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We consider the absorption of light with emission of oneStot=1 magnetic excitation in systems with a spin
gap induced by quantum fluctuations. We argue that an electric-dipole transition is allowed on the condition
that a virtual phonon instantaneously breaks the inversion symmetry. We derive an effective operator for the
transition and argue that the proposed theory explains the polarized experiments in CuGeO3 and SrCu2sBO3d2.
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I. INTRODUCTION

Techniques of using the interactions between light and
spin-waves to study the excitations of magnetic solids were
developed shortly after the invention of the laser. Single
magnon scattering of photons was first predicted from the
Zeeman coupling of the magnetic field of the photon field to
the magnetic spins, leading to magnetic-dipole transitions.1

Later it was pointed out2,3 that the electric field of the elec-
tromagnetic radiation could also couple to the spin, by an
indirect process in which spin-orbit interactions act on elec-
tronic states excited virtually by electric-dipole transitions.
Experiments in antiferromagnets4 showed that this latter
mechanism dominated the magnetic-dipole transitions to
single magnon excitations. The Raman spectrum also re-
vealed relatively strong two-magnon scattering. This was
argued4 to be due to an independent mechanism: excited-
state exchange interactions. The same mechanism, by which
the magnetic exchange interaction is modified by electric-
dipole excitation of the magnetic electrons, was advanced5 to
explain far-infrared absorption. A variant is to replace the
virtual electronic excitation by a virtual lattice distortion that
modifies the magnetic exchange.6 The intensities of such
transitions can be calculated by writing effective operators
for absorption or Raman scattering in terms of the spin
operators.4,7 This theory is considered generally to give good
account of inelastic light scattering and optical absorption.
For an isotropic system the effective operator conserves total
spin and what is commonly called the “Fleury-Loudon”
theory is used to analyze the spectroscopy of spin conserving
transitions.

Optical techniques are now well established as probes of
magnetic excitations, whether it be by Raman scattering, i.e.,
inelastic scattering of optical frequencies, electron-spin reso-
nance(ESR), i.e., resonant absorption of electromagnetic ra-
diation with sweeping magnetic field, or by transmission
measurements of infrared radiation. The techniques have
been further enhanced by the increasing flexibility of light
sources and detectors in the far-infrared region that is useful
to much of magnetism. ESR studies using sources derived
from far-infrared lasers rather than the traditional cavities are
now available up to terahertz frequencies and may be made
in large static or pulsed magnetic fields.8 Transmission stud-
ies in the far-infrared range have the advantage of allowing
for measurement in zero external magnetic field. While re-

stricted to small momentum transfer,q<0, compared to neu-
tron inelastic scattering, the optical techniques have the ad-
vantage of much higher frequency resolution. The possibility
of polarizing the electromagnetic radiation means different
transition mechanisms may be distinguished.

Optical measurements are particularly useful for precise
measurements of the spin-gap properties in strongly corre-
lated systems and spin-liquid systems with magnetic singlet
ground states. Because of the frequencies now available, one
can apply an electromagnetic source with sufficient energy to
excite the first tripletStot=1 excited state from the singlet
Stot=0 ground state. Many systems of interest are highly iso-
tropic with respect to spin rotations, and transitions between
the singletStot=0 ground state of the spin liquid and the first
triplet Stot=1 excited state would be forbidden by symmetry
in the isotropic limit. Even the weaker magnetic-dipole cou-
pling should give zero intensity as the ground state is a spin
singlet. One would then expect to see the excited singlets,
i.e., two-magnon states only. Nonetheless the “forbidden”
transitions to the single magnon states have been observed in
many spin liquid ranging from theS=1/2 quasi-one-
dimensional systems, CuGeO3 (Refs. 9–14) and NaV2O5,

15,16

to 2D system such as SrCu2sBO3d2 (Refs. 17 and 18) and to
the spin-1 chain compound, NENP.19 Despite detailed ex-
periments, no clear understanding of the mechanism of these
transitions has emerged. It is clear that spin-orbit coupling
that breaks the conservation of total spin, must be included
as it is then possiblea priori to have a transition to a one-
magnon state. As mentioned, the photon can couple to the
spin degrees of freedom in different ways, via direct
magnetic-dipole transitions or indirect electric-dipole transi-
tions with spin-phonon or spin-orbit couplings. As one of the
purposes of performing high-resolution spectroscopy is to
resolve the weak anisotropies, it is important to distinguish
between these mechanisms, i.e., to find the one which gives
the strongest absorption. As in the original studies4 this is
done by establishing, and then verifying experimentally, se-
lection rules. For one-magnon absorption, previous estima-
tions favored a purely electric-dipole transition for NENP.20

