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According to the progress of synthesizing low-dimensional magnetic compounds, much atten­
tion has been paid to quantum antiferromagnets (spin=l/2) in which characteristic spin-gaps 
appear between singlet ground-states and triplet excited-states. In fact, magnetic Raman spec­
tra in oxide compounds of SrCu2(B03)2 have been recently reported by Lemmens et al. Phys. 
Rev. Lett. 85, 2605 (2000). In the present work, we show the numerical reproduction of mag­
netic Raman spectra on the basis of exchange-scattering mechanism making correspondence 
to these orthogonal-dimer-type quantum antiferromagnetic systems. In calculation, the exact 
diagonalization are used. In SrCu2(B03 )2, the observed characteristic features of appearing 
dominant four lines have been reported. In this paper, we obtain the numerical results which 
agree qualitatively with those features without adjustable parameters. In consideration that 
this SrCu2(B03)2 is well confirmed as the Shastry-Sutherland model proposed theoretically, 
we investigate correlation functions between spins for cases with various ratios of exchange in­
teractions. In fact, we discuss phases of dimers, plaquettes and square lattice antiferromagnets. 
Key words: magnetic Raman spectra, exchange scattering, quantum antiferromagnets 

1. INTRODUCTION 

L' ' 

Quantum antiferromagnets have no Neel ordering of 
magnetic moments, though the strong exchange interac­
tion is contained between magnetic ions. In fact, much 
attention has been paid to characteristic spin-gaps be­
tween singlet ground states and triplet excited states in 
these materials with S=l/2. As for these systems, the in­
vestigation of low-lying excited states including triplets 
should be made both on experimental and theoretical 
aspects (1,2] in order to understand essential properties 
caused by quantum magnetism. In several years, we have 
discussed the numerical reproduction of magnetic Ra­
man spectra on the basis of exchange-scattering mech­
anism for those quantum anitferromagnets (3-7]. In the 
present paper, we show the analysis of magnetic Raman 
spectra for new copper compound SrCu2 (B03 )2 [8], in 
which orthogonal dimers are distributed on the plane. 
This structure is schematically illustrated in Fig.l. 

Fig. 1. The spin structure of SrCu2(B03)2 [8]. The crystal axes 
of a' and b' on the c-plane are indicated. The orthogonal dimers 
are distributed on the plane. 

It should be noted that this is also called Shastry­
Sutherland quantum antiferromagetic model (9]. In ad­
dition to the discussion of exchange scattering spectra, 
the behavior of correlations between spins is studied. 

In Raman spectra, the magnetic peaks are found in 
the quantum antiferromagnetic systems where the sin­
glet ground states appear essentially accompanied by the 
singlet-triplet spin gaps. However, we would like to em­
phasize that the method of the explanation of those spec­
tra for quantum antiferromagnetic systems with spin gap 
has not been confirmed up to now. 

Therefore, we discuss, in this paper, the numerical re­
production of the exchange-scattering spectra on the ba­
sis of the application of Loudon-Fleury theory (10] for 
magnetic Raman scattering. 

2. MODEL 

Here, we consider a Heisenberg antiferromagnets with 
antiferromagnetic exchange coupling Jij for each bond. 
The present spin Hamiltonian is 

ifs= 2..::: Jijsi · sj (1) 
<i,j> 

where i and j denote sites at which spins si and sj are 
located. In this quantum antiferromagnetic system whose 
ground state is singlet, the so-called spin gap (~g) cor­
responding to the transition from the singlet state to the 
triplet excited one appears. 
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The Raman spectra are generally represented 
[10,11,12] as the dynamical Raman response function 

I(w) 
1 

xlm(woiHl 
1 

. , Hnlwo),(2) 
w+Eo +z6- Hs 

where '1/Jo is the ground state. We consider that the tem­
perature T is quite low in comparison with the spin gap 
1::!.9 /kB. Here, Hn called the radiation operator is the 
interaction between lights and spins as 

Hn = 2)Einc · d~j)(Esc · d~j)S; · sj, (3) 

where Einc and Esc are polarization vectors of incident 
and scattered lights. Here, {Lj is the distance vector of 
the bond between i and j spin sites. The exchange inter­
actions S; . sj play an important role to this scattering 
process. 

3. SHASTRY-SUTHERLAND QUANTUM 
ANTIFERROMAGNETIC SYSTEMS 

We discuss the calculation of the exchange-scattering 
spectra in Shastry-Sutherland quantum antiferromagetic 
systems. The structure of antiferromagnetic bonds as­
signed as J11 h and J3 is shown in Fig.l. 

