagnetic or antiferromagnetic resonance.

ESR spectra in SP phase

For the ESR spectra of CuGeOj in the spin-Peierls phase, we focus our attention on

the mechanism of the direct transitions from the singlet ground state to the triplet excited
states lying respectively at 2 meV [13] and 5 meV [15, 17], which are essentialy forbidden.
In order to investigate the possibility of the transitions, we have calculated the intensity of
ESR spectra at T=0 K. The used Hamiltonian is the isotropic Heisenberg model plus the
Dzyaloshinsky-Moriya interaction and the Zeeman interaction with different g values in
the Cu dimer, and the triplet excited states are treated by the singlet-triplet dimer model,
whose framework is described simply as follows: the singlet ground state consists of the

direct products of singlet pairs and the triplet excited states are described as a triplet pair



traveling in the background of the direct products of singlet pairs. This picture is thought
to be favorable for the respective states in the SP phase. It is noted that the calculated
results can explain well the transition to 2 meV states. On the other hand, the transitions
to 5 meV have been investigated on the basis of the following two cases; in one model the
5 meV transition is ascribed to the transition to the zone folded states originated from
the staggered field induced along the direction of interchain, and in the other model it is
ascribed to that to the excited states above the second gap. To describe the states above
the second gap, we have taken into account a situation that two triplet pairs are traveling
in the singlet background. By considering a couple of new experimental results [17, 18],

we find that the latter model is suitable for explaining the transition to 5 meV states.



Chapter 2

Magnetic Properties of
Pseudo-One-Dimensional
Exchange-Alternating System

2.1 Pair Dynamical Correlated-Effective-Field Approx-
imation

There are many spin systems which can be regarded as assembly of exchange-coupled
spin pairs. Examples are exchange-alternating systems such as antiferromagnetic (AF) al-
ternating chains and antiferromagnetic-ferromagnetic (AF-F) alternating chains. Theoret-
ically purely one-dimensional exchange-alternating systems have been extensively studied
mostly on the basis of the exact diagonalization method (EDM) for finite chains [7, 8, 9].
Experimentally, on the other hand, there have been few exchange-alternating spin sys-
tems, but the examples are increasing recently. To be important, the real exchange-
alternating chain systems are pseudo-one-dimensional, and there are many cases in which
interchain coupling cannot be neglected. In fact, quite recently three dimensional mag-
netic order has been observed in pseudo-one-dimensional AF-F alternating systems such
as Cu(TIM)CuCly, (4-BzpipdH)CuCl;s [1] and MeNN [2]. Therefore it is desired to de-
velop a practically useful method which can take into account the interchain coupling. As
one of such methods we propose in this paper the pair dynamical correlated-effective-field
approximation (Pair-DCEFA) in which the spin-pair is solved exactly and the interac-
tion between the pairs is treated by the DCEFA [19]. The original DCEFA developed
by Suzuki has shown sufficiently its effectiveness through its previous successful appli-
cation to the paramagnetic state and the magnetic ordered state in various magnetic
systems [20, 21, 22, 23, 24, 25].



As examples, Pair-DCEFA is applied to calculate magnetic excitation and uniform
static susceptibility of S=1/2 AF alternating chains and also of S=1/2 AF-F alternat-
ing chains, and the results are compared with those obtained by the EDM for finite
spins [7, 9]. Finally, the exchange integrals in Cu(TIM)CuCly, (4-BzpipdH)CuCl; [1] and
MeNN [2] are estimated by combining Pair-DCEFA for intrachain coupling and the mean
field approximation (MFA) for interchain coupling.

2.1.1 Formalism

We consider a spin system whose Hamiltonian is expressed as follows:
H = - Z Jgil : §z‘2 - ;ZZ Ji,u,jugiu : §ju7 (2.1)
i i) 1w

where giu (gj,,) denotes the spin g (spin v) in the unit cell ¢ (unit cell j) with g (v) being
1 or 2. The first term represents the Hamiltonian of isolated spin-pairs in each of which
two spins are interacting through J, and the second term denotes the interaction between
the pairs. In the following we first solve exactly the spin-pair Hamiltonian —.J Siy - 5;-2, and
then treat the interaction between the pairs by the DCEFA, i.e. the following decoupling
is adopted for the second term of eq. (2.1):

TingoSip = Sjv = Tougo[Sipe - ((Sj) — a(Siu)) + Siu - (i) — a(Sju))] (2.2)

—,

where (S) denotes the spontaneous or the field-induced spin moment and « represents a
parameter which should be determined self-consistently. The parameter « is a quantity
reflecting the correlation between neighboring spins, and in the original DCEFA it has
been shown that « corresponds exactly to the nearest-neighbor (n.n.) spin correlation in
the case of the paramagnetic state of an isotropic Heisenberg system [19]. The effective
spin-pair Hamiltonian for the unit cell ¢ is now given by

H = =TS S = 303 i S+ (1) — {Si): (2:3)

§(E) m

Here (§]l,> denotes the spontaneous moment, and hence the second term of the above
equation vanishes in the paramagnetic state. From now on we confine ourselves to the
paramagnetic state and calculate the transverse susceptibility tensor Y™~ (¢,w) in the
spirit of the DCEFA. For this purpose we apply fictitious rotating magnetic fields for the

respective sublattice as follows:
sublattice 1 : hglei(@ﬁi1’“t), (2.4)

sublattice 2 : h}:Qei@Ei? —h), (2.5)
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with fiw = ﬁl + 7, where ﬁl denotes the position vector of the unit cell ¢ and 7), the
position vector of the spin p in a unit cell. By taking into account the field-induced spin
moments of the other unit cells, the effective Zeeman interaction for the ¢-th unit cell is

expressed in the DCEFA as follows:
HY = —FuS; — FieSp, (2.6)

i,Zeeman

where

(@R —w Jz Jv
Fi = by o 57 S S (50) — a(s),

(i) v (2.7)
(G Rio—w Ji2, 12
Fip = hipe@heme) 4 37 S22 ((55) — a(Sh)).
J(#i) v (2.8)

Now, within the linear response approximation we get the following relations:

(Sf) = ol (W Fu + ofy (W) Fl, (2.9)
(Si) = o5 (W)Fa + ¢35 (w)Fia. (2.10)

Here ¢/ (w) (i, v=1 or 2) denotes the spin-pair susceptibility calculated on the basis of
the effective spin-pair Hamiltonian eq. (2.3) and is obtained generally from

(pn = pm)(m|S,; In)(n|Sy |m)
w+ FE, — E,

w)=>" , (2.11)

m,n

where E,, and |m) denote the eigenvalue and the eigenstate of eq. (2.3), respectively,
and p, = exp(—0FE,)/ > exp(—FE,) with § = 1/ksT. Performing the spatial Fourier

transformation of eq. (2.9) and (2.10), and then solving the resultant equations we obtain

20\ _ (e et o
((S%ﬁ) = (hh kE*)

00 R — k¢1+2feiq?i2 h*ﬁbf{e_i?i? — koiy h},lef?m
SKGTT 4 holy T ke T g hot )\ e

0= ( X1 (Gw) Xty (¢ w) ) ( he ™ ) , (2.12)

Xa1 (Gw) X33 (Gw) h}be*i“’t
where
1 +- 1 +- —ig-T12
o=t §¢11 {/11(7) = a[ /12 (0) + J12(0)]} — §¢12 Ja1(q)e )

ko= —;qbﬁ‘{Jm(q‘) — a[J2(0) + Ja1(0)] e T2 — ;cbfl‘le(@, (2.13)

7



with
T2 =T1 —To.

Here the Fourier transforms of spin moments and exchange couplings are defined by

1 _id- R id (R, —R.
(Squd = 2o ASe e Tu(@) = D T ), (2.14)
! J
Now, we impose the following self-consistency condition to determine the correlation

parameter a:
4 oo 1 1 oo Bw = _
({5, 8rh = NZ;/ dw coth(=-) Imxqy (¢, w + is). (2.15)
q—» —0o

Here ({S7,S7}) = (S{ Sy + S;S]") represents the on-site spin correlation calculated by
using the effective spin-pair Hamiltonian eq. (2.3), and in the paramagnetic state we
have ({Si", 57 }) = $5(5 4+ 1). The implication of the above self-consistency condition is
that the on-site spin correlation calculated from the dynamical susceptibility (the right-
hand side of eq. (2.15)) should be equal to that calculated from the effective spin-pair
Hamiltonian. It is noted that the self-consistency equation constructed by using x35 (7, w)
gives the same results.

Once the correlation parameter « is determined self-consistently, the form of the
dynamical susceptibility tensor X~ (¢, w) of the paramagnetic state is fixed and then we
calculate physical quantities from Y™~ (¢, w). First, the energy of magnetic excitation w(q)
is obtained from the pole of the dynamical susceptibility X:; (¢, w). Secondly, the uniform

static susceptibility per unit cell x(7") is obtained as follows:

(gps)? ;4 _ _ _
X(T) = 2B [Xirl <O7 0) + X1+2 (07 0) + X2+1 (07 0) + X%LQ (07 O)] (216>
Also, the intensity of neutron scattering S(q,w(q)) is calculated from,
1 _ _ _ _
5(a,w(a)) & Ty mbxan (@:w(@)) + Xz (0, w0(a) + X310 (4, w(a)) + Xz (0, w(a))]-

(2.17)

2.1.2 Application to Purely-One-Dimensional Systems

To see the effectiveness of Pair-DCEFA we apply it to S=1/2 exchange-alternating
chains and compare the results with those obtained by the EDM [7, 9]. The relevant
Hamiltonian is expressed as

H=-> (Jlgi,l ' 571‘,2 + J2§i—172 ' ‘S_;zl) (2.18)

7



Here we assume J; < 0. The system is an AF alternating chain if J, < 0, and an AF-F
alternating chain if J5 > 0. Since we are considering the paramagnetic state, the effective

spin-pair Hamiltonian for the unit cell ¢ is given simply by
HT = — 1S o, (2.19)

and the expressions of h and k defined by eq. (2.36) are given explicitly by

J:
h=1+ ?2[ — iy ela(ete) ], ( ¢1p e i agly e), (2.20)
with
ST = Bpadan + Hlor = p2) 5
11 = PP20w,0 1{p1 — P2 2 — g2’
1
1o = Bp20u0 — Ji(p1 — pz)ma
c=|Rio—Ri1|, ¢ =|Riy11—Rio, (2.21)
where
1 el
e = 2.22
PL= T4 3emi P27 11 3600 (222)
It is noted here that ¢f; = ¢35 and ¢j5; = ¢3; . Now, the energy of magnetic excitation
w(q) and the uniform static susceptibility x(7") are given as follows:
Jg .
) = [y 1+ 72 = pr)lor+ cosg(e + )], (2.23)
X(T) = |) . (2.24)
)+ (e —1)

ksT[3 + exp(

We have performed numerical calculations by varying the values of a = J,/J;. Since
we are considering the case of J; < 0, a > 0 corresponds to an AF alternating chain and
a < 0 to an AF-F alternating chain. In Fig. 2.1 we show the temperature dependence of
the correlation parameter « for several values of a determined from the self-consistency
condition eq. (2.15). The value of « exhibits a characteristic temperature dependence.
First, « is negative for AF alternating chains (J; < 0) and positive for AF-F alternating
chains (Jy > 0). Secondly, the magnitude of a approaches zero when T — oco. With
decreasing temperature from high temperatures, it increases monotonously, takes a max-
imum around the temperature corresponding to about 0.3|.J;|, and then approaches to

some finite value toward 7=0 K. Thirdly, the smaller the value of | a | or | J; | takes, the

9
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Figure 2.1: The temperature dependence of the correlation parameter o for a=-1, —
0.6, 0, 0.6, 1.

smaller the magnitude of a becomes. These characteristic behaviors can be understood
essentially by considering that « is related to the spin correlation between the neighboring
spin pairs. But the physical origin of the maximum of |a| as a function of temperature
is not clear. In Fig. 2.2 the dispersion curves of w(q) at T=0 K calculated for a=—1, —
0.6, 0, 0.6 by Pair-DCEFA are shown by the thick solid lines. It should be noted that
w(q) has a minimum value at ¢=0, 7 in AF alternating chains and at g==+7/2 in AF-F
alternating chains. This magnetic excitation may be regarded as a kind of Frenkel ex-
citon in the sense that the excitation from the ground state to the triplet excited state
within a spin pair propagates in the crystal through the inter-pair exchange interaction
Jo. In the isolated spin-pair (a=0), w(q) of Pair-DCEFA naturally gives a exact result.
Further, w(q) in an AF alternating chain with a=0.6 agrees fairly well with that of the
EDM for 10 spins [7] shown by the dotted curve. The agreement is better in the high
energy region (¢~7/2) than in the low energy region (¢g~0 or m). When Pair-DCEFA is
applied formally to an AF uniform chain (a=1), the obtained w(q) shown by the thin solid

curve deviates considerably from the exact result [26] shown by the dot-dashed curve. In

10



o(0)/[J4]

Figure 2.2: The magnetic excitation w(q) at T=0 K for a=-1, -0.6, 0, 0.6, 1. The
solid curves represent the results calculated by Pair-DCEFA. The dotted curve of a=0.6
denotes w(q) obtained by the EDM for 10 spins [7]. The dot—dashed curve of a=1 is the
des Cloizeaux and Pearson curve [26]. The unit of ¢ is 27/(c + ¢).

particular Pair-DCEFA gives a finite gap at ¢=0, m which contradicts even qualitatively
with the gapless behavior of the exact result. This large discrepancy implies that the
local singlet nature is too stressed in Pair-DCEFA. It is noted, however, that w(q) of
Pair-DCEFA agrees fairly well with that of the exact results in the high energy region
(g~m/2) even in case of AF uniform chains.

Also, such magnetic excitation can be observed practically by inelastic neutron scat-

tering measurements. Its scattering intensity S(q,w(q)) is now obtained as,

1 [Al(pr = p2)
1 — e—Bw(@) w(q)

S(q,w(q)) [1 — cos(qc)]. (2.25)

The concrete calculational results will be touched upon later.
In Fig. 2.3 the full curve represents the gap energy A (i.e. the minimum value
of w(q)) calculated for —oco < a < 1 by Pair-DCEFA, and the open circles denote the

gap energy between the singlet ground state and the triplet excited states which was

11



Al

Figure 2.3: The gap energy A as a function of a = J5/J;. The full curves are the results
of Pair-DCEFA and the open circles those of EDM [8]. The dotted curve represents the
results of Pair-MFA.

extrapolated from the results of EDM calculations for finite spins. In this figure the plot
is made as a function of 1/a for —co < a < —1. According to the EDM results the gap
exists always except for the case of a=1, and the gap at a = —oo (1/a=0) can be regarded
as the Haldane gap [8]. By comparing the gap energy of Pair-DCEFA with that of EDM
we can point out the two important points. First, for 0 < a < 1 the gap energy of Pair-
DCEFA is overestimated, and it is finite for a=1 which contradicts qualitatively with the
EDM result as mentioned previously. Secondly, for a < 0 the gap energy of Pair-DCEFA
is underestimated, and it vanishes at a ~ —10 (1/a ~ —0.1). For a < —10 we cannot
obtain a self-consistent solution of o at T'=0 K. These results imply that the effective-
field theory like Pair-DCEFA is not appropriate for treating the Haldane gap behavior
(a = —o0) or the quantum liquid behavior of a uniform AF chain (a=1) which are truly of
quantum nature. But, judging from this figure, we can emphasize that Pair-DCEFA will
be practically useful for a fairly wide range of a, particularly for a < 0. In case of a < —1,

namely when the magnitude of the F coupling is larger than that of the AF coupling,

12



we may expect to obtain better results by solving the F pairs exactly and treating the
AF coupling in terms of DCEFA. We have actually performed such calculations, but the
results have never been improved in the sense no gap is obtained for the whole range of
a < —1, reflecting the degenerate ground state of the pair.