In the case of CuGeO3 the suggestion that a staggered field
would give rise to a magnetic dipole-transition21 has been
ruled out by the polarized experiments.11 Furthermore the
first-order corrections to the Hamiltonian in spin-orbit cou-
pling lead to vanishing magnetic-dipole intensity owing to a
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lattice selection rule.22 In the compound SrCu2sBO3d2 it has
been shown experimentally that varying the direction of the
electric field of the wave(while keeping the magnetic field
of the wave fixed) changes the intensity of the absorption,
suggesting that the transition is electric dipole in nature.18

One would also like to know which of the two electric-dipole
mechanisms applies, absorption involving solely the elec-
tronic degrees of freedom or with the lattice degrees of free-
dom. In the original theory of Elliott and Loudon of light
scattering by magnons, the electric-dipole coupling indeed
leads to the creation of one-magnon excitations.2,4 Although
such two photon processes are not forbidden in infrared ab-
sorption, they are much smaller in intensity since they in-
volve the weak coupling to light to second order in pertur-
bation theory. Alternatively in the presence of strong spin-
orbit coupling, it is possible to have single-photon coupling
to spin excitations7,23 but as this is of second order in the
spin-orbit coupling, we shall assume that the linear order will
dominate for these materials, which are close to isotropic. In
addition lattice symmetries such as centers of inversion be-
tween the magnetic ion may eliminate such terms, or at least
reduce them further, if the inversion symmetry is slightly
broken, as in SrCu2sBO3d2.

24

In this paper we shall show that an effective operator of
Dzyaloshinski-Moriya symmetry26,27 acting on the spin de-
grees of freedom,

HE = o
i,a,b,g

EbstdAbgsadsSi 3 Si+adg s1d

can be used to explain the polarized experiments of CuGeO3
and SrCu2sBO3d2. HereEbstd is the componentb of the ap-
plied electromagnetic field at timet. The indicesi and a
define the lattice of magnetic bonds and the coefficientsAbg

will be made explicit in Sec. II. They couple the component
b of the electric field with the componentg of the vector
product of the spin operators. An electric-dipole operator(1)
can arise from an electronic mechanism, as may be the case
in NENP,20 but centers of inversion at the middle of the
Cu-Cu bonds in CuGeO3 and SrCu2sBO3d2 (Ref. 24) would
forbid generation of the operator from purely electronic pro-
cesses. A lattice distortion may, however, break the inversion
symmetry instantaneously, and allow terms of the form in
Eq. (1). We therefore consider the phonons explicitly, and in
Sec. II we derive in detail the effective transition operator,
which includes an anisotropic part of the form(1). The es-
sential physical mechanism is that the electric field excites a
virtual-phonon stateStot=0 which is coupled to theStot=1
state by an anisotropic spin-phonon coupling which origi-
nates in spin-orbit coupling. An explanation involving the
modulation of static Dzyaloshinski-Moriya interactions has
been put forward recently for the case of NaV2O5.

28 In that
compound, however, no polarized experiments are available
and moreover, it is difficult to distinguish with a magnetic-
dipole transition which turns out not to be forbidden by a
lattice selection rule.22 The mechanism we develop here is
more general in that it does not require the presence of a
static Dzyaloshinski-Moriya interaction. It only needs thein-
stantaneousbreaking of the inversion center which is as-
sured by the appropriate phonons. This allows us to consider

the operator(1) on the strongest bonds irrespective of
whether the bond lacks an inversion center or not. In Sec. II,
we give the selection rules and the order of magnitude of
such electric-dipole transitions. We compare the experiments
in CuGeO3 and SrCu2sBO3d2 in Sec. III.

II. EFFECTIVE MAGNETIC OPERATOR AND SELECTION
RULES

In this section we show that the first-order spin-orbit cor-
rection to the spin-phonon coupling leads indeed to an effec-
tive magnetic operator for the optical transitions. We note
that a phonon-assisted optical transition is the usual explana-
tion for the occurrence of the singletStot=0 bound states of
two-magnon states in the spectrum of the high Tc’s cuprates.6

The spin-orbit correction should then lead to transition to
Stot=1 states.