Here, the exchange interactions of the first nearest 
neighbors are antiferromagnetic and expressed as J11 

while those for second nearest neighbors are also anti­
ferromagnetic and written as h and J3. We discuss the 
calculated spectra by the use of the exact diagonalization 
method for various ratios of J2/ J1 in cases of ]z = J3 on 
the basis of theoretical investigation discussed in previ­
ous section. 

In short, we consider a Heisenberg model, whose spin 
Hamiltonian is 

1st 
I{ S-S 

s J1L_si .§j 

2nd 

+ hL_S;' ·Si' 

2nd 

+ hL_§,.§., 
' J l 

(4) 

In this quantum antiferromagnetic system whose ground 
state is singlet under the condition of J 2/ J1 < 0.667 
[13], the so-called spin gap (1::!.9 ) corresponding to the 
transition from the singlet state to the triplet excited 
one appears. (13,14,15] Needless to say, the properties of 
this system are dominated by the ratios of 12/ J1. 

4. EXCHANGE-SCATTERINF SPECTRA 

As a result of numerical study, we show the calculated 
spectra in Fig.2, where values of h/ J1 are 0.1, 0.2, 0.3, 
0.4, 0.51 and 0.6, respectively. 

We suggest that the 21::!.9 line clearly appears at 2J1 at 
J2/ J1 = 0.1, while this line are spread into several ones 
around J 1 < 2J1 at J2/J1 = 0.4. Furthermore, we would 
like to point out that the line of 31::!.9 gets close to 2.2]1 
with increasing J2/ J 1. In the case of J2 j h = 0.6, we 
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Fig. 2. Calculated exchange scattering spectra. The values of 
h/ h are 0.1, 0.2, 0.3, 0.4, 0.51 and 0.6, respectively. 

can find four lines in spectra. This feature qualitatively 
agrees with that of experiments (8]. The quantitative dis­
cussion is the future subject [16,17]. 

5. CORRELATIONS BETWEEN SPINS 

In order to investigate the relation between various 
magnetic phases in the present model, such as dimer 
states, plaquette antiferromagnets and square lattice an­
tiferromagnets, we show calculated results of correlation 
functions between spins in this section. The correlation 
function is defined as (S;z · Siz) h' where S; and Si are 
located at edges of Je bonds. Namely, ferromagnetic and 
antiferromagnetic correlations are reflected by positive 
and negative values of correlation functions, respectively. 
In the left column of Fig.3, correlations for J1 and J2 
are illustrated in the case of h = J2. Here, the axis 
of abscissa is h/J1, i.e. J 2 /J1. The antiferromagnetic 
correlations for J1 bond appearing in h/ J 1 < 0.6 sug­
gest the dimer state on J 1 bond. On the other hand, 
the ground state turns to square lattice antiferromag­
netic one in h/ J1 ~ 0.7. Accordingly, the ferromagnetic 
correlation is found on J 1 bond. In correspondence with 
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Fig. 3. Calculated correlation functions between spins. In the left column, those for J1 and h are illustrated in the case of Ja = J2. In 
the right column, those in the case of Ja/ h = 0.8 are shown. 
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this behavior, antiferromagnetic correlations grow up 
on J2 and J3 bonds. 

In the next place, we concentrate our attention on cor­
relations in the case of h/ h = 0.8, which are shown in 
the right column of Fig.3. It should be noted that the be­
havior of correlations for h bond is quite different from 
that of h bond. As for J 1 bond, the strength of antiferro­
magnetic correlation is suppressed around J 3 / J 1 ~ 0.6, 
though the transition from the dimer state to the square 
lattice antiferromagnet appears. This transient features 
reflect the plaquette state, where the antiferromagnetic 
plaqettes composed of h bonds are formed. In fact, the 
correlation for h bond is enhanced about J 3 / J 1 = 0.6. 
Further, we can find the peak of antiferromagnetic corre­
lation of h bond at h/ h = 0.7. In accordance with this 
property for J2 bond, we can see the remarkable behav­
ior for h bond in the lower part of Fig.3: the correlation 
changes from ferromagnetic characters to antiferromag­
netic ones. The weakness of the correlation for h bond 
around 0.5 < h/ J1 < 0. 7 suggests the plaquette states 
composed of h bonds. 
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