In Fig. 2.4 the temperature dependence of the uniform static susceptibility x(7") of

0.2

alx(T/(gus)?

o
[N
T

05
ke /|34

Figure 2.4: The uniform static susceptibility x(T") for a=—1, -0.6, 0, 0.6, 1. The full curves
are the results of by Pair-DCEFA. The dotted curves for a=—1, —0.6 and 0.6 are those of
EDM for 14 spins [9] and 10 spins [7], respectively. The dot—dashed curve of a=1 is that
obtained from the Bethe ansatz [27]. The thin dotted curve of a = —1 is that obtained
by Pair-MFA.

Pair-DCEFA is shown by the full curve. In the vicinity of 7=0 K x(7") behaves as x(7") o<
(g,uB>2 exp(— |J1|

it increases rapidly, shows a broad maximum around a temperature corresponding to

) and hence x(7") vanishes at 7'=0 K. With increasing temperature

Tax=0.6~0.7|J1|, and finally approaches to zero towards T' = oo. Compared with the
results of EDM calculations for a=—1, —0.6 and 0.6 [7, 9] (thick dotted curves in Fig. 2.4)
the susceptibilities of Pair-DCEFA agree well with the EDM results at temperatures higher
than T... On going toward 0 K from T}y, however, x(7T') of Pair-DCEFA decreases more
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rapidly than that of EDM. We consider that this large deviation of Pair-DCEFA (7))
from EDM x(T') at low temperatures originates from that the singlet-ground-state nature
of the individual spin-pair is too stressed in Pair-DCEFA. In an AF uniform chain (a=1)
the behavior of x(T") of Pair-DCEFA at low temperatures differs even qualitatively from
the highly accurate result [27] shown by the dot—dashed curve in Fig. 2.4.

2.1.3 Effect of Interchain Coupling

One of the advantages of Pair-DCEFA is that it can calculate easily the ¢-dependent
susceptibility and its temperature dependence. As an example we show in Fig. 2.5 the
g-dependence of the susceptibility x. (¢, T) = x{7 (¢)+ | xi5 (¢) | of exchange-alternating

chains for several temperatures in case of a=—0.6 and 0.6. As a function of ¢, x4 (¢, T)

|‘J1|X+(q1T)

Figure 2.5: The g-dependence of the staggered susceptibility x. (¢, T) calculated for sev-
eral temperatures in case of a=-0.6 and 0.6 are shown by the full curves and the dotted
curves, respectively. The unit of ¢ is 27/(c + ).

of a=—0.6 and 0.6 takes the maximum at g=7/2 and ¢=0, respectively, and the maxi-
mum value increases with decreasing temperature. Here, it is noted that x+(g,) are in

proportion to the two eigenvalues of the transverse susceptibility tensor X;’j_(qz), and
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X+(q,) [x—(q,)] represents susceptibility when magnetic fields at sublattices 1 and 2 are
antiparallel [parallel]. In particular, x_(0,7T) corresponds to the uniform static suscepti-
bility. If the interchain interaction is switched on to the assembly of exchange-alternating
chains, three-dimensional magnetic order may be realized at low temperatures. For sim-
plicity we treat the interchain coupling by the MFA, and then within the linear response

approximation we can easily get the following relations:

72 Sh)e ™ = i GY(1) + x5 Gy(1), (2.26)
*Z Shkade ™ = xdT G (2) + X35 GY(2), (2.27)
where
Go(w) = hf, i@t amitaexel) 4 — Zk i (S g€ (2.28)
N it
Here the chains are formed along z-axis and Jj; ;,» denotes the interchain exchange integral

in x, y plane. By performing spatial Fourier transformation in z, y direction, ¢g-dependent

susceptibility tensor is finally obtained as follows:

1 H*xi, KX1 elda¢ H*Xﬁ_e_iq.zc — Kxit (2.29)
HH* — KK\ —K*xiy + Hxly e —K*x{y e @+ Hyj )’ 7

where

H=1-x{7 (¢,w)(J, , —at)/2,

9x,dy
K = x{7 (., w) (g, 4, €% — afg) /2,
qx,qy Z ig,3' 5! l[qX(Il_Ilquwg vl (2.30)

The expression obtained on condition that the g-dependent susceptibility tensor diverges

1s written as:

HE' = KK* = [(2/J, ) = x4 (@ DI/, ) = x-(g.T)] = 0. (231)

If we assume four n.n. chains, the transition temperature is determined from 1/ | 2J" |=
X+(m/2,T) for a < 0and 1/ | 2J" |= x+(0,T) for a > 0, respectively. Here J’ denotes the
n.n. interchain exchange integral.

Quite recently the measurements of uniform static susceptibility have been done
in detail for Cu(TIM)CuCly, (4-BzpipdH)CuCly and MeNN, which are S=1/2 AF-F al-

ternating chains, and a phase transition has been observed at about 1 K, 2 K [1] and
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Figure 2.6: The uniform static susceptibilities x (1) of Cu(TIM)CuCly, (4-BzpipdH)CuCl;
and MeNN. The solid curves show the results obtained by Pair-DCEFA and the experi-
mental data [1, 2] are shown by the open circles.

1.3 K [2], respectively. The uniform susceptibility observed in these three compounds [1, 2]
are shown by the open circles in Fig. 2.6. We have evaluated the values of J; and J,
in these systems by fitting the Pair-DCEFA susceptibility to the observed data. In the
fitting procedure we have tried to reproduce the data particularly well at higher temper-
atures. The determined values of J; and J; are given in Table 2.1, and the full curves
in Fig. 2.6 show the theoretical uniform susceptibilities of the AF-F alternating chains
calculated by Pair-DCEFA with use of those intrachain exchange integrals. Then, we
have estimated the magnitude of the interchain exchange integral |.J'| so as to reproduce
the observed transition temperature Ty on the basis of the above combined method of
Pair-DCEFA and MFA. Explicitly speaking, |J'| has been determined from the condition
1/ | 2J" |= x4+(7/2,1x). As examples of the temperature dependence of the staggered
susceptibility Fig. 2.7 shows y (7/2,T) and Ty of Cu(TIM)CuCly and MeNN. The values

of |J'| determined in this way are also shown in Table 2.1.
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Figure 2.7: The temperature dependence of the staggered susceptibility x, (7/2,T) of
Cu(TIM)CuCly and MeNN.

2.1.4 Discussion and Conclusion

First we compare the results of Pair-DCEFA with those of Pair-MFA in which the
exchange interaction between the spin pairs is treated by MFA instead of DCEFA. As
easily understood, the results of Pair-MFA can be obtained by putting a=0 in those of
Pair-DCEFA. In Fig. 2.3 the dot—dashed curve denotes the gap energy obtained by Pair-
MFA for an S=1/2 exchange-alternating chain. For a > 0 the gap of Pair-MFA apparently
agrees better with EDM result in comparison with that of Pair-DCEFA. In particular, it
vanishes at a=1 as required from the exact theory. However, this does not necessarily
mean that Pair-MFA gives reasonable results also for other physical quantities or it is
superior to Pair-DCEFA. For example, with decreasing a from zero for a < 0 the gap of
Pair-MFA deviates significantly from the EDM, and it vanishes only at a=—1 (note that
the gap of Pair-DCEFA vanishes at a ~ —10). Further, the low temperature behavior of
X(T') obtained by Pair-MFA is essentially the same as that obtained by Pair-DCEFA. As
an example, x(7) of Pair-MFA for a=-1 is shown by the thin dotted curve in Fig. 2.4.
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Table 2.1: The intrachain exchange integrals (J; and .J;) and the interchain exchange
integral (J') evaluated for three pseudo-one-dimensional AF-F alternating systems,
Cu(TIM)CuCly, (4-BzpipdH)CuCl; and MeNN. The unit of the exchange integral is K
and a = Jo/J;.

compound Ji/ks  Jo/kg a |J' [ks| |J' /)1
Cu(TIM)CuCl,  —2.92 409 —140 038  0.130
(4-BzpipdH)CuCl; —8.74 3846 —4.40 022  0.025
MeNN —5.00 10.00 —-2.00 0.34 0.068

In general, at temperatures higher than T, x(7") of Pair-DCEFA is closer to the EDM
result than that of Pair-MFA.

Secondly, we discuss the temperature dependence of the staggered susceptibility
X+(m/2,T) of S=1/2 exchange-alternating chains. The characteristic behavior that x(7/2,7T)
of Pair-DCEFA takes the finite maximum value at T=0 K and decreases monotonously
as a function of T is expected to be unchanged even if we obtain the exact solution of
X+(m/2,T). In fact, this has been confirmed from our preliminary results of EDM calcula-
tions of x4 (7/2,T') for finite chains up to twelve spins. Our preliminary results also show
that x+(7/2,T) of Pair-DCEFA is larger (smaller) than that of EDM for a < 0 (a > 0),
which is reasonably understood from the fact that Pair-DCEFA underestimates (over-
estimates) the gap energy. Therefore, the values of |J'| determined for Cu(TIM)CuCly,
(4-BzpipdH)CuCls and MeNN are expected to be underestimated.

In conclusion, we have developed a new method called Pair-DCEFA by extending
DCEFA originally proposed by Suzuki to the pair-approximation. By applying Pair-
DCEFA to S=1/2 exchange-alternating chains it has been shown that Pair-DCEFA is
practically useful for a fairly wide range of a, particularly for a < 0, with a = J/J; and
J1 < 0. It has been also shown that Pair-DCEFA cannot treat the Haldane gap behavior
or the quantum liquid behavior of a uniform AF chain. Pair-DCEFA has an advantage
of being able to calculate the g-dependent susceptibility and its temperature dependence
without difficulty. Because of this advantage the effect of interchain coupling in pseudo-
one-dimensional S=1/2 exchange-alternating systems can be easily investigated by using
the combined method of Pair-DCEFA and MFA. The method has been applied to esti-
mate the intrachain and the interchain exchange integrals of real pseudo-one-dimensional
AF-F exchange-alternating systems, Cu(TIM)CuCly, (4-BzpipdH)CuCls and MeNN. We
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are also calculating the staggered susceptibility of S=1/2 exchange-alternating chains by
performing detailed EDM calculations for finite spins. The results will be reported in the

following section.

2.2 Pair-DCEFA under Magnetic Fields

Quite recently, by specific heat measurements Manaka et al. [10] have observed
magnetic phase transitions under magnetic fields in a pseudo-1D S=1/2 AF-F alternating
chain (CHj3)oCHNH3CuCl; [3] which does not order in zero field. In this section, we
extend the combined method of Pair-DCEFA and MFA to the case under magnetic fields,
and investigate the magnetic phase transition observed in (CH3),CHNH3CuCl;. We also
analyze by Pair-DCEFA the temperature dependence of nuclear spin-lattice relaxation

time T3 of this system, which has been measured by T. Kubo et al. [11].

2.2.1 Formalism

We first consider a single S=1/2 AF-F alternating chain under magnetic fields along

the z-axis. The relevant Hamiltonian is expressed as,

H==3 [ASi1-Siz+ hSi12-Si1 — guaH(SE + S| - (2.32)

Here we have assumed the nearest neighbor (n.n.) exchange couplings J; (< 0) and J,
(> 0). H represents the strength of the magnetic field and S'W denotes the spin p in the
unit cell ¢ with p being 1 or 2. Within the framework of Pair-DCEFA the first and the
third terms in eq. (2.32), i.e. the antiferromagnetic coupling spin-pair, is treated exactly,
and for the second term Jggi,m . 51',1 in eq. (2.32), i.e. the interaction between the pairs,

the following decoupling is adopted:

— —

Ja [gzel,z : (<§11> —afSi—12)) + 5’1’,1 ((Sic12) — Oé<§i,1>)] ) (2.33)

-,

where (S) denotes the field-induced spin moment and « represents a correlation parameter
which should be determined self-consistently.

The effective spin-pair Hamiltonian for the unit cell ¢ is now given by
HT = —J1Si1 - Sia + H'(S71 + 575), (2.34)
with
H' = gusH — J2(5%)(1 — ),
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where (S%) (= (57;) = (S7,)) denotes the site-independent spin moment induced by
the uniform external filed. By using the eigenvalues and eigenstates of the above effective
Hamiltonian and in the spirit of the DCEFA we can calculate the transverse susceptibility

tensor Y77 (q,w) of the whole system. The final expression of Y77 (¢,w) is written as

follows:
+— +—
X11 (Qaw) X12 (qvw) > * ¥\ —1
_ . = (hh* — kk
( Xa1 (W) X33 (¢;w) ( )
h*qb B k¢+_ e h*gbig_eiqc - kqsfl_ (2 35)
—k* i + holy €79 —k*¢ly €9+ hoyT )7 ‘
with

h=14 3 (0o — 6l @),

k= —*JZ (¢11 el — O@TQ_eiqc) )

+__1< Ps — Pi,1 Pr—1 — Ps pt,—l_pt,1>
W =o\w—-Nh+H w+J+H w+H )’
+__1< Pr1 — Ps Ps — Pt,—1 pt,—l_pt,1>
2" o\w- N +H  w++H w+H )’

where ¢ and ¢ represent the bond length for AF and F interactions, respectively, and
ps =e P17 and pym = e P17 (m=—1,0, 1) with Z = e #1 4+ 1" 11 + e P and
B =1/ksT.