We start with a magnetic Hamiltonian for a chain or a
layer of Cu atoms, for instance, that can be motivated by the
usual superexchange arguments

H = o
iad

SiJshuidjdSi+a + Hph − E ·Pph, s2d

whereSi is a spin operator,uid is the displacement vector of
the ion d in the unit cell i, Hph is the phonon Hamiltonian
which takes into account the kinetic part of the ions and the
spring constants,Pph is the electric dipole of the ions, andE
is the time-dependent electric field. The magnetic couplings
Jshuidjd can be expanded to first order in the ion displace-
ments. Including the first order in spin-orbit coupling, there
is an extra term of Dzyaloshinski-Moriya symmetry,

Hsp= o
iadab

gd
auid

a Si ·Si+a + dd
abuid

a sSi 3 Si+adb, s3d

where gd
a is the partial derivative of the diagonal part of

Jshuidjd with respect touid (it depends on the bondi ,a, but
we will not write it explicitly in the following). The origin of
dd

ab is explained below. This is indeed a general form for the
spin-phonon coupling and there is no restriction to be added
on the grounds of symmetry. The static Dzyaloshinski-
Moriya interaction is forbidden when there is an inversion
center at the middle of the bond. If the set of displacements
uid is such as to remove the inversion center(which is the
general case) then such an interaction takes place. For ex-
ample, if we take the two symmetric 90° superexchange
paths Cu-O-Cu, there is a center of inversion and there is an
interference between the two paths that leads to no
Dzyaloshinski-Moriya interaction. Suppose now that the two
oxygens move upwards. Because the hopping of the elec-
trons is much faster than the typical phonon frequency, the
electrons see a frozen distorted lattice on that time scale. The
interference therefore does not occur anymore and there is an
effective Dzyaloshinski-Moriya interaction linear in the dis-
placements in the first order. This is the origin of the second
term of Eq. (3) which involves a tensordd

ab since the dis-
placements in one direction,a, generally produce a
Dzyaloshinski-Moriya vector in another direction,b. Strictly
speaking,dd

ab also depends upon the bondi ,a, but we do not
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write it explicitly. Note that this term is derived in a super-
exchange approach by taking into account the spin-orbit cou-
pling in first order in perturbation theory in the lines of the
original Moriya’s paper.27 We shall refer to it as adynamical
Dzyaloshinski-Moriya interaction in the following.

The transition probability is then given at zero tempera-
ture by the “golden rule”

Isvd = ukf uE ·Pphu0lu2dsv − v fd, s4d

Pph = o
id

qduid, s5d

wherev f is the energy of the excitation, typically the one-
magnon energy. At first order inHsp in perturbation theory
the matrix element is written in terms of a sum over the
excited states

kf uE ·Pphu0l = o
n

kf8uE ·PphunlknuHspu08l
v0 − vn

+ o
n

kf8uHspunlknuE ·Pphu08l
v f − vn

. s6d

The intermediate states that contribute to the sum overn
contain one phonon(whereas the initial and final states we
are interested in do not contain any phonon). The partial
phonon matrix elements are calculated out, but we keep the
general form for the magnetic states at this stage. In other
words the phonons are integrated out and we end up with an
effective matrix element acting between different magnetic
states

kf uE ·Pphu0l = kf8uo
ia

gSi ·Si+a + d · sSi 3 Si+adu08l, s7d

g = o
s

Vs

v f
2 − Vs

2gssDs ·Ed, s8d

d = o
s

Vs

v f
2 − Vs

2dssDs ·Ed, s9d

whereDs=odqdldsq=0 is the amplitude of the instantaneous
electric dipole of the unit cell due to the phonon modes with
energyVs=Vq=0,s. The final magnetic state has an energyv f.
gs=od,agd

alds
a is the amplitude of the variation of the mag-

netic exchange energy due to the atomic distortions of the
phonons (lds

a is the amplitude of the motion of the atomd, in
the directiona due to the phonons at q=0). Similarly, ds

a

=obddd
ablds

b is the amplitude of the instantaneous
Dzyaloshinski-Moriya vector due to the phonons. The re-
sulting g andd depend on the bond considered. They would
usually couple the nearest neighbors, but could be introduced
for neighbors at larger distances if such superexchange pro-
cesses were likely to take place. They can be introduced on
the basis of the symmetry which is usually reduced with
respect to the crystal symmetry by the presence of the exter-
nal electric field. Thus we have written an effective operator
announced in Eq.(1) with Abg=]dg /]Eb.

The selection rules are as follows.

(i) Ds·EÞ0. The virtual phonons creates distortions
that carry an instantaneous electric dipoleDs. In other words,
the phonons must be infrared active.