In order to determine (S*) and « simultaneously, we impose the following self-

consistency conditions:
(5%) = Tr[Sfi eXp( BHE)]/ Trlexp(—FH)), (2.36)
({S], Sy Z / dw coth( pe ) Imyx |, (q,w + is), (2.37)

where N denotes the total number of spins and ({S;", S; }) = (S;Sy +575]) = 2{S(S+
1) — ((5%)2)} represents the on-site spin correlation calculated by using the effective spin-
pair Hamiltonian eq. (2.34). Equation (2.36) represents the usual self-consistency condi-
tion for (S*). Equation (2.37) is required from the fluctuation-dissipation theorem, and
its implication is that the on-site spin correlation calculated from the dynamical suscep-
tibility (the right-hand side of eq. (2.37)) should be equal to that calculated from the
effective spin-pair Hamiltonian.
Equation (2.36) is expressed more explicitly as

(5 =3

5 (Pr1 = pi-1)- (2.38)
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The actual calculational procedure of the right-hand side of eq. (2.37) is as follows. We
first solve hh* — kk*=0 to obtain poles w;(q) (i=1~3) of x{; (¢,w). Then, by using these

wi(q), xi1 (¢, w) is transformed as

i (qw ;w %% ol (2.39)
with
n(g) = Glg, wz(Q))E(Wz(Q) + ﬂcz‘)/j[_1 (Wi (q) — wn(2)), (2.40)
where .

Glq,w) = Mol — koly e ™,
T = —Jl +H/, To — Jl + H/, T3 — H/.

Inserting eq. (2.39) into the righthand side of eq. (2.37) we can rewrite eq. (2.37) in the

following form:

(P -1 =72 Z% ) coth(Bi(a)/2)| (2.41)

_3_
4
From eq. (2.38) and eq. (2.41), (S*) and « are determined self-consistently.

In Figs. 2.8(A) and (B) we show examples of temperature and magnetic-field depen-
dencies of a. As seen from Fig. 2.8(A), with decreasing temperature from high tempera-
tures, « increases monotonously, takes a maximum around the temperature corresponding
to about 0.3|.J1], and then approaches to a finite value toward T=0 K. Further, o becomes
large when H increases. Figure 2.8(B) shows that the smaller the value of Jy/|J;| takes,
the smaller o becomes. Most of these characteristic behaviors of o can be understood by
considering that spin correlation between the spin pairs become strong for large J, and
also they develop with decreasing temperature or increasing magnetic fields. However, the
physical origin of the maximum of « as a function of temperature is not clear at present.
As to the temperature and magnetic-field dependencies of (S*) we simply note that it
takes rather small values in the whole temperature range for magnetic fields smaller than
the gap energy. Once (S?) and « are determined, the dynamical susceptibility tensor

X" (q,w) is fixed and we can calculate various physical quantities from Y+~ (¢, w).
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Figure 2.8: (A) The temperature dependence of the correlation parameter o for
gusH/|J1|=0.06, 0.12, 0.18 and J5/|J;1|=2. (B) The temperature dependence of the cor-
relation parameter « for Jy/|.J;|=0.5, 1, 2 and gugH/|J1|=0.03.

2.2.2 Effect of Interchain Coupling

Recently, magnetic phase transitions under magnetic fields have been observed in
an organic pseudo-1D S=1/2 AF-F exchange alternating chain (CHz),CHNH3CuCl; [10]
which does not order at zero field. Motivated by this experimental results, we have
investigated the effect of interchain coupling on the magnetic phase transition under
magnetic fields. For this purpose we have adopted the combined method of Pair-DCEFA
and the mean-field approximation (MFA), that is, we use Pair-DCEFA for intrachain
coupling and MFA for interchain coupling. According to this method the generalized
susceptibility for the whole three dimensional system can be obtained in terms of the
interchain coupling and the susceptibility of a single chain obtained by Pair-DCEFA.
Occurrence of phase transitions is generally determined from the condition of divergence

of the generalized susceptibility and in the present case the condition is expressed as,

[(1/12T']) = x+ (g, H, D[/ [2T']) = x~(g, H,T)] = 0, (2.42)

where J' denotes the n.n. interchain exchange integral (the number of n.n. spins is
assumed to be four), and x+(¢, H,T) denote xi; (¢,0) & |x{5 (¢,0)| which are the two
eigenvalues of the static susceptibility tensor x*7(¢,0) of a single chain. It is noted
here that x_(0,0,7) corresponds to the uniform static susceptibility of a single chain.

In Fig. 2.9, we show as an example ¢- and temperature dependence of x(q, H,T') for
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Figure 2.9: The temperature dependence of (¢, H,T') calculated for several values of ¢
by fixing Jo/|J1| and gusH/|J1| to 2 and 0.03, respectively. The unit of g is 1/(c+ ).

Jo/|J1| = 2 and gusH/|J1|=0.03. To be important, for AF-F chains x(q, H,T) is larger
than x_(q, H,T) for any value of ¢q. Furthermore, at each temperature for a given field
X+(q, H,T) takes the maximum value at ¢ = m as a function of ¢, and this behavior can
be explained by considering that the gap has the minimum value at g==. It should be
also noted that for a given temperature the value of y (¢, H,T') increases with increasing
H.

The actual transition temperature (Néel temperature Ty) is defined as the highest
temperature which satisfies the condition (2.42). Hence, by taking into consideration the
characteristic behaviors of x4 (g, H,T) mentioned above the equation to determine Ty is

expressed simply as
1/12J'| — xo(m, H,T) = 0. (2.43)

It is easily recognized that Ty is practically determined from the crossing between the
curve of x.(m, H,T) as a function of T" and the straight line corresponding to 1/|2.J'|.
Since xi(m, H,T) is a decreasing function of T, if 1/]2J'| > x4 (7, H,0) is satisfied,
no crossing point is obtained, i.e. phase transition does not occur. In particular, if

1/12J'| > x+(m,0,0), it means that the system does not order at zero field. Even in
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that case, the phase transition is expected to occur for finite fields because x. (m, H,0)
increases with increasing H and hence 1/|2J'| < x4 (m, H,0) may be fulfilled for H larger
than some critical value.

In applying the above method to (CH3),CHNH3CuCls we first analyzed by Pair-
DCEFA the observed uniform static susceptibility [3] at temperatures higher than Ty and
estimated the intrachain exchange integrals as J;=—47.0 K and J,=94.0 K. The observed

2 = 10| 37 K 3] =2
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S E | var| =2
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Figure 2.10: (A) The temperature dependence of inverse of the uniform susceptibility
of (CH3)2CHNH3CuCl;. The circles denote the experimental data [?] and the full curve
represents the theoretical results for a single AF-F chain obtained by Pair-DCEFA with
use of J;=—47.0 K and J,=94.0 K. (B) The temperature dependence of x(m, T, H)
of (CH3)2CHNH3CuCly calculated for several values of H. The horizontal dotted line
represents 1/|2J'| = 2. (C) The magnetic-field dependence of Tx. The open triangles
denote the experimental data [10] and the closed circles the theoretical results.

and the calculated uniform static susceptibilities as functions of temperature are shown
in Fig. 2.10(A). Next, by making use of x(m, T, H) calculated with use of g=2.26 [10]
and the determined J; and .J, we have estimated the magnitude of J’ so as to reproduce
the observed Néel temperature at H=10.2 T (see Figs. 2.10(B) and (C)). The magnitude

of interchain exchange coupling determined in this way is |J'|=0.125 K.
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2.2.3 Nuclear Spin-Lattice Relaxation Rate

Quite recently, T. Kubo et al. [11] have measured proton spin-lattice relaxation rate
1/T; of (CH3)2CHNH3CuCls under magnetic fields. According to their results 1/77 shows
at a low temperature region a behavior of activate energy type expressed as exp[—(A —
gusH)/ksT], but its origin is not clear. Hence, in this section we try to understand this
behavior of 1/77 by performing analysis with use of the susceptibility under magnetic
fields obtained by Pair-DCEFA. First of all, it should be noted that there are no methods
of analysis for this phenomena, and in such a sense the challenge of using susceptibility
of Pair-DCEFA is quite significant.

Now, the nuclear spin-lattice relaxation rate 1/77 [28] in this system is written as,

1Ty o [dtery 5

q mn=1

4 A (@) ({87 (), SZ,(0)}) + AR () ({5} (), SZ,(0)}) |, (2.44)

where wy denotes the resonance energy and is thought to be about one thousands of w;(q)
in eq. (2.39), that is, the energy of the spin system. Further Al (q) (m, n=1or 2, =1 or
//) are the coefficients of hyperfine structure which are defined as the Fourier component
of the product of two dipole-dipole interaction between electric spin .S; and nuclear spin

[29]. Explicitly A%, (¢) are given as follows:

Ar()) =3

(1 —3c0s? 0, im)(1 — 3cos® 0, ) + 9sin? 0, ;,, sin? 0, ,

3 .3
ij Tp,imTp,jn
XeI(I(Tim_Tjn), (2.45)
9sin @, ;, cOS O, s, SN, 5, cOS O, 5, -
/ _ pyim pyim p,gn DI _iq(rim—rsn)
All(g) = ik glarim=rin), (2.46)
ij TpimTp,jn

where r;, (7;,) represents m (n) site in ith (jth) unit cell with m (n) being 1 or 2, and
Tpim (Tpjn) denotes the distance between proton site and 7, (r;,). Further, the 6,
(0p.jn) is defined as the angle between the direction of electric spin at 7, (7;,) and that
of proton spin.

By using the fluctuation dissipation theorem (2.15) and the condition 7' > wy, the
above expression is given as,

I +— , I 2z ,
T, x TS Z 4 AL ()X (9:90) gy oy TG (0 00) | (2.47)

q mn=1 Wo Wo

Within the Pair-DCEFA, we can certainly investigate the temperature dependence of
Imx(q,w;(¢q)). Unfortunately, however, in the Pair-DCEFA the damping effect is not

taken into account, and as the result Imy(g,wp) does not have finite values at all. In the
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present study, we try to calculate 1/T} on the basis of the g-dependent static susceptibility
of Pair-DCEFA. Then we assume the following standard form [30, 31]:

wof‘q
Y
wp + T2

Imy %, (q,wo) = X%, (q) (2.48)

where I'; is damping constant [31], and ¢j denote +— or zz. Further under condition

I’y > wp, we obtain

wWo Fq '

(2.49)

In actual calculation of A! (q) we have taken into account the proton and copper
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Figure 2.11:  (A) The positions of protons in the vicinity of Cu ions in
(CH3)2CHNH3CuCls. (B) The g-dependencies of Af;(q), Re[Af;(q)] and Im[Af5(q)] in
(CH3)oCHNH3CuCl; are shown by the solid, dotted and dot-dashed curves, respectively.
The unit of ¢ is 7/(c + ¢).

positions as shown in Fig. 2.11(A) and the following distances are used: Cu-Cu [short]
=3.417 A, Cu-Cu [long] =3.506 A [32], and distance between proton and Cu chain ~ 6.0
A. In Fig. 2.11(B), ¢-dependencies of A{;(q), Re[A1;(¢)] and Im[A{(q)] are shown by the
solid, dotted and dot-dashed curves, respectively. As seen from Fig. 2.11(B) A{;(¢) and
|Re[A1;(q)]| have large values around ¢=0 and 27, but they are small around g=7. Further
the magnitude of Im[A5(g)] is rather small compared with those of Af;(q) and Re[A15(q)],
and it should be noted also that A// (g) (m, n=1 or 2) have quite small magnitude for
any value of q. Considering all of these characteristic features of A! (q) we adopt the
following drastic approximation, namely we take into account only A7 (q) and Re[A15(q)]

for g=0 and 27 and neglect all of other A! (q). Furtheremore, for simplicity we assume
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Figure 2.12: The temperature dependence of 1/T} of (CH3)oCHNH3CuCl; at H=3.5 T.
The solid and dotted curves represent the results obtained by using Pair-DCEFA and by
assuming the activate energy type, respectively. The circles denote the experimental data
[11].

that I',— is equal to I',—s, and they are independent of temperature. As the results, 1/7}
can be represented by A(q) and x% (q). Then the resultant 1/T} is expressed simply as,

1/Ty o< T{A;(0)x1; (0) + Re[A3;(0)]Re[x 5 (0)]
+A1L1(27T)X1L1_(277) + Re[Aﬁ(%r)]Re[sz_(27?)]}. (2.50)

From this equation we have calculated the temperature dependence of 1/T} at H=3.5 T
by using x1; (¢) and Re[xis (¢)] (¢=0, 27) obtained in the previous section. The results
are shown in Fig. 2.12 by the full curve. The agreement is better in the high temperature
region than in the low temperature region. The large discrepancy at low temperature
region may imply the necessity of taking account of the effects which are not included in
the expression of 1/77 (2.50). For example, it may be necessary to consider temperature

and wave-vector dependences of T’
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2.3 Staggered Susceptibility by Exact Diagonaliza-
tion Method

In the previous sections the magnetic phase transitions of pseudo-one-dimensional
S=1/2 exchange alternating chains have been investigated by a combined method in
which the intrachain and interchain couplings are treated by Pair-DCEFA and mean field
approximation (MFA), respectively. However, it is sometimes insufficient for truly quan-
titative discussion. In this section we calculate the g-dependent staggered susceptibilities
of S=1/2 exchange alternating chains by using the EDM for finite chains and estimate
interchain coupling of real pseudo-one-dimensional S=1/2 exchange alternating chains by
combining with MFA.

We express the Hamiltonian of an S=1/2 exchange alternating chain as follows:

H = - Z (Jlgi,l : 511‘,2 + J2k§;el,2 : gi,1>7 (2.51)

where S_"i,l (5_‘;2) denotes the spin 1 (spin 2) in the unit cell 4. J; and Jy are the exchange

integrals. Further we define a=Jy/.J;. The base of Hamiltonian is writen as
‘mlam27m3>l:|]:|]:| 7mi7|:|]:|]:| 7mN>> (252)

where m; represents the up spin T or down spin | at ¢ site. Using the above base, new

bases indexed by K are written as follows:

1 .
ﬁ Ze‘K”Tnlml,mz,mg,Dﬂﬂ ,m 0 my). (2.53)
n=0

Here T,, denotes the translation operator, K is the wave vector. This bases apparently

Oy =

satisfy the Bloch theorem,
Tn®x = XM dy. (2.54)

By using such bases, we obtain the Hamiltonian blocked with each index K. Further the
size of matrix being diagonalized is reduced by classifying with use of S¥*% = ¥, (57 +5%).

By using all the eigenvalues and eigenstates obtained by EDM we can calculate the
transverse susceptibility tensor X;;_(qz), where i, 7=1 or 2 specify the sublattice. We

define the generalized susceptibility as follows:

x+(@) = xi (@) £ Ix5 (@)l (2.55)
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Figure 2.13: The temperature dependence of x+(q,) (¢, = 0,7) and x_(0) for a==+0.6
calculated by EDM. The solid and dotted lines represent the results for a=0.6 and 0.6,
respectively.

where y+(g,) are in proportion to the two eigenvalues of the transverse susceptibility
tensor xj;(q.), and x4(q.) [x—(g.)] represents susceptibility when magnetic fields at sub-
lattices 1 and 2 are antiparallel [parallel]. From now on we call x,(g,) the staggered
susceptibility.

As a function of temperature, y4(g,) show characteristic behaviors. As examples we
show in Fig. 2.13 the temperature dependence of the staggered susceptibilities x, (0) and
X+ (m) and the uniform susceptibility x_(0) calculated by EDM for a 12 site chain with
a = £ 0.6. The uniform susceptibility x_(0) vanishes at T=0 K reflecting the existence
of a gap between the singlet ground state and the excited states. The value of x.(g,)
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increases with decreasing temperature for any ¢,, and finally becomes the maximum at
T=0 K. To be important, x;(0) and x4 (7) takes the largest value at each temperature
for the AF and AF-F alternating chains, respectively. These behaviors can be understood

essentially by considering respective ordering vectors within a chain. Further we compare

~— %+(0) for a=0.6 by EDM

2 |
5
:g x+(m) for a=—0.6 and
E 1+(0) for a=0.6 by Pair—-DCEFA
1 |
x+(m) for a=—0.6 by EDM
0 ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! !
0 05 15 2

1
kg T/][Ja|

Figure 2.14: The comparison of the staggered susceptibility of EDM and that of Pair-
DCEFA, for the system of a==0.6.

the temperature dependence of x(¢) by EDM with that by Pair-DCEFA. In Fig. 2.14,
we show the temperature dependence of x(¢q) for AF-AF alternating chain a=0.6 and
AF-F alternating chain a=—0.6. Though the agreement between them is not sufficient
for a=0.6, it is fairly well for a=—0.6. This is under the influence of different magnitude
of gap between both the method.

If the interchain couplings are switched on to this system, three-dimensional mag-
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Figure 2.15: The temperature dependence of uniform static susceptibility for
Cu(TIM)CuCly, (4-BzpipdH)CuCl; [1] and MeNN [2]. The circles and lines denote the
experimental data and the susceptibility calculated by EDM.

netic order may be realized at low temperatures. We treat the interchain couplings by
MFA, and then within the linear response approximation we can easily get the 2x2 sus-
ceptibility tensor x(¢) for the pseudo-one-dimensional exchange alternating chain. This
tensor is certainly the same as eq. (2.29). The transition temperature of magnetic order is
usually determined from the condition that the static susceptibility diverges, that is, eq.
(2.31). As noted previously, x4 (0) and x4 (7) are the largest at each temperature for AF
and AF-F alternating chains, respectively, and hence the actual transition temperature
Ty is determined from 1/|2J| = x4 (0) for AF alternating chain and 1/|2J'| = x4 (m) for
AF-F alternating chain. Here we take into account only the n.n. interchain exchange
integral J’ and the number of the n.n. chains is assumed to be four.

The method has been applied to three real pseudo-one-dimensional S=1/2 AF-F al-
ternating chains Cu(TIM)CuCls, (4-BzpipdH)CuCls [1] and MeNN [2], whose magnetic
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Figure 2.16: The temperature dependence of x (7) of Cu(TIM)CuCly, (4-BzpipdH)CuClj
[1] and MeNN [2] calculated by EDM. Each Ty is shown by the circle.

phase transitions have been observed at about 1 K, 2 K and 1.3 K, respectively. As
shown in Fig. 2.15, we first analyzed by EDM the observed uniform static susceptibility
at temperatures higher than Ty and estimated the intrachain exchange integrals J; and
Jo. Secondly, by making use of y (7) calculated with use of the determined J; and Js (see
Fig. 2.16) we have estimated the magnitude of J' so as to reproduce the observed Néel
temperature. The values of J;, Jo and |J/| determined in this way are given in Table 1.
As seen from Table 1 the magnitude of J’ determined by our present calculations is larger
than that estimated by a combined method of Pair-DCEFA and MFA. This difference
originates from that Pair-DCEFA underestimates the gap energies of AF-F alternating
chain and hence x, (m) of Pair-DCEFA is larger than that of EDM.
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Table 2.2: The exchange integrals determined for three real pseudo-one-dimensional
S=1/2 AF-F alternating chains. The values in ( ) denote those estimated by using
the combined method of Pair-DCEFA and MFA. The unit of the exchange integrals is K.

compound Ji Ja || a(=Jy/ 1)
Cu(TIM)CuCl, 290 470 055 1.60
(-2.92)  (4.09) (0.38)  (1.40)
(4-BzpipdH)CuCl;  -8.80 38.80 0.88 4.40
(-8.74) (38.46) (0.22)  (4.40)
MeNN -5.00 10.00 0.65 2.00
(-5.00) (10.00) (0.34)  (2.00)

2.4 Intensity of Neutron Scattering by Numerical Cal-
culation

Recently, many experimental and theoretical studies for the S=1/2 AF-AF alternat-
ing chain are performed for the purpose of investigating the excited states in detail. Among
them, the second gap and continuum states have been newly observed in the dimerized
spin Peierls system CuGeOg, and a few explanations for these excited states are reported.
For S=1/2 AF-F alternating chain K. Hida [33] has previously reported the magnon dis-
persions obtained by using EDM for finite spin chain, but there are no experimental and
theoretical reports about the intensity of neutron scattering. Since the neutron scatter-
ing experiment are planned for the AF-F alternating chain system (CH3),CHNH3CuCl;
(Jo/|1|=2, Ji: antiferromagnetic exchange, Jy: ferromagnetic exchange) [3] which was
treated in the previous section, theoretical studies are desired urgently. In particular,
the second gap and the continuum states have been attracting considerable interesting.
Therefore, in order to investigate whether they are observable or not, we tried to calculate
the intensity of neutron scattering by means of the numerical calculation (NC) based on
the exact diagonalization method.

We use eq. (2.51) as the Hamiltonian H, and calculate the intensity of neutron

scattering from
S(g,w) o< lim Im[(GS|S? (w — in + Egs — H) ' SZ|GS)],
n—+0

where Eqg and |GS) denote the eignvalue and the eigenvector of the ground state, respec-

tively. Further, since the system with two sublattices is now kept in mind, Sy is defined
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as

S* N—1/2Zeiqrn(SZ71 + eiqCSZ,2)7 (2.56)

q
where c is distance between sublattice 1 and 2.

The actual procedure of NC is as follows: The |GS) is first obtained by using EDM.
Once the ground state is obtained, then S(g,w) can be calculated by using the continued
fraction expansion for the expression in the tridiagonal basis of the Hamiltonian with the
initial state S7|GS). Here, the tridiagonal expansion of the Hamiltonian is performed with
use of the Lanczos algorithm. It is known that this method is useful for the low energy
region.

In Figs. 2.17 ~ 2.22, we show the magnon dispersions and their intensities of neu-
tron scattering for the S=1/2 AF-F alternating chains with the alternating parameter a
= Jo/||1] = 0.5, 1.0, 2.0, respectively. The obtained dispersions give almost the same
results as Hida’s. As seen from these figures the second gap is clearly seen. Further, the
dispersions above the second gap show the characteristic behavior. In particular, the low-
est energy in the continuum region takes maximum value at ¢ = 7/2, and the magnitude
of the second gap at g=0 decrease with increasing a. The Haldane gap system, which cor-
responds to the system of a — oo, does not have the second gap at ¢=0 while the second
gap exists around ¢ = 7/2. From this fact, it is predicted that these behaviors represent
the peculiar character of S=1/2 AF-F alternating chains. The intensity at ¢ = 0 certainly
takes zero reflecting the singlet ground state for any a. And, for each ¢ the intensity has
the maximum value at the first excited states and decays as the energy w becomes higher.
To be remarkable, the intensities take the maximum value at ¢ = 7 /2 for the whole range
of a, and also the intensity for each ¢ increase with increasing a.

Now, in order to understand such ¢ dependencies of neutron scattering intensity, we
perform the consideration with use of the intensity of Pair-DCEFA. The used expression
of Pair-DCEFA is eq. (2.25) at T=0 K. In Fig. 2.23 we show the g-dependence of intensity
for the transition to the triplet excited states obtained by using NC and Pair-DCEFA. The
full curves and the points represent the intensities of Pair-DCEFA and NC, respectively.
To be noted, as regards Pair-DCEFA’s intensities we have plotted the values multiplied
by different constant values for respective cases, Jo/|J;|=0.5, 1.0, 2.0. Therefore, the
absolute magnitude of Pair-DCEFA’s intensities is not in agreemen with that of EDM
intensities. It should be noted, however, that the results of Pair-DCEFA simulate well
the the g-dependence of the EDM intensities. Pair-DCEFA’s intensity is in proportion

inversely to the magnon energy which becomes maximum at ¢g=0 and 7 and minimum at
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g=m/2, and hence the intensities take the maximum value at ¢ = 7/2.

Finally, it should be also noted that for the whole range of ¢ the intensities of transi-
tion to the excited states above the second gap are weaker than those to the excited states
above first gap. However, the intensities at larger ¢ are relatively strong in comparison

with those at other ¢, and therefore the spectra at large ¢ may be observable.
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Figure 2.17: The magnon dispersion for the system of Js/|J;|=0.5 obtained by using EDM
for 16 sites chain.
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Figure 2.18: The intensity of neutron scattering for the system of .J,/|J;|=0.5 obtained by
using Lanczos algorithm. The upper and lower figures show the intensity in the region of
0 <q<0.5and 0.5 < q<1,respectively. The intensities for respective ¢ are designated

by points as shown in figures.
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Figure 2.19: The magnon dispersion for the system of J/|J;|=1.0 obtained by using EDM
for 16 sites chain.
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Figure 2.21: The magnon dispersion for the system of Js/|J;|=2.0 obtained by using EDM
for 16 sites chain.
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Figure 2.22: The intensity of neutron scattering for the system of .J/|J;|=2.0 obtained by
using Lanczos algorithm. The upper and lower figures show the intensity in the region of
0 <q<0.5and 0.5 < q<1,respectively. The intensities for respective ¢ are designated
by points as shown in figures.
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Figure 2.23: The g-dependencies of intensity for transition to the triplet excited states.
The circles, triangles and squares denote the intensity obtained by using NC for systems
with Jy/|J;|=0.5, 1.0, 2.0, respectively. The full curves represent the Pair-DCEFA’s
intensity.
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Chapter 3

Magnetic Resonance in Spin Peierls
System CuGeOs

The spin-Peierls system CuGeOj; has recently attracted much attention. This com-
poud is found to form pseudo-one-dimensional S=1/2 antiferromagnetic chain along the
c-aaxis, and turn into the spin-Peierls state below Ti,=14 K. Many studies on this com-
pound have been performed so far. Among them, as the remarkable point it is reported
that the magnitude of interchain coupling is much larger than that of other spin Peierls
systems. In this thesis we have performed a couple of theoretical studies with paying par-
ticular attention to the left problems such as the role of interchain coupling in CuGeOs.

In the first subsection, the fundamental data inclusive of the crystal structure are
shown. In the next subsection, we investigate the role of interchain coupling in the ex-
change splitting of EPR spectra observed under high magnetic fields in the uniform phase
of CuGeOs. In particular, the intensity, the peak positions and the nature of the re-
spective resonance mode in the EPR spectra are discussed within the mean field random
phase approximation. In the third subsection, we focus on the transitions from the sin-
glet ground state to the triplet excited state in the spin Peierls phase observed by ESR
measurements, and then mechanisms of the transitions are discussed in detail by using

two proposed models.

3.1 Experimental Background of CuGeQOj;

Since Hase, Terasaki and Uchinokura [4] reported the first example of spin-Peierls
system (T,=14 K) in an inorganic linear Cu®* (S=1/2) chain compound, CuGeOj3, a large
number of experimental studies of various types have been carried out. As regards the

arrangement of Cu ions in the be-plane, a schematic representation as shown in Fig. 3.1
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Figure 3.1: The arrangement of Cu ions in the be-plane of CuGeOj3 in the SP phase. Here
¢ and ¢ denote the distance between two Cu ions of intra-dimer and inter-dimer along
the c-axis, respectively, and b is the lattice constant along the b-axis.

is obtained for the spin Peierls phase by analyzing the neutron diffraction experimental
results [34]. In the ab-plane, on the other hand, CuOg octahedron form the zigzag chain
along the b-axis as shown schematically in Fig. 3.2 in both the SP and the uniform phases.
From the analysis of x-ray diffraction experiments at room temperature it is suggested
that the zigzag chains of CuOg octahedron take a slightly different structure in adjacent
ab-planes [35]. Figure 3 illustrates one of the possible arrangements of CuOg octahedron
in adjacent ab-planes. These characteristic features of the crystal structure can gives rise
to Dzyaloshinsky-Moriya interaction and different g-values for intra-dimer Cu pairs along
the c-axis.

As for the low lying magnetic excitations, the existence of a finite gap of 2.1 meV
between the singlet ground state and the triplet excited states has been confirmed by the
neutron scattering experiment [12, 36]. Further the dispersions of triplet excited states

along the a, b and ¢ directions have been observed as shown in left figure of Fig. 3.3
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Figure 3.2: The upper figure shows the zigzag structure of CuGeOjs in the ab-plane. The
two adjacent Cu ions along the b-axis belong to the sublattices #1 and #2, respectively.
In lower figure, the possible model for the structure of CuGeO;s in adjacent ab-planes
suggested by M. Hidaka et al. [35]. It is shown that there is a slight differences between
two adjacent CuQOg octahedron along the c-axis.

[12]. We have previously analyzed these dispersions on the basis of the Pair-DCEFA
and estimated the value of J,/J. to be J,/J.=0.08, where J. and J, represent the ex-
change integral of intrachain coupling along the c-axis and interchain coupling along the
b-axis, respectively. Thus, the experimental results of magnetic excitations informs us
that the magnitude of interchain coupling in the b direction is not quite small, namely
one-dimensionality is not so good compared with the other spin-Peierls systems.
Another interesting point in the magnetic excitations in the SP phase of CuGeQj; is
the existence of the second gap [14]. In a uniform AF chain continuum of excited states

exist continuously above the lowest triplet excited states. On the other hand, in the SP
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Figure 3.3: The left figure shows the dispersion curves of magnetic excitations in the SP
phase of CuGeOj3 observed by inelastic neutron scattering measurements [12]. Schematic
illustration of the second gap in the SP phase is shown in the right figure.

phase of CuGeOj there exists a gap above the lowest triplet excited states (the so-called
”second gap”) and continuum of excited states starts above the second gap. The right

figure of Fig. 3.3 illustrates schematically the second gap.