(ii ) gsÞ0. The distortion of the unit cell due to the
phonon s modulates the magnetic exchange between the
spins. The transition atDStot=0 is allowed.

dsÞ0. It implies that the distortion of the unit cell due to
the phonons must break instantaneously the symmetry by
inversion at the middle of the bond; so that to allow an
instantaneous Dzyaloshinski-Moriya interaction whose am-
plitude is given byds. The transitions between states that
differ by the spin,DStot=1, are allowed and have an intensity
,d2.

Suppose that there is only one phonon modes which
gives a major contribution to the sum. In addition, we know
that this active phonon mode will appear in the infrared spec-
trum at the energyVq=0,s, with an intensity given byIph,s
=sDs·Ed2. We can therefore rewrite the intensity of the
DStot=1 line as

Ie = F1

2

Vsds

v f
2 − Vs

2G2

Iph,s. s10d

We denote byE the order of magnitude of the variation of
the magnetic exchange energy due to the phonon and follow-
ing Moriya,27 we estimateds,sDg/gdE. That gives

Ie , SDg

g
D2F VsE

v f
2 − Vs

2G2

Iph,s. s11d

This expression gives the intensity of such a process com-
pared to the intensity of the optically active phonon. It is
reduced by two factors: the spin-orbit coupling(in the cu-
prate materials,Dg/g can be 0.1) and the ratio of the energy
modulation of the magnetic exchange due to the phonon by
roughly the energy of the same phonon. The latter is difficult
to estimate: in CuGeO3, the first optical phonons haveV
,10 meV, and the modulation can be as large asE
,1 meV.29 That givesIe,10−4Iph.

Another way to compare with is to consider that singlet
excited states, as for example theS=0 bound state below the
continuum in CuGeO3, appear in the optical spectrum due to
the isotropic spin-phonon coupling(the g term). We denote
their intensity by Ie

singlet. Then we have: Ie
triplet

,sDg/gd2Ie
singlet. It means that if the singlet bound state ap-

pears in the optical spectrum with an intensityIe
singlet due to

the isotropic spin-phonon coupling, the triplet states should
also appear with an intensity which is roughly 100 times
smaller, if Moriya’s estimate applies.

Effect of a magnetic field

We consider a basic triplet excitation here. A magnetic
field lifts the degeneracy of the triplet into three branches.
WhenH idsizd, Sz is a good quantum number and the tran-
sition should satisfyDSz=0. Therefore, only the modeSz

=0 could be observed and its intensity does not depend on
the strength of the field. By contrast, when the magnetic field
is perpendicular tod, the wave function is a superposition of
wave functions with differentSz,

THEORY OF PHONON-ASSISTED FORBIDDEN OPTICAL… PHYSICAL REVIEW B 70, 024404(2004)

024404-3



C±8 =
1
Î2

u1,0l ± S H'

2uH'u
u1,1l +

H'
*

2uH'u
u1,− 1lD , s12d

C08 =
1
Î2

S H'
*

uH'u
u1,− 1l −

H'

uH'u
u1,1lD , s13d

where the vector notation stands foruS,Szl. The transition is
allowed to the statesC±8 with quantum numbersS'= ±1 and
the mode whose energy does not depend on the field has no
intensity. The magnetic-field dependence is therefore very
different from what is expected for magnetic-dipole
transitions.22 This is basically because the electric field con-
serves theSz quantum number. As we have just seen, how-
ever, in transverse magnetic field,Sz is no longer conserved
and the magnetic-field-dependent branches may appear in the
optical spectrum. They do indeed appear in CuGeO3.

10

Magnetic versus electric-dipole transitions

We now compare the intensities of the magnetic-dipole
transitions with those of the electric-dipole transitions that
we have made explicit here. To make such a comparison, we
consider the following two models that give intensity to the
optical transitions. First we consider a purely magnetic
model and magnetic-dipole transitions. In order to have an
intensity, we need to add a static magnetic anisotropy, such
as a Dzyaloshinski-Moriya interaction or an anisotropy in the
g factor, which are both first order in the spin-orbit coupling,
so that in the most favorable case(when no lattice selection
rule forbids it), the matrix element is of the order,Dg/g at
best. In the second model, we consider an isotropic magnetic
model, but we add the anisotropic spin-phonon coupling that
we have considered above. The intensities of the transitions
of the two models are given by

IM = ukf ugmBh ·Stotu0lu2 , fgmBhg2SDg

g
D2

, s14d

IE = ukf uD ·Eu0lu2 , SDg

g
D2S VsE

v f
2 − Vs

2D2

sDs ·Ed2. s15d

So that the ratio is

IE

IM
, SDs ·E

gmBH
D2S VsE

v f
2 − Vs

2D2

, s16d

whereE=cH, c is the speed of light.D is given byD,el
wherel,Î"2/MV is the amplitude of the motion of the ion
ande is its charge.