3.2 Exchange Splitting of EPR Spectra in CuGeQO;
under Ultra-High Magnetic Fields — Theoretical
Analysis

Recently EPR measurements have been performed under high magnetic fields up to
100 T in uniform phase of CuGeQOs, and the exchange splitting has been observed reflecting
the different principal axes of the g-values of two adjacent Cu®* ions [13]. We have
analyzed the observed EPR spectra (peak position and intensity) by using the mean-field
random-phase-approximation (MF-RPA), and evaluated the value of interchain exchange
coupling J’. Further, to elucidate the nature of the respective EPR peak we solve the
equation of motion for the spins with use of the MF-RPA Hamiltonian.
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3.2.1 What Is Exchange Splitting of EPR Spectra

The CuGeOs; is regarded as a pseudo-one dimensional system with non-negligible in-
terchain coupling, judging from a couple of experimental results, and has received interest
as it challenges the view that one-dimensional nature is very important for spin-Peierls
system. In such a sense, it is significant to investigate in detail the interchain interaction
of CuGeOs. In the past, from the results of inelastic neutron scattering measurements,
the interchain exchange coupling J’ along the b-axis has been estimated to be —0.52 meV
(antiferromagnetic), which is about one tenth of the intrachain exchange coupling J along
the c-axis [12]. Tt is noted, however, that the estimation is rather crude since the usual
spin-wave theory has been used to analyze the observations because of no available theory
for the magnetic excitation in spin-Peierls systems with interchain coupling. Further, the
neutron scattering results have been analyzed also by Pair-DCEFA (dynamical correlated-
effective-field approximation) and the value of J’ has been evaluated to be —0.37 meV.
However the estimation on the basis of Pair-DCEFA is also insufficient from the quan-
titative view point because it cannot treat precisely the magnetic excitation of purely
one-dimensional exchange alternating spin systems. Therefore, it is desired to make other
experimental measurements which can give important information for the interchain ex-
change coupling.

In CuGeOj3 the CuOg octahedrons form zigzag chains along the b-axis and they lean

Magnetic Field
a|

Figure 3.4: The crystal structure of CuGeQOj3 in the ab-plane at T=300 K. The closed and
the open circles represent copper and oxygen atoms, respectively. There are two types of
CuOg octahedron: one leans by —56 deg from the a-axis and the other by +56 deg [37].
The open arrow denotes the direction of the applied magnetic field.
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alternatively by —56 deg and +56 deg from the a-axis in the ab-plane, as shown in Fig.
3.4 [37]. This apparently indicates that the principal axes of the g-values of two adjacent
Cu?" ions along the b-axis, named as sublattice 1 and 2, respectively, are different. Then,
interchain exchange coupling can be investigated by using the exchange splitting of the
electron paramagnetic resonance (EPR) spectra. In fact, high-field EPR measurements
have been done recently, and Fig. 3.5 shows the magnetic field dependence, up to 100 T,
of EPR spectra [13] observed at 7=300 K on condition that the wave length A of photon is
fixed at 119 pm. The spectra obtained at about 83 T show a single peak for §=0 deg and
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Figure 3.5: The observed EPR spectra observed at 7=300 K and for A = 119 um: (a)
6=0 deg, (b) =30 deg and (c) =45 deg, where § denotes the angle between the a-axis
and the applied magnetic field. The overlapping jagged curves denote the experimental
data observed for both the up and down magnetic fields.

two non-symmetrical peaks for =30 and 45 deg reflecting the different principal axes of
g-values of two adjacent Cu?* ions. Here, § represents the direction of the magnetic fields
applied in the ab-plane measured from the a-axis as shown in Fig. 3.4. This results appar-
ently mean that the splitting of EPR spectra has been observed successfully by changing
the direction of the magnetic fields. In this section, the interchain exchange integral J’
along the b-axis has been estimated by analyzing the observed exchange splitting of EPR

spectra.
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3.2.2 Generalized Theory

Now, x, y, z are principal axis of g tensor, and X, Y, Z are axes associated with
quantisation axis, in which the Zeeman interaction is diagonalised. The components of
a spin in the (X, Y, Z) coordinate system are connected with those in the (z, y, 2)

coordinate system by the following transformation:

SX costcos¢g cosysing —siny S*
SY | = —sin ¢ cos ¢ 0 Sv |, (3.1)
S? siny cos¢ sinysing coswy S*

where v is the angle between the z and Z axis and ¢ denotes the azimuthal angle of Z
measured from the z axis.
For simplicity, we treat two spins system, in which two spins exist at respective site 1

and 2, and the principal axis of each spin are not coincident. As shown in Fig. 3.6, when
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Figure 3.6: The magnetic field H is applied in the ab-plane of two spins system with
different coordinate system which are shown by respective x1y; and zoy.-axes. Here, we
have assumed that two z-axes coincide with each other. The direction of magnetic fields
are designated by azimuthal angle #, and the angle between x; and x5 axes is denoted by
20.

the magnetic fields H are applied in the ab-plane with an azimuthal angle # measured

from the a-axis, the Zeeman interaction at site 1 is written as,
HZeeman = ga:,LLBHxSf =+ gy,uBHyS%’? (32)

with H, = Hycos(0 + ), H, = Hpsin(6 + §). By using the relation (3.1) with ¢ = 7/2,

the expression is transformed as follows:

Hzeoman = (—Gutin Hy sin ¢ + gy H, cos 9)SY + (guin Hy cos ¢ + gy s H, sin ¢)SE.
(3.3)
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Here, we select the condition so that the coefficient of S} vanishes. Its condition is as

follows:

tan(d + 8) = 22 tan ¢. (3.4)

9y

By making use of cos ¢ = g, cos(0 + 8)/[g2 cos*(0 + 6) 4 g2 sin®(6 + 6)]"/? from eq. (3.4),

the resultant Zeeman interaction is given as,
Hzeeman = g1 HoST, (3.5)
with
g1 = [g2cos? (0 +0) + gi sin?(6 + 6)]Y/2,

where g,, g, g, are the principal value of g-tensor. By adopting the condition eq. (3.4),

the relation between (S;%, S}, S?) and (S%, Sy, S7) is given newly as

Sx 1 0 0 —91 St
SY | == —gysin(0+06) gycos(0+6) 0 Sl (3.6)
SE I\ gecos(@40) g,sin(@+06) 0 S3

Since the z, y, z are the principal axis of g-tensor for 5‘1, the following expression is

obtained:
My g 0 0 ST
MY | =—pus| 0 ¢g¥ O SY . (3.7)
Wk 0 0 g¢* S

By considering eq. (3.1) and (3.6), the relation between (M, MY, M{?)and (S, SY,

S7) are expressed as,

M;* g 0 0 S
MY == | 0 gl @ ? || S|, (3.8)
MY 0 g7 o7 Sy

where the g-tensor in the (XY, Z) coordinate system is introduced by

gf( = 9z,
Y _ 2 2 )
91 = (929y/ 93 )9z cos*(0 + 6) + g, sin®(0 + §)],
97 = (1/g3)[g2 cos®(0 + 0) + g2 sin®(0 + 0)).
917 =97 = —(9:94/97) (9o — gy) cos(6 + 0) sin(6 + ).
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And now we have put gi 7 = g¢¥ ~ 0 by assuming g, ~ g,. Further the relation between
M5, MY, M# and S5°, SY, SZ is obtained by replacing § with —d.
For the purpose of investigating the intensity, we must find the expression of response

function in this system. The interaction under the time dependent magnetic fields H(t)

is given by,
H'(t) = —H,(t) - (M + M), (3.9)
with
ME = MEX MY = (e 4 a))SE - Smlel —a)ST. (310)
M7 = g7unS7, (3.11)

for i=1, 2. With use of ¢g¥ ~ ¢/ which is reasonable assumption for the present system,
we have M;" ~ —2, (g% + ¢))S;.

The response function x(w) can be calculated immediately. When y(w) is defined as,
i oo . _ _
x(w) = 5 [ At M (1) + M (1), M7 (0) + M5 (0))), (3.12)

we obtain the following expression,

Xw) = (g + a1 )X (W) + (95" + 93 x5z ()
+g + 91 ) + 9 ) (W) + xiy (W)}, (3.13)

where x;~ (w) = % / Oodtei“t<[5j(t),5[(0)]_) (i, j=1 or 2). Further, the imaginary part
0

of x(w) corresponds to the intensity.

3.2.3 Investigation by Hamano-Shibata Theory

First we have used the theory of exchange splitting under high magnetic fields pro-
posed by Hamano and Shibata [16]. Here the only outline of this theory is briefly de-
scribed, because the calculational method itself are not so effective for the present system.

This theory uses the exchange-coupled two spins model and is effective even at low
temperatures and also for ultra-high magnetic fields in comparison with the theory of
Anderson [38] based on the high temperature approximation. The relevant Hamiltonian

for our present analysis is expressed simply as follows:

H= —2J/§1 . §2 + ,UBH(glslz + QQSQZ) (314)
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Here the direction of the applied magnetic field H is taken as the Z-axis, S; and S, denote
S=1/2 spins in the sublattices 1 and 2, respectively, and g; and g, represent the respec-
tive effective g-value along the Z-axis which can be calculated by use of the g-tensors
determined by Yamamoto et al [37]. The EPR spectra is determined by the imaginary
part of the dynamical susceptibility, Imy(w), and we use the expression of y(w) obtained
by Hamano and Shibata [16] in which the effect of damping is taken account through the
relaxation times 7; and 7. By assuming 75 = 277 we have determined the values of .J’/
and 77 so as to reproduce as well as possible the EPR spectra for § = 0, 30 and 45 deg
observed at T=300 K with A = 119 pm light. The determined values of J' and T; are
—0.42 meV and 1.6 x 10712 s. Further, the results of fitting are shown by the solid curve
in Fig. 3.7.

It should be mentioned here that there is usually large inhomogeneity of H in case of
ultra-high magnetic fields higher than 60 T. Therefore, the value of T} estimated above
may not represent the intrinsic damping effect of the spin system. To obtain a more
reliable value of 77 we have performed fitting for an another experimental data of =0
deg at T=300 K with A =513 pm light. As the result we have evaluated 7} to be 1.0 x
10~ s which is much longer than that evaluated previously. By using these parameters
J" and T}, the results become as shown by the dotted curves in Fig. 3.7. For #=30 and
45 deg, the calculated spectra evidently consist of four peaks which corresponding to the
transition of |1) < |4), |1) < |2), |2) <> |3) and |3) <> |4), in the order of increasing field.
Here |7) (i=1 ~ 4) denote the four eigenstates of the spin pair Hamiltonian and explicitly
written as |1) = |1,1), |2) = a|1,0) +b|0,0) (Ja| > |b]), |3) = |1, —1), |4) = |0,0) +d|1,0)
(lc| > |d|) where |S, M) (S=1 or 0) are the eigenstates of the total spin S + Ss.
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Figure 3.7: The EPR spectra calculated by using Hamano-Shibata theory at T=300 K
and for A = 119 pm: (a) =0 deg, (b) #=30 deg and (c) =45 deg, where 6 denotes the
angle between the a-axis and the applied magnetic field. The full and the dotted curves
represent the theoretical results calculated with use of Ti=1.6x107'2 s and 1.0x107!! s,
respectively. The overlapping jagged curves denote the experimental data observed for
both the up and down magnetic fields.

3.2.4 Investigation by Molecular-Field Random-Phase Approx-
imation

In the above theoretical analysis on the basis of Hamada-Shibata theory there are
two problems. First, we have obtained four peaks in the case of =30 and 45 deg, which
contradicts with the experimental data showing only two peaks. Secondly, in the analysis
the intrachain exchange coupling J is completely neglected in spite of J/J" ~ 10.0 [12].
Therefore we have tried to analyze the observed EPR spectra by applying molecular-
field random-phase approximation (MF-RPA) to the two-dimensional spin system (in the

be-plane) with the intrachain exchange coupling J along the c-axis and the interchain

93



exchange coupling J’ along the b-axis. At high temperatures such as T=300 K, which
is much larger than the magnitude of J, it is expected that MF-RPA gives reasonable
results.

The Hamiltonian for the be-plane in the uniform phase is written as,

H = Z[ Z - 2J§i,j,k : gz‘,jﬂ,k - 2J/<§i,j,1 : @,jg + gi,j,Z : §i+1,j,1)

i k=12
+MBH(91553',1 + 92553‘,2)]- (3.15)

By using the mean field approximation (MFA), the effective Hamiltonian is obtained as

follows:
HY™ = ApSY |+ AnSY, = Hi + Ha. (3.16)
Here the effective fields are introduced by
Ayy = —4(J(S7) + J(S)) + gipnH. (3.17)

The field-induced spin moments (S7) and (SZ) are determined from the usual self-

consistency eq.,

(7)Y = Tr[SZe PM]/Tr[e M, (3.18)

(SZ)y = Tr[SZe M2/ Tr[e"M2). (3.19)

The single-ion spin susceptibility ¢(w) is obtained by using eq. (2.11), that is, ¢7; (w) =
—(87)/2(w — Aw2) and ¢35 (w) = —(57)/2(w — A1)

From now on we think of the two-dimensional spin system in the bc-plane. When

the fictitious rotating magnetic fields h;{nei(‘fﬁm_“’t) (n=1 or 2) are applied to respective

sublattice, within the random-Phase Approximation we obtain the following relation:
=+ +— + —iwt
ok <S‘11> = i1 () +—0 h(-l_i-lefiwt ) (3.20)
I m (SQQ> 0 ¢35 (W) hae

h=1-2J¢] cos(gec), k= —2J¢] cos(gb),
| = —=2J¢3, cos(gpb), m=1—2J¢3, cos(g.c).

with

And the susceptibility is obtained as follows:
<SQJ”_1> _ 1 moi  —kdyy h;‘le_?u)t
(SH) hm — kil \ —loi  hosy hagpe !

+— (= +—( = + —iwt
( Xir (7w) Xz (7,w) ) < hg;le_iwt ) (3.21)

Xo1 (Gw) X3z (Gw) hze
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The EPR spectra are determined by the imaginary part of the ¢=0 component of the
dynamical susceptibility x(¢ = 0,w) which are given as eq. (3.13). Then we simply give
the final expression of Im x(¢'= 0, w):

1

Imx(¢=0,w) x —— x
Wy —W-
[{Ulg(u)+ — Agl) + U21G2(CL)+ — A12) + V}5(w — w+)
+H{U12(Ags —w_) + UnG*(A1p —w_) = V}§(w — w_)], (3.22)
with
1
W+ = 5 X+ + \/X% + 16U12U21J’2 s

Xy = A+ Ay —2J(Urp £ Us),
V = 2UUgi (J + JG? — 2J'G),

ﬁAz !
32) Ay = —ASE) 4 TSP + g

a9t (929y/92%)[gx cos*(0 — 6) + g, sin®(0 — )]
9: + (9294/91%)[gx cos(6 + &) + g, sin*(0 + )]’

Uij = tanh (

where w. are the quasi-particle energies with ¢=0, and (S7) and (SZ) represent the field-
induced spin moments of the sublattices 1 and 2, respectively, which can be determined
self-consistently, and 8 = 1/k;T. It is noted that the damping effect cannot be taken into
account by MF-RPA and the EPR spectra are given by line spectra.