IE

IM
, S ecl

gmB
D2S VE

v f
2 − V2D2

, 40 s17d

with MCu=63 g/molsMat,10−25 kgd, V=10 meV, we find
l,0.1 Å, gmB=120meV/T. We takev=5 meV for the en-
ergy of the magnetic mode andg=2 meV for the spin-
phonon coupling. This estimation may not be absolutely ac-
curate because of the crude order of magnitude given above,
but it shows that there is no particular reason to not consider
the electric-dipole transition due to dynamical
Dzyaloshinski-Moriya interaction.

III. APPLICATION TO CuGeO 3 AND SrCu2„BO3…2

We compare the selection rules derived above with the
experimental observation in CuGeO3. Experimentally, the
absorption has been observed in the configurationE'c but
an extinction has been reported forE ic,11 even in the pres-
ence of a magnetic field.14

We have a natural interpretation of this fact: whenE ic,
the only contribution tod comes from the virtual phononss
that haveDsic, or, in other words, the virtual phonons in-
volved are those which are optically active in this configu-
ration. The vectord is given byobdd

ablds,q=0
b wherelds,q=0

b

are the displacements of the atoms, the same as those that
appear at higher energy in the real phonon states. In the
configurationE ic, the atoms in the phonon states roughly
move along thec axis. In a crystal with many atoms per unit
cell, this is not exactly true and the displacements will ac-
quire other components(a full study of the phonons that
have been theoretically predicted in Ref. 30 does not change
the picture). Then, according to Fig. 1, the dynamical
Dzyaloshinski-Moriya interaction is forbidden,ds=0, be-
cause of the mirror plane containing the atoms and the mirror
plane perpendicular to the previous plane and containing the
Cu atoms. Therefore, the intensity vanishes in this special
configuration. In other configurations, however, there is no
such symmetry arguments leading to a cancellation of the
dynamical Dzyaloshinski-Moriya interaction, and an inten-
sity is expected in agreement with the experiment performed
in CuGeO3.

We now consider the electric-dipole transitions in
SrCu2sBO3d2 in greater detail. The obvious advantage of this
compound is that, neglecting anisotropies, it is described by
the Shastry-Sutherland31 Hamiltonian that possesses an ex-
actly known ground state as a product of local singlets.32

Optical transitions have been observed between this ground
state and each of the zero-field three-split triplet states12,18

FIG. 1. Three examples of distortions of the Cu2O2 cluster with
associated Dzyaloshinski-Moriya vectors. On the left, the motion
along they axis creates a Dzyaloshinski-Moriya interaction whose
vector is alongz [the mirror plane Cu2O2 and the one perpendicular
which has the O(2) atoms]; on the middle, the atoms move out of
the plane and the Dzyaloshinski-Moriya vector is alongy (mirror
planexz passing through the bond Cu-Cu); on the right, these dis-
tortions break the inversion center at the middle of the Cu-Cu bond.
However, the two perpendicular mirror planesxy andxz imply that
the Dzyaloshinski-Moriya interaction actually vanishes. For
CuGeO3, thex axis is thec axis and thexy plane is the plane of the
CuO2 chains.
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(see Fig. 2) that have been described previously.33 The prob-
ability of a transition between the ground stateC0 and an
excited statef is given by

kf uo
nn

gSi ·Sj + di j · sSi 3 SjduC0l. s18d

We have restricted the operatorHE to the nearest-neighbor
spins(nn) in order to find the largest effect. The first part of
it does not change the total spin but may generate transitions
to the first excited states if the system has some anisotropy.
We have considered previously the existence of a
Dzyaloshinski-Moriya interaction whose vector is perpen-
dicular to the plane.33 We have shown that such first-order
anisotropy does not give intensity within the assumption of
magnetic-dipole transitions. Here we start by considering the
electric-dipole transitions generated by the first part of the
operator(18) and in presence of the static Dzyaloshinski-
Moriya interaction. Using a symmetry argument we show
that this part actually vanishes.Sz is a conserved quantity so
that we only need to consider the matrix elements with an
Sz=0 final state. The symmetry by the mirror plane perpen-
dicular to thesabd plane and passing through a dimer is a
symmetry of the crystal. In this symmetry, the ground state
and the operatoronngSi ·Sj are both even. However, the trip-
let stateSz=0 adiabatically connected to the local triplet at
J8=0 (the next-nearest-neighbor exchange) is odd. Then the
matrix element vanishes. Additional spin anisotropy of the
Dzyaloshinski-Moriya symmetry with extra in-plane compo-
nents is present because of the small buckling of the crystal
structure at low temperatures.25 However, this(together with
possible exchange anisotropies) would, in any case, respect
the same mirror-plane symmetry. So the first term is not ex-
pected to give intensity, because of this special symmetry.

In SrCu2sBO3d2, the transitions have been studied using
polarized electromagnetic waves and exhibit very peculiar
polarization properties: in the configurationE i sabd, at zero
field, only the state at 24.2 cm−1 [i.e., theSz=0 state(the
middle state)] appears in the spectrum, but an external in-
plane magnetic field gives intensity in the two other modes
(upper and lower modes).18 Similarly when the magnetic
field lies in thesabd plane, only the upper state at 25.4 cm−1

(i.e., the Sz= ±1) appears at zero magnetic field while an

in-plane magnetic field allows observation of the middle
state, but not the lower one.18

We now show that these observations are compatible with
the dynamical Dzyaloshinski-Moriya interaction which leads
to the second part of the effective operator(1). To explain
these results we need to find the particular pattern ofdynami-
cal Dzyaloshinski-Moriya vectors and thendi j . That cru-
cially depends on the direction of the electric field of the
wave, according to Eq.(9). In the following, we will deter-
minedi j but we restrict them to the nearest-neighbor interac-
tions.

A. Configuration E„t… ¸ „ab…

Let us consider first the case of a wave vector of the
electromagnetic wave parallel to thec axis, then the electric
field lies in thesabd plane. According to the first selection
rule (i), only the virtual phonons which carry an electric
dipole Dsi sabd may contribute to the sum(9). We basically
assume that the main displacements of the atoms in such a
virtual-phonon mode are confined into thesabd plane. We
make the assumption that the main components oflds are
parallel to the electric field, so that we should be able to find
the main components of the Dzyaloshinski-Moriya vectors
di j ,s [Eq. (9)]. To estimate them(and thendi j), we fix the
atomsd at the distorted positionslds and we then apply the
Moriya’s rules which give the constraints on the
Dzyaloshinski-Moriya vectors. In this case, the plane re-
mains instantaneously an approximate mirror plane for the
crystal structure. Subsequently, the instantaneousd vector
between the spins, generated by the distortions, should be
perpendicular to this plane(parallel to thec axis). The effec-
tive operator is therefore written

HEisabd = o
nn,A

dz
AsSi 3 Sjdz + o

nn,B
dz

BsSi 3 Sjdz, s19d

where z is here again thec axis. We have introduced two
different dz

A,B to take into account the existence of two
dimers per unit cell. Taking the same would not change the
argument. In the following we take the notationdz

2=fsdz
Ad2

+sdz
Bd2g /2. The operator(19) does not break the symmetry

by rotation around thec axis. A transition to theSz= ±1 when
the external magnetic field is parallel to thec axis is still
forbidden. Only theSz=0 triplet mode(at the middle of the
others33) is allowed to appear in the spectrum(this is in
agreement with the general symmetry argument given above
since the electric field breaks the symmetry by mirror plane).
This is in agreement with the experimental result at zero
field.18 We further predict that a magnetic field parallel to the
c axis does not change the picture and gives no intensity in
the other branches. We can give an estimation of the intensity
assuming an approximate wave function for the excited state
that we take from the strong dimerization limit. In this ap-
proximation, the excitation withSz=0 is a purely local triplet
on the dimerA or B. This gives intensities

IE
0sHid = ukCq=0

A,0 uHEuC0lu2 + ukCq=0
B,0 uHEuC0lu2 = dz

2/2,

s20d

FIG. 2. Excitation spectrum in SrCu2sBO3d2 for two directions
of the external magnetic field(from Ref. 33). Definitions of the
intensities of the optical transitions are also given.
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IE
±sHid = 0. s21d

We now consider the effect of a transverse magnetic field
sH 'cd on the intensities. A transverse magnetic field splits
the modes into three branches(Fig. 2, left). To evaluate the
intensity of each branch, we first calculate the excited states
in the approximation used above, taking into account the
staticDzyaloshinski-Moriya interaction which is responsible
for the zero-field splitting. Note that the other in-plane com-
ponents do not play any role in the triplet spectrum atq=0,25

so that only the perpendicular component appears in the fol-
lowing.