We have determined the values of J and J’ so as to reproduce as well as possible the
observed peak positions and the relative intensities. The evaluated values are J=-—5.0
meV and J'=—0.41 meV. This value of J corresponds well to that estimated from the
inelastic neutron scattering measurement [12]. The EPR spectra calculated by using these
exchange parameters are shown by the vertical bars in Fig. 3.8. As seen from the figures
agreement between the MF-RPA results and the observations is quite well. In particular
MF-RPA predicts certainly two peaks for §=30 and 45 deg. In a similar way, we have
investigated by using the same exchange parameter also the case of further high fields,
that is, the spectra for 8 = 0, 30 and 45 deg observed at T=300 K with A = 96.5 um
light. vertical bars. It is found that MF-RPA’s EPR spectra explain fairly well also such
a experimental result. Therefore, judging from the total view point MF-RPA method is
more appropriate than the Hamano-Shibata theory to analyze the high-field EPR spectra
at high temperatures, although both the methods have given almost the same value for

the interchain exchange coupling of CuGeO3.
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Figure 3.8: The EPR spectra calculated by MF-RPA (the vertical bars) at 7=300 K and
for A = 119 pm: (a) =0 deg, (b) =30 deg and (c) §=45 deg, where 6 denotes the angle
between the a-axis and the applied magnetic field. The overlapping jagged curves denote
the experimental data observed for both the up and down magnetic fields.
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Figure 3.9: The EPR spectra calculated by MF-RPA (the vertical bars) at 7=300 K and
for A = 96.5 pum: (a) =0 deg, (b) =30 deg and (c) =45 deg. The jagged curves denote

the observed experimental data.

3.2.5 Analysis of Resonance Mode

Now the origin of two peaks is investigated by solving the equation of motions for

spins of the sublattice i=1 and 2. Here, we think of the case that the uniform magnetic

fields and the rotation magnetic fields in electromagnetic wave are applied to Z and XY

direction, respectively. Then the motion of spin rotation is done on condition that Z-axis

become the axis of rotation.

The equation of motion for spins are given by

— st

1
ik H]. (3.23)

ih
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The equations obtained by substituting the Hamiltonian (3.15) for eq. (3.23) are as

follows:

d .. 1 7 o+ + oz + Z Z +

&Si,j,l = E[_2J<S¢,j,1si,j+1,1 = 831511+ Si-1150 1 — Si-115151)
—2J'(S%19 0 = 871875 + 85142501 — Si1525751)
—g1psH S ], (3.24)

S8l = 205508 — 5505+ 51055 — 512552)
—2J'(SL715572 — 5%715$,2 + Sffj7QS£7J~71 — S;j725£17j71)
— a5 ). (3.25)

We now adopt the following approximation: the Z-components of spin moments is fixed
and only its XY -components are fluctuating. As further calculational procedure, we first
replace ngj,k with thermal average (SZ) (n=1 or 2) on the assumption that Z components
of spin moment are constant for the arbitrary Im. Secondly, the Fourier transform is
S+

performed only for the transverse component Si- i;2- In short, the terms inclusive of

2,7,19
Z component are those being obtained by MFA, while all the other represent the terms
being treated by RPA. This procedure conforms just to the treatment of MF-RPA. The

resultant equation is as follows:

d 1 ,

&S}l = = [(4J<Slz> +4J'(ST) — guusH — 4J(ST7) cos(qec))SH — 4T (S7) cos(qbb)Sng} :
(3.26)

d 1 , ,

&S;Q = = [(4J<SQZ> +4J(S7) — gopH — 4J(ST) cos(qec))SH — 4T (ST) cos(qbb)Sqﬂ .
(3.27)

For the above equation, we think of the solutions of 015;1 + CQS&;, where S;fl, S;Q are
generally known to have time dependence e“!. Then the obtained determinant is given

as,

=0, (3.28)

with

u = AL1(S7)(cos(que) — 1) — (ST + gupinH,
v = 4[J(S5)(cos(gec) — 1) = J'(ST)] + gapnH,
wy = 4J'(S7) cos(qpb), wy = 4J'(SZ) cos(qb).
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Here, it should be noted that this equation corresponds clearly to the secular equation of
matrix obtained by putting hg, hg=0 in eq. (3.20), that is, its right hand side is zero.

The energy of quasi-particle are as follows:

Wy = ; {u +v+ \/(u +v)? — 4(uv — wywe) | . (3.29)

Putting ¢=0 in the above expression, we obtain the peak position of EPR spectra,

1
we = S[=4J(SY) = 4J(ST) + gupsH + gapn H

j:{(4<]/<522> + 4J/<51Z> — qipsH — QQNBH)Q
+16J’<SZZ>92/'I’BH + 16J/<SIZ>MBH - 49192(NBH)2}1/2]- (3.30)

This is certainly equal to that of eq. (3.22). Also, the mode at ¢=0 is writen as 015;51 +
025;5-1 and then the relations between the coefficients ¢; and ¢y are given for w = w4 as

follows:
c1/cy = 4J(SE) J[4T(SZ) — giun H + we]. (3.31)

We consider about the motion of spin for respective wy. In short, the values of ¢;/cy
for respective wy are discussed. At the present case, since the numerator of eq. (3.31),

4J'(S%), has a plus values, we have investigated about its denominator,

21(55) ~ (57)) — P20 (g2 — 1) & SHAT'((ST) + (SE)) — o H (g + 92))°

160 H T (91(ST) + 92(S7)) — 49192 (pa )2, (3.32)

Now, we have J'/J < 1, —=0.5 < (S?),(SZ) <0, and |J| < AgugH is realized under the

high magnetic fields. Then the follwing transformation is performed, that is,

pu H pnH AJ'((S¥) g1 + (57 )g2)
3.32) =~ — + — + 3.33
For g1 > go, eq. (3.33) is
4J'((S% SZ
((S7) g1 + (59)92) >0, for w.,,
|gl - 92’NB[{1J, ¢z o7
(92 — g1) s H — ((S1)gn + (5 )g2) <0, for w_.
91 — g2l H
For g1 < g2, eq. (3.33) is,
4J'({S?) g, + (S%
(92 = g1)usH + (5T)on <§)g2) > 0, for wy,
(ST + (521 Ol
_ ((ST)g1 + (57)92) <0, for w._.

g1 — golpnH
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Here the relation of 4J/(|<5112_>§21 ﬁ:fjfj )9%2) . ( have been taken into account. Anyway, it is found
that the spin at sublattice 1 and 2 perform the motion with coupling each other and the
obtained modes correspond to the motion of the respective in phase and out of phase.
These are often understood as the mode such as ferromagnetic and antiferromagnetic
resonance. Now the relation of g; > ¢, is found in the case of #=30, 45 degree by using

g [37] values of CuGeOj. In Fig. 3.10(a) we show the magnetic fields dependencies of w.

150 (&  T=300K 2
I —0— ., a 6=0deg ]
—o— o_ at 6=0deg L
ol O o a o=dsdeg g
— 100 - - .
<z at 6=45deg
3
50 | -
O I | |
0 50 100
H [T]
10 o-—" o----- O-----~ O------0----- ©O----- o----- o----- O-----=¢
AN T=300K ]
s E —o0— o, & 6=0deg  ---0--- ®, a H=45deg
S St —a— @ a 6=0deg --4--- o_ at 6=45deg
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(0] =7 I N I N, . . Y N, Y . . Dremmmm <
20 40 60 80 100

Figure 3.10: (a) The magnetic fields dependence of quasi-particle energy w, and w_ at
T=300 K are shown by the circle and triangle, respectively. Further the solid and dotted
lines represent the case of magnetic fields with #=0 and 45 degree, respectively. (b) The
magnetic fields dependence of ¢; /s for wy and w_ at T=300 K are shown by the circle and
triangle, respectively. Further the solid and dotted lines represent the case of magnetic
fields with =0 and 45 degree, respectively.

for =0, 45 degree at T=300 K. The solid and dotted lines represent the quasi-particle
energy for #=0 and 45 degree, respectively. And the circle and triangle on lines denote

wy and w_, respectively. As seen from figure, the magnitude of w_ associated with the
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Table 3.1: The estimated exchange integral J’ (interchain) and J (intrachain) are sum-
marized, respectively.

Hamano-Shibata theory =~ MF-RPA
J' (interchain ) ~0.42 meV ~0.41 meV
J (intrachain ) — ~5.00 meV

antiferromagnetic resonance is obviously smaller than that of w, of the ferromagnetic
resonance at each magnetic fields. It is thought to be a reasonable results by considering
that the interchain coupling is now antiferromagnetic interaction. For the same case, the
magnetic fields dependencies of ¢; /¢y in CuGeQOy are shown in Fig. 3.10(b). The solid and
dotted lines represent cy/cq for =0 and 45 degree, respectively. The circle and triangle
on lines are ¢p/¢; for wy and w_, respectively. The characteristic behavior on ¢; /¢y, in
which the ¢; /¢y for wy have the magnitude larger than that for w_, is originated from the

relation g; > go in CuGeO3.

3.2.6 Conclusion

In conclusion the interchain exchange integral J’ along the b-axis of CuGeO3 has been
evaluated to be about —0.4 meV by analyzing the exchange splitting of EPR spectra ob-
served at T=300 K under ultra-high magnetic fields on the basis of the two methods,
Hamada-Shibata theory and MF-RPA. This value of J’ is smaller than that estimated
from the inelastic neutron scattering measurement [12]. Here, to be remarkable, the MF-
RPA method is quite effective to treat high-field EPR spectra at high temperatures. In
order to elucidate the nature of the respective EPR peak we have solved the equation of
motion for the spins with use of the MF-RPA Hamiltonian. It has been clarified that the
spins at sublattices 1 and 2 make correlated motion and the observed two peaks corre-

spond to the respective ferromagnetic and antiferromagnetic resonance.

3.3 ESR spectra in SP phase

In the spin-Peierls phase (SP phase) of CuGeOj the transitions [13, 41, 15] from the
singlet ground state to two kinds of triplet excited states, which lie respectively at 2 meV
and 5 meV above the ground state, have been observed by ESR measurements. To be

more precise, the observed transitions correspond to those from the ground state to the
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M = +1 states in respective triplet excited states. From now on these observed two
transitions are named respectively as the transition 1 (2 meV) and the transition 2 (5
meV). It should be emphasized here that these transitions between the singlet and triplet
states are usually forbidden because the total spin is conserved in the isotropic Heisenberg
systems. Therefore, in order to understand the observed ESR spectra we have to seek for

mechanisms which destroy the conservation of the total spin.

3.3.1 Outline about Mechanism of Transition

Judging from the magnitude of the transition energy, it is most probable that the
transition 1 corresponds to transition from the ground state to the lowest triplet state
with q=0 (see Fig. 3.11). As a mechanism which makes this transition allowed, we may
think of the Dzyaloshinsky-Moriya (D-M) interaction. In fact, from EPR measurements
at room temperature it is suggested the D—M interaction certainly exists for the nearest-
neighboring (n.n.) Cu pair along the c-axis and the so-called d vector is perpendicular
to the c-axis, i.e. d L ¢ [39]. According to the Moriya rule [40], the condition d L ¢
restricts the crystal symmetry, namely the crystal symmetry should satisfy at least one

of the following rules for the Cu pair along the c-axis.

(i) There should be mirror plane which is perpendicular to the Cu-Cu bonding line and

which bisects this bonding line.
(ii)) There should be a mirror plane including the Cu-Cu bonding line.

(iii) There should be a twofold rotation axis which is perpendicular to the Cu-Cu bonding

line and which passes through the midpoint of the bonding line.

As to the crystal structure in the SP phase at low temperatures there is no definite conclu-
sion at present, but there are a couple of proposals. One is the model structure proposed
by Hidaka et al (see Fig. 3.2), and the symmetry of this structure satisfies the above
condition (iii). If we adopt this crystal structure, the D-M interaction exists between the
two Cu ions in the dimer along the c-axis. Furthermore, the two Cu ions in the dimer
may have the different effective g-values. In the following we assume the D-M interaction
and the different g-values for the Cu dimer along the c-axis, and it will be shown later
that the transition 1 is successfully explained by this assumption.

Now we turn to the origin for the transition 2. Judging from the magnitude of the

transition energy one possibility is that the transition 2 corresponds to the transition from

62



the ground state to the triplet excited state with ¢ = 7 (see Fig. 3.11). In this case we
must find out a mechanism of the zone folding of the ¢ = 7 triplet state because the
ground state has the crystal momentum ¢ = 0 and in the ESR measurements the crystal
momentum have to be conserved. As an origin of the zone folding we may consider the
staggered field induced along the b-direction which is caused by the zigzag chain struc-
ture of CuOg octahedron along the b-axis as described in the previous section. Another
possibility we propose here is that the transition 2 may correspond to the transition from
the ground state to the continuum state above the second gap (see Fig. 3.11).

In the following subsections we carry out analysis of the ESR spectra (both the tran-
sitions 1 and 2) on the basis of two kinds of models. One is the zone folding model which
takes account of the zigzag chain structure of CuOg octahedron along the b-axis. Another
takes into account the transition to the continuum state with ¢ = 0 above the second gap.
Since there is no simple theory for the continuum state, we adopt a quite simple model
in which triplet states with ¢ = 0 above the second gap is approximated by the product
of two triplet states of n.n. dimers. This model will be called the 2 triplet model. In
both the models the D-M interaction and the different g-values for the Cu dimer along
the c-axis are assumed, and we carry out the detailed analysis of ESR spectra such as the

dependence on the light polarization and the magnitude and direction of the magnetic

fields.
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Figure 3.11: Schematic illustration of magnon dispersion in the SP phase. The arrows
named as 1 and 2 mean the transition 1 and 2.

3.3.2 Zone Folding Model

Crystal structure and effective Hamiltonian

The structures of the be-plane and the ab plane in the SP phase are shown in Figs. 3.1
and 3.2, respectively. Here it should be noted that the structure of the be-plane is that
suggested from the analysis of EPR spectra. If the structure as shown in Fig. 3.2 is
adopted, the effective g-values, g; and g9, of Cu ions at site 1 and 2 in the dimer, can
have different values according to the distortion of crystal structure.

The principal axis vectors, ﬁ and 7, of the primitive cell and the reciprocal lattice

vectors, §* and ¥*, are given as,

b c+dc

g = igb + Tecy 5; = (C + C,)éc:
g 7o (Tar o).

respectively. Here ¢, and €. denote the unit vector of the b-axis and the c-axis, respectively.

Fig. 3.12(a) represents the gyg.-plane in the g-space, and the circles represent the reciprocal
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Figure 3.12: The g-space of CuGeOj: (a) gyq.-plane, (b) one folded by making 3 twice.
The circles and triangles represent the respective equivalent reciprocal lattice points, and
the arrows are the reciprocal lattice vectors. The unit of g,/ and g./m are 2/(c+ ¢’) and
2/b, respectively.

lattice points and the triangles the points equivalent to (g, ¢.) = (0, 7). Since the
observable mode in the ESR measurement is only the ¢ = 0 mode, the zone folding as
shown in Fig. 3.13 is necessary to observe the excitation at (gs, ¢.) = (0, 7), and it can
be accomplished if the period along the b-direction becomes the double. Now, we think
of the case of making B twice. Then the reciprocal lattice vectors are obtained as follows:
G = Qb”a,, 7 =2n (‘bla, + C+105> .