The eigenvalues are in fact twice degenerate. The eigen-

vectors are denoted byCq=0
s±,0d andCq=0

s±,0d8 with energiesEq
s±,0d.

We then calculate the matrix elements as a function of the
transverse magnetic field

IEisabd
s±,0d sH'd ; ukCq=0

s±,0duHEuC0lu2 + ukCq=0
s7,0d8uHEuC0lu2.

s22d

We find

IE
0sH'd =

dz
2

2

1

1 + h2 , s23d

IE
±sH'd =

dz
2

4

h2

1 + h2 , s24d

whereh=gmBH' /2D is the transverse magnetic field in the
units of the static Dzyaloshinski-Moriya interaction. A trans-
verse field transfers intensity into the lower and upper
modes. The two curves given byIE

0sH'd and IE
+sH'd

+ IE
−sH'd are shown in Fig. 3 together with the experimental

results of Ref. 18. We have used the nonrenormalized value
of D=0.09 meV extracted from the energy spectrum33 (all
the calculations we performed here are in the limitJ8 /J
→0, so that we use the value ofD we would have extracted

from such a calculation and not the renormalized value).
Note that if we takeIE

0sH'd and IE
+sH'd for instance, they

cross at a given fieldH'=2Î2D / sgmBd,2.1 T, which is in
good agreement with the crossing of the fitted intensities in
the original experimental articlesH'=2.3 Td.18 This is most
probably coincidental since we are using the wave functions
that are not renormalized by the interactionJ8.

B. Configuration E„t… ¸c

We consider the case of an electric field perpendicular to
the planeEstd ic. Let us suppose that the atoms move out of
plane. According to Fig. 1, dynamical Dzyaloshinski-Moriya
interaction would be in plane and perpendicular to the Cu-Cu
bond. The dimers are, however, perpendicular to one another.
Therefore the dynamical Dzyaloshinski-Moriya vectors of
adjacent dimers should be perpendicular as well. The effec-
tive electric operator is

HEic = o
nn,A

d8 · sSi 3 Sjd + o
nn,B

d8 · sSi 3 Sjd, s25d

whered (respectivelyd8) is perpendicular to the Cu-Cu bond
of the dimersA (respectivelyB), so parallel toy (respec-
tively x). Note that we take the sameudu and ud8u. Strictly
speaking there is no reason why they should be the same but
taking into account the special direction of the field we can
reasonably assume that the motions of the atoms which be-
long to adjacent dimers are similar at least for the low-energy
phonons. Let us apply this operator on the ground state
which is approximately a product of singlet states on the
dimers(we thus neglect the effect the static Dzyaloshinski-
Moriya interactions have on the ground state which would
give small corrections to the result)

HEicuC0l =
d

2Î2
sCq=0

A,Sz=+1 + iCq=0
B,Sz=+1d

−
d

2Î2
sCq=0

A,Sz=−1 − iCq=0
B,Sz=−1d s26d

=
d

2
sCq=0

+,Sz=+1 − Cq=0
−,Sz=−1d. s27d

Note thatCq=0
+,Sz=+1 and Cq=0

−,Sz=−1 are both eigenstates of the
Hamiltonian restricted to triplet states with the same energy
J+2D. Depending on the sign ofD, therefore, only theupper
mode or thelower mode should appear in the spectrum. Ex-
perimentally, the upper mode has been found in such a po-
larized configuration,18 so that we conclude thatD.0. Only
a detailed superexchange calculation ofD would be able to
infer it. The matrix elements giving the intensities are given
by

IEic
+,+1sHid ; ukCq=0

+,Sz=+1uHEicuC0lu2 = d2/4, s28d

IEic
−,−1sHid ; ukCq=0

−,Sz=−1uHEicuC0lu2 = d2/4. s29d

In zero external magnetic field, the two final states are de-
generate so that the total intensity of the optical transitions is

FIG. 3. ConfigurationEstd i sabd ·H i sabd. Intensity of the opti-
cal transitions from the ground state to the first split triplet state in
SrCu2sBO3d2 in the electric-dipole approximationsd icd. s+d+s−d is
the sum of the intensity of the upper and lower mode and(0) is the
middle mode. The theoretical curves are given by Eqs.(23) and
(24). There are no fitting parameters except an overall amplitude.
The experimental data are from Ref. 18. Note the intensity of the
s+d+s−d mode is here twice as large as shown in the original ex-
perimental paper.34.
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the sum of the two, i.e.,d2/2. In a magnetic field parallel to
the c axis (z axis), the upper mode splits into two branches
with equal intensityd2/4.