In this case, it is found that the circles are coincident with the triangles as shown in
Fig. 3.12(b), that is, the necessary zone folding is certainly realized.

As shown in Fig. 3.2(b), the CuOg octahedrons form zigzag chains along the b-axis
and they lean alternatively by —56 deg and +56 deg from the a-axis in the ab-plane.
This apparently indicates that the principal axes of the g-tensor of two adjacent Cu ions
along the b-axis, named respectively as sublattice #1 and #2, are different. When the
magnetic fields are applied in the direction of the a-axis, the slight magnetic fields are
induced perpendicular to the direction of the applied magnetic fields and alternative along
the b-axis, namely the staggered field is induced. As shown in Fig. 3.2(b), abc (or zyz)

are the coordinate system of the crystal, respectively, and also XY Z is defined as the
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Figure 3.13: The magnon dispersion w(g, = 0, ¢.) for be-plane in CuGeOg: (a) the zero
field and (b) the non-zero field. The arrows named as 1 and 2 mean the transition 1 and
2, respectively. Under the magnetic field, the zone folded dispersion is obtained. Since
the observable mode in the ESR measurement is ¢ = 0 mode, we regard the transition 2
as that from zone folded mode. The unit of ¢./7 is 2/(c + '), where ¢ and ¢’ denote the
distance between two Cu ions of intra-dimer and inter-dimer along c-axis, respectively, as
shown in Fig. 3.1(a).

principal axis of the g-tensor for CuOg. The g-tensor at site 1 is expressed in the zyz

coordinate system as follows:

gx cos?0+ gzsin*0 0 (g7 — gx)sinfcosf
0 gy 0 : (3.34)
(92 — gx)sinfcosd 0 gxsin®0+ gz cos* 0

where gx, gy, gz are the principal values of the g-tensor, and 6 shows the angle between
the a-axis and one of the principal axis. For site 2 we need to put § — —6. By using
these g-tensors, the total Zeeman interactions at site 1 and 2 under the magnetic fields

along the a-axis is written down as,

Hzeeman = psH[(9x sin® # + g cos? 0)S7 + (97 — gy ) sinf cos 0) ST
+(gx sin® 6 + gz cos® 0)S; — (g — gx) sin @ cos 0)S2], (3.35)
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where H is the magnetic field and S, S} (53, S5) denote the z and z components of the
spin at sitel (site2), respectively. The second and forth terms turn out to be the Zeeman
interactions due to the staggered field. By using gy=2.049, g,=2.336, § =56 deg [19] we

obtain
(972 — gy)sinfcosh ~ 0.13. (3.36)

And, if this is divided by (gx cos? 0+ gy sin® ), the effective staggered field HZ is obtained
finally as,

H% ~ 0.06H. (3.37)

This staggered field makes ﬁ twice and it causes the zone folding.
On the basis of the above discussion, we propose the following model Hamiltonian

under the magnetic field parallel to the a-axis (z-axis), for the Cu®* spins in the be-plane

of CuGeOs:

H = Z[_2J1§i,j,1 : 5_‘;',3‘,2 - 2J2§i,j,2 : gz’,j+1,1 2J3(S i1 Sz’+1,j—1,2 + §i,j,2 : §i+1,j,1)
i,
+MBH(91zSiZ,j,1 + 92251‘2,;2) + d- (5;1 X 32) + elQ.Fi’jPJB (9125 ij1 T 92x5u 2)];
(3.38)

with 7; = [i(b/2),j(c+ ) /2], Q@ = (2n/D,0). Ji, Jo and J; denote the antiferromagnetic
exchange integral of the intra-dimer, inter-dimer and interchain, respectively, and the last
term represents the Zeeman interaction due to the induced staggered field. It is noted
that we have assumed that the g-values of site 1 and 2 are generally different. Further, in
this subsection we assume that the d lies in the ab-plane (xz-plane), i.e. d = (d,,0,d,),

which is suggested from the EPR measurements at room temperature [39].

Singlet-triplet dimer model

Now, to discuss qualitatively the intensity of ESR spectra at T=0 K we use the
singlet-triplet dimer model, whose framework is described as follows. First, as the picture
of triplet excited states in the SP phase, we simply think that a triplet pair formed within
a dimer is traveling in the singlet sea, that is, the direct products of singlet pairs. Then,

the triplet excited states propagating with wave vector k is described explicitly as

les, k, M) = iF- Tim |triplet, My)im

—> e I] Isinglet),.,, (3.39)
\/_ u,v(F#l,m)
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with

1
singlet), , = —=(102 — B102)yv,
| g)7 \/5(1@2 512),

(01 2)im for M, =1,
|[triplet, M), ., = %(04152 + Giag)im  for M, =0,
(ﬁlﬁQ)l,m for Mz = _17

where oy, 3; (i, j=1 or 2) show the up spin at site ¢ and the down spin at site j in the
dimer, respectively, M, denote the magnetic quantum number, and [, m (or u, v) are the
coordinate for the dimers in the be-plane. As the singlet ground state we may choose the
following wave function

|gs) = [ ]Isinglet) . (3.40)

Im

In the present study we treat, as the excited states, only the lowest triplet excited states.
Therefore, the other excited states such as plural triplet pairs traveling in the singlet sea
are completely excluded.

By using the above bases, the diagonal elements are easily calculated, and the magnon
dispersion of the triplet exited states under the zero field and without the D—M interaction
is given by
qe(c+ )

2
This dispersion is shown in Fig. 3.13(a). If this singlet-triplet model is applied to purely

b
w(qp, q.) = 2|51| — |J2| cosqe(c+ ) — 2|J5] cos % Ccos (3.41)

one-dimensional case, the results do not show a good agreement with the magnon disper-
sion obtained by the exact diagonalization method. However, we believe that this model
will make a sense for qualitative discussion. If we take into account the D—M interac-
tion and the magnetic field along the a-axis, the singlet ground state |gs) hybridizes with
the triplet states |es, 0, M,) and |es, 7, M,) where 0 denotes k = (0,0) and 7 represents
k= (0, 7). The Hamiltonian matrix in the subspace of |gs), |es, 0, —1), |es, 0,0), |es, 0, 1),

les, m, —1), |es, m,0), |es,m, 1) is expressed explicitly as follows:

0 idy Ag. H—id, —id, Agehg, 0 —Agzhi,
) 2v2 2 2V2 2v2 o 2V2
Sk w(0) -5 0 0 0 oo 0
2yl 0 w(0) 0 Lo 0 e
_ idy gzh gzhg
n=| 8 o w<0>0+ * )0_ i 8 ,
255 gzhg, 2\65 gahgy o ? gahg,
Agah 2v2 goht 2v2 C:x(/zz) 22
— 0 /s 0 0 A w(m) + %

(3.42)
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with Ag. = g12 — 92:, Agz = g1z = 920, Yo = Y1z + 920, 9= = 1z + G2y ppH — I,
ppHE — h%,, and w(0) and w(r) denote magnon energy for k = (0,0) and k = (0, 7),

respectively. The eigenstates |n) are given by,

In) = CTlgs) + Cyles, 0, —1) + Ciles, 0,0) + Cles, 0,1)
+CPles, m, —1) + Cles, m,0) + CFles, w, 1). (3.43)

Calculation of ESR spectra

In investigating the intensity of ESR spectra, it is noted first that the selection rules
based on the relations between the direction of propagating vector of light and that of

the magnetic field are associated with Sz, and Sio (= 35 (S55, + 555

71+ Si;2)). The respective

intensity of ESR spectra, I, for SZ  , and I for S=, | at T=0 K, are given explicitly as,

I, = n |Z z]l 132 \gS)]
= |C4,*Cg5—0" O orTeE — o oE R, (3.44)
I = n ‘Z i1+ 132 \gs)]
= | \/_(0” "OF 42077 CF + O CF + 2007 CF) 1, (3.45)
I = |(n] Z S+ S52) | gs)’
(2]
= CICE 4 205 CE + CF T CE 4 207 O, (3.46)

| \/—(
It is noted here that I, represents the intensity in the Faraday configuration.

In the following we use the notations |esl, M) and |es2, M,). Here esl (es2) denotes
the triplet excited state with ¢=(0,0) (¢=(0,7)), and M, represents the main component of
the triplet in the hybridized states. Further we use the abbreviation I (|gs) — |esl, £1))
for |(esl,£1 | 3,;(S5; + S52) | gs)]>. As an example we show in Fug. 4 the cal-
culational results which are obtained by using the following parameters: |J;] = 50.0
K, |Jo/ | = 0.9, J3/J; = 0.08, g1, = 2.0, go. = 2.0, 1. = 2.2, g2 = 2.0 and
d, = d,(~ Ag|J1|/9)=0.1|.J;| K. It is noted that I.(|gs) — |es1,0)), I.(|gs) — |es2,£1)),
I (|gs) — lesl,—1)), I+(|gs) — lesl, 1)), I:(]gs) — l|es2,0)) have finite values and the
other combinations become almost zero.

In Fig. 3.14(a) we show the magnetic field dependence of the intensity I (|gs) — |n))
which does not take zero. The circle and triangles denote the I_(|gs) — |esl, —1)) and

I.(|gs) — les2,0)), respectively, and the square represents the other intensities. It is
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Figure 3.14: The magnetic field dependencies of intensity obtained by considering the
zone-folding model are shown. In (a), the circle and triangle denote the respective
I _(|gs) — l|esl,—1)) and I (|gs) — les2,0)), and the square represents the other in-
tensities. In (b), the circle, triangle and square denote I,(|gs) — |es2, 1)), I.(|gs) — |es2,
—1)) and I,(|gs) — |esl, 0)).

found that I_(|gs) — |esl, —1)) and I, (|gs) — |es2,0)) increase with increasing the mag-
netic fields. In particular, 7_(|gs) — l|esl, —1)) has a finite value under zero magnetic
fields, which is due to the D-M interaction. Further the magnitude of I_(|gs) — |esl,
—1)) are larger than that of I,(|gs) — |es2, 0)) for the whole ranges. In Fig. 3.14(b)
the magnetic field dependencies of I.(|gs) — |n)) are shown. The circles, triangles and
squares denote I,(|gs) — | es 2, 1)), I.(]gs) — les 2, —1)) and I,(|gs) — les 1, 0)),
respectively. The I,(|gs) — | es2, 1)) and I,(]gs) — |es2, —1)) exhibit the monotonous in-
crease with increasing H, reflecting the increase of the staggered field when the magnetic

field increases. The I,(|gs) — |esl, 0)) also show the same dependence on the magnetic
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fields. It originates from the Zeeman interaction with the different g values in the dimer.
Quite recently the transition 2 has been observed by the far-infrared-absorption spec-
troscopy under zero magnetic field. Also it was shown by the new ESR measurements
that the intensities of the transition 2 are little dependent on the magnetic fields. Further,
a series of transitions have been observed under the magnetic fields parallel to the b- and
c-axis as well as along the a-axis. Then, judging from the above results it is difficult to
explain the observed ESR spectra by means of using the zone folding which is brought
about by the staggered field when the magnetic field is applied parallel to the a-axis.

3.3.3 Two Triplet Model

Recently, the complete structure of the double gap in the spin Peierls system CuGeOs3
has been observed by the neutron scattering experiment [14]. Namely, there are the
usual first gap between the singlet ground state and the triplet excited states and also
the second gap between the triplet excited states and the continuum regions. These
phenomenon represents the characteristic nature in the S=1/2 AF-AF alternating chain.
In this subsection, we assume that the triplet excited states and the excited states in the
continuum regions, both of which have the crystal momentum ¢=0, exist respectively at
2 meV and 5 meV above the ground state. Namely, the transition 1 and 2 are interpreted
as those from the ground state to the usual triplet excited states and the excited states
in the continuum regions, respectively. The subspace of only k=0 in Hamiltonian of the
pure one-dimensional system is now just used.

The Hamiltonian of pure one-dimensional system is written as,
H= Z[_legi,l . 572',2 — 2J2§i,2 : §+1,1 + MBH(91551 + 92552) +d- (5711 X gi,z)],
(3.47)

with 7 = [i(c+¢)]. And d is now given as (d,, dy, d,), where a, b, ¢ represent the principal
axes of crystal. In this subsection we consider a general d vector and do not confine d in
the ab-plane. As will be shown later, d,, d, and d. play an important role in discussing
the configuration dependence of intensity.

Now, we think about the excited states in the continuum regions. A couple of the inter-
pretation such as two unbound spin have been previously suggested to understand the
nature of this excited states. However, there is no definite model at present. We assume
that two triplet excited states traveling in the direct product of singlet pair are considered

to be one of the states above the second gap. For two triplet states, the value of total spin

71



S allows 0, 1, 2 from the composition of two spins with S=1. Here, for S=1, by using the
bases being mentioned below it is shown that the off diagonal elements and intensity be-
come zero. This explanations is described in Appendix A. After all, as regards two triplet
states, the subspaces of S=0 and 2 are adopted. Since the observed transition 2 are the
transitions to M = +1 states, at the present model M = +1 states of S=2 is thought be
the transitional states. Further, in order to make the smallest subspace enough to explain
the phenomena, the adjacent triplet pairs are used. Its states are written explicitly as

follows by making use of the notation |S, M,); on the i-dimer,

1

|070>i,i+1 = ﬁ<_|17 _1>’L’17 1>i+1 + |170>1’170>1+1 - ’17 1>Z’17 _1>i+1) (348)

12,2)ii41 = |1, 1)1, 1)iga, (3.49)
1

12, 1)1 = ﬁ(“’ 1)i[1,0)is1 + [1,0)4[1, 1)is1), (3.50)
1

12, 0)ii41 = %(\17 —1)il1, it +2[1,0)4[1, 0)sn + |1, 1)5[1, =1)s41),  (3.51)

1
12, =1)iit1 = ﬁm’ =1)i|1, 0051 + [1,0)[1, =1)i11), (3.52)
|2, 2)1'71'_;'_1 - |1, _1>1‘17 _1>i+l- (353)

From now on the triplet excited states of eq. (3.39) and this two triplet excited states are
named as 1 triplet and 2 triplet states, respectively. By using these states |S, M. ); ;+1, we
define the bases of 2 triplet states at k=0 as,

2tr, S, M.) = 1NZ|5, M)iin J[ Isinglet),. (3.54)
i (i,i+1)
The diagonal elements of 2 triplet states under the zero magnetic fields are obtained as
2|J;| from the ground state. Also it is found that a few off-diagonal elements between 2
triplet states and the other states become non-zero due to the D—M interaction and the
Zeeman interaction with different g values.