Furthermore, we calculate the intensities as a function of a
transverse magnetic field. The excited statesCq=0

s±,0d and
Cq=0

s7,0d8 are twice degenerate, so we calculate

IEic
s±,0dsH'd ; ukCq=0

s±,0duHEuC0lu2 + ukCq=0
s7,0d8uHEuC0lu2. s30d

We find the following expressions for the intensity of the
uppers+d, lower s−d, and middle(0) states:

IEic
± sH'd =

d2

8

h4

f1 + h2gf±Î1 + h2 − 1g2
, s31d

IEic
0 sH'd =

d2

4

h2

1 + h2 , s32d

whereh=gmBH' /2D. The corresponding curves are given in
Fig. 4. Note that the crossing betweenIE

+ and IE
0 occurs at

gmBH'=4Î2D, therefore at a field two times larger than in
the configurationE i sabd. The agreement with the experi-
ment is very good since such a balance of the intensities has
been observed.18 The lower mode does not actually appear in
the spectrum experimentally and this is compatible with the
low intensity we found. If we take the nonrenormalized
value of D=0.09 meV, the crossing of the intensities occur
at H'=4.6 T which is in good agreement with the experi-
mental values,6 Td, as well as the overall behavior of the
curves.

In this paper we have restricted ourselves to the intensities
at zero temperature. Experimentally18 the intensities decrease
as the temperature is raised and above 10 K can no longer be
detected. While a full treatment of temperature effects would
involve thermal population factors of the phonons and all
magnetic excitations, the primary cause of this extinction is
most likely to be the thermal excitations of magnetic excita-
tions. These excitations, which decrease the weight of the

singlet ground state in the expression for the intensity, are of
lower energy than the lowest optical phonons.

IV. CONCLUSIONS

In this paper, we have considered optical transitions with
emission of one magnetic excitation,DStot=1. We give a
mechanism in terms of phonon-assisted transitions in which
a virtual phonon is involved. The selection rules of such
processes were made explicit: in brief we need a coupling to
an infrared active phonon that breaks, at least instanta-
neously, the symmetry of inversion between magnetically
coupled ions. The intensity of such a process has been esti-
mated and we argue that it should be larger than a magnetic-
dipole transition, at least in systems in which spin-phonon
couplings are appreciable. It provides an alternative to purely
electronic transitions that are not allowed when an inversion
center is present.

We note that we have considered uniquely the conse-
quences of phonon-assisted optical transitions in the context
of single-phonon experiments, i.e., ESR and absorption. The
same mechanism can lead to processes in Raman scattering
allowing single magnon creation, with similar selection rules
concerning centers of inversion in the lattice. The effective
operators will have similar symmetry but are not identical,
involving the polarizations of both incoming and outgoing
photons. Experimentally there are extra contributions linear
in both spin operators and spin-orbit couplings that are not
present in the single-photon case. While for the spectroscopy
of single magnons in the materials studied, Raman scattering
should be useful, single-photon experiments may permit
more direct comparison with microscopic estimates of inten-
sities.

In the final section we have studied the two specific case
of CuGeO3 and SrCu2sBO3d2 for which polarized experi-
ments are available. We have shown that predictions of the
phonon-assisted theory agrees well both with observed ex-
tinctions and also, for the case of SrCu2sBO3d2 where de-
tailed results are available, with the dependence of intensities
as a function of the external magnetic field. Further optical
data should be analyzed in terms of an effective operator of
the Dzyaloshinski-Moriya symmetry for the matrix elements
in the electric-dipole approximation. Potentially such optical
experiments can provide a means of probing microscopically
the spin-phonon coupling which may be relevant to other
experiments, for example, neutron inelastic scattering experi-
ments at finite momentum transfer, and a way of studying
four-spin correlation functions involving some sort of local
chiralities.
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FIG. 4. ConfigurationEstd ic·H i sabd. Intensity of the optical
transitions from the ground state to the first split triplet state in
SrCu2sBO3d2 in the electric-dipole approximationsd'cd. s+d, s−d,
and (0) are, respectively, the upper, lower, and middle mode. The
theoretical curves are given by Eqs.(32) and (32). There are no
fitting parameters except an overall amplitude. The experimental
data are from Ref. 18.
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