We now discuss the subspace of S=0, 1, 2, 0, where the first 0 is the singlet ground
state and the last 0 corresponds to the state obtained from 2 triplet states. By making
use of these bases the 10x10 Hamiltonian matrix under the magnetic fields parallel to
the a-, b- and c-axes are easily obtained. To be important, the D-M interaction and the
Zeeman interaction with the different g-values contribute to the hybridization between
the states with different total S.

For various configurations, the intensities of ESR spectra at T=0 K in this system
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are given as,

I, = |(n] Z (ST +aS%) | gs)|?, (3.55)
I, = |(n| Z (SY +aSh) | gs)|?, (3.56)
I, = |(n] Z (S7 +aSh) | gs)?, (3.57)

where |gs) and |n) represents the resultant ground state and excited states of H and
S =S4+ 5% (a=m,vy, z). Further a is (g2 — ¢1)/g1, and its introduction represents that
the differences of g value have been taken in account also for the selection rules. Here
we find that the transition 2 become possible by its introduction as well as the resultant
ground state with 2 triplet states under the hybridization. Further, in the selection rules
there are non-zero elements between 2 triplet states and 1 triplet states whose components
exist in the ground state.

Now the intensity of ESR spectra under the magnetic fields along the a-, b- and c-axis
have been calculated by using the parameter values as |J;|=50.0 K, |.J5/J;|=0.9, g:=2.2,
g2=2.0, d,=0.1 |J|, dy=0.05 |J| and d.=0.2 |J|, as an example. Here the values of d,,
dp and d. are selected so as to reproduce the experimental results which will be touched
upon later. We show in Figs. 3.15~3.17 the magnetic fields dependence of intensities
of transition 1 in the respective configuration. The Figs. 3.15, 3.16 and 3.17 show the
intensities under the magnetic fields H parallel to a, b and c-axis, respectively. And (a),
(b) and (c) in these figures represent the intensity of transition from the |gs) to |1tr, —1),
|1tr, 0) and |1tr, 1), respectively. Here the used notation |1tr, M,) means 1 triplet states
with M, as a main component in the hybridized states. Further, the circles, triangles and
squares in these figures denote the intensity on the basis of I,, I, and I, respectively.
In a similar way, |2tr, M,) is the state with the main component M, in 2 triplet states.
As seen from these figures, the intensities are not so greatly dependent on the magnetic
fields. However, among them the intensity of transitions from |gs) to |1tr, -1) and |1tr,
1) show a slight magnetic fields dependence in comparison with that from |gs) to |1tr, 0).
This difference is thought to be originated from degree of magnetic fields dependence in
transitional states.

We show in Figs. 3.18 and 3.19 the magnetic fields dependence of intensity for
transition 2 in the respective configuration. Here we show only the transitions to the
M = =41 states which have been practically observed, and the relatively strong intensities
among them are picked up. Figures 3.18(a), (b) and (c) show the intensities in low

intensity region under the magnetic fields H parallel to the a-, b- and c-axis, respectively.
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Table 3.2: The degree of intensities for transition 2 is shown in the various configuration.
These are investigated by considering 2 triplet states. Further h,; is the rotational mag-
netic fields in electromagnetic wave. The S, M and W mean strong, medium and weak,
respectively.

Hf/a H/b H]/c
hilla S W S
het//b M S S
hegllc W W S

Table 3.3: The degree of intensities for transition 2 is investigated experimentally in the
various configuration [17]. The notation is the same as that of Table. 3.2.

H//a H//b H//c
hrf//a S W S
hy//b S M S
hrf//C M M S

In a similar way, the intensities in high intensity region, that is, the intensity of transition
from |gs) to |2tr, 2, 1), is shown in Fig. 3.19. As seen from these figures, in regard to
the number of observable spectra, the case of H//c becomes maximum. These are merely
due to the condition d. > d,, dp. Also, as seen from these figures, a couple of intensities
depend on the magnetic fields in low fields regions, but they show little dependence in high
fields regions. In particular, Figs. 3.18(c) and 3.19 obviously shows such behaviors. It is
associated with the Zeeman splitting, namely in the low fields a few states hybridize with
respective large probability, while the high fields lead to a slight hybridization between
our focusing state and the other states. The behaviors in low field regions can be changed
considerably by the selection of parameter values. Therefore we do not pay much attention
to this regions, and assert that the behaviors in the high field regions are essential.

In order to see the differences clearly, the degree of intensities calculated in each
configuration are shown in Table. 3.2. By comparing these results with the experimental
data in Table. 3.3 [17], we find that the agreements between the calculated results and
observations are quite well. It should be emphasized that the direction of d plays an
important role in the configuration dependence of intensity and the relation of d. > d,, d,

is necessary to explain the observations.
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Indeed, the magnitude of intensity for transition 2 is much smaller than that for 1
triplet states. However, we consider that the magnitude itself does not have significant
meaning at present because the present model takes into account only the restricted 2
triplet states of eq. (3.54). As the additional remarks, the transitions to M, = £2
are possible under both zero and finite magnetic fields, at present model, though the
magnitude of intensity is very small.

In summary, we recognize that the magnitude of intensity for the transition 1 is lager
than that for the transition 2, and most of the intensities are not so greatly dependent on
the magnetic fields. Also, by considering 2 triplet states, it can be obviously shown that
transition 1 and 2 under zero magnetic fields are possible for the whole configurations.
As a matter of fact, the experimental results show that the intensities for its transitions
are little dependent on the magnetic fields [17]. And a couple of experiments under zero
magnetic fields have been performed and transition 2 have been observed [18, 42, 43].

Thus, the model with use of 2 triplet states is thought to be suitable for explaining
the observed phenomena. However, there are a couple of problems left for the study in
future. In this model the 2 triplet states are treated as S=2 states with five degeneracy,
nevertheless the experimental suggestion for S=2 states are not reported so far. We hope
that the transition to M = £2 will be observed by ESR measurement in future, The
further detailed experiments are desired also in order to confirm the effectiveness of the
model with use of 2 triplet states. Theoretically it will be useful to calculate the ESR
intensities by using the exact diagonalization method for finite spin chains to obtain more

quantitative understanding.
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Figure 3.15: The magnetic fields dependencies of intensity of transition to the 1 triplet
states are shown, in which the magnetic fields are applied parallel to a. Then (a), (b) and
(c) represent the intensity of transition from the |gs) to |1tr, —1), |1tr, 0) and |1tr, 1),
respectively. The circle, triangle and square in these figures denote the intensity on the
basis of I, I, and I, respectively.
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Figure 3.16: The magnetic fields dependencies of intensity of transition to the 1 triplet
states are shown, in which the magnetic fields are applied parallel to b. The notation of
line and point is the same as that of Fig. 3.15.
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Figure 3.17: The magnetic fields dependencies of intensity of transition to the 1 triplet
states are shown, in which the magnetic fields are applied parallel to ¢. The notation of
line and point is the same as that of Fig. 3.15.
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Figure 3.18: The magnetic fields dependence of intensity in low intensity region for the
2 triplet states. We focus on the only transitions to M = +1 states. And among them,
the relative strong intensities are shown. The (a), (b) and (c) show the intensity under
the magnetic fields H parallel to a, b and c-axis, respectively. For the whole figures,
the circle, triangle and square represent the intensity of transition from the I,(|gs) —
|2tr, —1)), 1.(|gs) — |2tr,—1) and I.(|gs) — |2tr, 1), respectively. Here, as example
I.(|gs) — |2tr,—1)) denote the intensity I, for the transition from |gs) to |2tr, -1). In (c)
I,(|lgs) — |2tr,1) and I,(|gs) — |2tr,—1) are shown by the inverse triangle and double
circle, respectively.
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Figure 3.19: The magnetic fields dependence of intensity in high intensity region for the
2 triplet states. Figure shows the intensity I.(|gs) — |2¢r, 1)) under the magnetic fields
H parallel to a, b and c-axis, respectively.

30



Chapter 4

Summary

In this thesis we have performed theoretical studies on the magnetic properties of
pseudo-one-dimensional quantum spin systems. In particular, by paying particular atten-
tion to role of interchain coupling we have developed the useful theoretical methods and
analyzed a couple of magnetic phenomena in which interchain coupling plays an impor-

tant role. The main results are summarized as follows:

Magnetic Properties in Pseudo-One-Dimensional Exchange-Alternating Systems

We first have developed a new method called Pair-DCEFA by extending DCEFA orig-
inally proposed by Suzuki to the pair-approximation. By applying Pair-DCEFA to S=1/2
chains with alternating exchange coupling J; and .J; it has been shown that Pair-DCEFA
is practically useful for a fairly wide range of a = Jy/J;, particularly for a < 0 with
J1 < 0. Then, the effect of interchain coupling in pseudo-1D S=1/2 exchange-alternating
systems has been investigated by using the combined method in which the intrachain and
interchain couplings are treated by Pair-DCEFA and MFA, respectively. In practice we
have estimated the intrachain and the interchain exchange integrals of real pseudo-1D
AF-F alternating systems, Cu(TIM)CuCly, (4-BzpipdH)CuCl; and MeNN.

We have extended the combined method of Pair-DCEFA and MFA to the case under
magnetic fields in order to investigate the magnetic phase transition under magnetic fields
in pseudo-1D exchange-alternating systems. By applying the method to real pseudo-1D
S=1/2 AF-F alternating system (CH3),CHNH3CuCl; whose magnetic phase transition
is observed only under magnetic fields, the interchain exchange coupling as well as intra-
chain exchange coupling have been evaluated, and magnetic field dependence of Ty has
been determined. Further, the temperature dependence of nuclear spin-lattice relaxation

rate of this system has been also analyzed by Pair-DCEFA.
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The g-dependent staggered susceptibilities at finite temperature of S=1/2 exchange
alternating chains have been calculated for the first time by using the EDM for finite
chains. Then, we have shown that interchain coupling can be evaluated more quantita-
tively with use of the staggered susceptibilities obtained by the EDM and by applying the
MFA to interchain interaction.

Finally, we have calculated intensities of inelastic neutron scattering of pure-1D
S=1/2 AF-F alternating chains by numerical calculations based on the exact diagonal-
ization method. We have found that the so-called second gap exists always and the lowest
energy in the continuum region above the second gap takes maximum value at ¢ = 7/2.
Further, the magnitude of the second gap at ¢=0 decreases with increasing the magni-
tude of the ferromagnetic coupling. The intensities due to the continuum state above the
second gap are weak in general, but it was pointed out that the continuum states may
be observable at large ¢q. Finally the intensities due to the lowest triplet states take the

maximum value at ¢ = 7/2 for the whole range of exchange ratio.

Magnetic Resonance in spin Peierls System CuGeOj

The interchain exchange integral J’ along the b-axis of CuGeQO3 has been evaluated by
analyzing the exchange splitting of EPR spectra observed at T'=300 K under ultra-high
magnetic fields on the basis of the two methods, Hamada-Shibata theory and MF-RPA.
In particular, the two peak structure of the observed ESR spectra and its dependence on
the field direction are well explained by the MF-RPA method. By solving the equation
of motion for the spins with use of the MF-RPA Hamiltonian, it was clarified that the
observed two peaks correspond to the ferromagnetic and antiferromagnetic resonance, re-
spectively.

We have investigated also the direct transitions from the singlet ground state to two
kinds of triplet excited states lying respectively at 2 meV and 5 meV above the ground
state, which have been observed by ESR measurements. By assuming the Dzyaloshinsky-
Moriya interaction and the different g values for spin pairs of the Cu dimer, which can
be expected reasonably from the supposed crystal structure, we have shown first that the
2 meV line is ascribed to the transition to the lowest triplet state at g=0. Since the 5
meV line cannot be understood simply by taking into account the Dzyaloshinsky-Moriya
interaction and the different g values, as possible mechanisms of the transition to 5 meV
states we considered the following two cases: the 5 meV state is regarded as, (1) the zone

folded triplet states brought about by the staggered field induced along the direction of
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interchain, or (2) the two triplet excited states above the so-called second gap. We have
shown that the model (2) is a promising mechanism for the 5 meV line, because it can
explain well the configuration dependence of the observed ESR spectra and also the recent

experimental findings such as the observation under zero magnetic field.
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Appendix A

S=1 States in Two Triplet Model

For the two triplet states, the allowed values of the total spin S are 0, 1 and 2.
Among these three total S states, the state of S=1 has not been considered in §3-3. In
this Appendix we explain why we could neglect safely the S=1 state, namely we show
here that the off diagonal elements of the Hamiltonian or the ESR transition, which are
associated with this S=1 state, are vanishing in our present model.

The eigenvectors of S=1 formed from two triplet states are expressed as follows:

1
11,1); 41 = *2(|1, 1)i11,0)i41 — [1,0)]1, 1)41), (A1)
1
|17 O>i7i+1 = ﬁ(llﬂ 1>i‘17 _1>i+1 - |17 _1>i’17 1>i+1)7 (A2)
1
|1, =1)ii1 = E(H,OML —L)iy1 — |1, =1)[1, 0)i41), (A.3)
with
(v1a); for M, =1,
11, M;); = %(04152 + fiag);  for M, =0,
(B152): for M, = —1.

By using the above states, two triplet states |2tr, S, M,) with S=1 are defined as,

1
2tr, 1, M.) = —=> |1, M.); ;01 ] [singlet);, (A.4)
N5 3(#4,i+1)
with
singlet) = (o1 ~ fa)
singlet): = — (132 — 1),
glet) ; \/§ 192 1002) 4
for M, = —1,0,1. Now, by making use of these states as the bases we calculate the matrix

elements of the Hamiltonian or the ESR transition. Here it is noted that in our present
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model only the subspace of wave vector k=0 is considered and further the other excited
states such as three or more triplet pairs and also two triplet pairs separated from nearest
neighbors are completely excluded.

For example, suppose to operate the D-M interaction >, d - [ i1 X S, o] and the
Zeeman interaction with different g-values >, H (9125171 + gQZSLQ) on the S=1 states, It
is easily understood that the resultant states turn into those obtained by changing one
of the two triplet states into the singlet state in eq.(A.4). On the basis of this fact and
the anti-bonding nature of |1, M.,); 11, we can show that there are no off-diagonal matrix

elements. For example,

1tI‘ M |Zd 21 X Sz 2]|2t1‘7 1, 1>

= (ltr, M] Z |singlet);|1,0);41 — [1,0)]singlet); 1) ] Isinglet);
Q\f \/_ )
—(1tr, M, ] Z |1,1);|singlet);+1 — [singlet);|1,1);1) ] [singlet);
2 \/_ o
J(#isi+1)
= 0, (A.5)
where
|1tr, M) 11, M.); [] Isinglet);, 00 (M, = -1, 0, 1)

\/_ Z J(#4)

represents the 1 triplet state with k=0. Proofs for other cases are given in the similar

way.
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