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Theory of nonreciprocal optical effects in antiferromagnets: The case of GO,
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A microscopic model of nonreciprocal optical effects in antiferromagnets is developed by considering the
case of C5O5 where such effects have been observed. These effects are ddegotaoupling between light
and the antiferromagnetic order parameter. This coupling is mediated by the spin-orbit interaction and involves
an interplay between the breaking of inversion symmetry due to the antiferromagnetic order parameter and the
trigonal field contribution to the ligand field at the magnetic ion. We evaluate the matrix elements relevant for
the nonreciprocal second harmonic generation and gyrotropic birefringe3@E63-182606)05322-3

[. INTRODUCTION periments on CJO; (Refs. 6 and Ycomes as a breakthrough
in the study of antiferromagnetic ordering by light.
The study of optical phenomena in magnetic substanceirichevtsovet al® reported the experimental observation of
has always been an interesting area of research. Optical epontaneous nonreciprocal rotation and circular dichroism
fects exhibited by magnetic substances can be classifigoelow the Nel temperature of GIO5. Fiebiget al” found
broadly into two categories, reciprocal and nonreciprdcal. that antiferromagnetic domains could be obsemieectly by
Reciprocal optical phenomena are those that cannot distimonreciprocal second-harmonic generati8rG), leading to
guish between magnetic states that are related to one anOtf}ﬂiotographs of antiferromagnetic doma¥isThese experi-
by time reversal. Typical examples of such phenomena arghents show that light can indeed couple directly to the anti-
those that involve scattering of light by magnetic excitations ferromagnetic order parameter, thereby leading to nonrecip-

Nonreciprocal phenomena, on the other hand, can distinguisiyca effects. As mentioned earlier, though such a coupling
between two magnetic states that are related to each other Was anticipated from symmetry considerations, no micro-

time reversal. A classic example of such a phenomenon IScopic mechanism has been presented so far.
the Faraday effect discovered by Faraday in the last century. In this paper, we present, in detail, a microscopic mecha-

The Fz_araday effect in ferromagnet_s, for Instance, appears #¥sm that describes all nonreciprocal optical effects by con-
a rotation of the plane of polarization of light which is inci- sidering the case of G5 where such effects have been
dent along the axis of magnetization. This rotation is nonre- bservgd experimentallysln an earlier pafewe showed

ciprocal in the sense that it changes sign on reversing th I . | off ; b lained b
direction of magnetizatioriwhich is equivalent to time re- that all nonreciprocal effects in GD5 can be explained by
he fact thatelectric dipole transitions are allowed in

versa). Such an effect can be understood in terms of al HIE
interaction between the internal molecular field of the ferro-Cr203 below the Nel temperature. Here we highlight the
magnet and the incident electromagnetic radiation mediatefictual evaluation of the matrix elements relevant for the non-
by the Spin_orbit Coup"né_C]eaﬂy, such an effect would not reciprocal nonlinear susceptibilities. The evaluation of the
only be exhibited by ferromagnets but by any substance thapatrix elements is performed within a cluster model for
has a ne{nonzerg magnetic moment such as ferrimagnetsCr,O3, which contains the full crystal symmetry of &5
or paramagnets where a magnetic moment is induced by trend which allows the orders of magnitude of all matrix ele-
application of an external field. ments contributing to the nonreciprocal phenomena in
It is then but natural to ask what happens in the case oEr,0O; to be predicted. We apply the microscopic model to
antiferromagnets. At first sight, it would seem that it is im- the observed phenomenon of SHRef. 7) and explain how
possible for light to distinguish between states that are reantiferromagnetic domains can be distinguished experimen-
lated by time reversal as, in this case, there is no net magdally. We also apply our model to another nonreciprocal ef-
netic momen{i.e., the total molecular field is zero unlike in fect seen experimentally in GD; viz.,, gyrotropic
ferromagnets However, this is not true. In fact, it has been birefringencé and solve the long-standing question regard-
known for a long time from symmetry arguments that certaining its magnitude. Our model can also be used to describe
classes of antiferromagnets can show a variety of nonrecigionreciprocal optical effects in other antiferromagnets where
rocal phenomend? although till recently, there have been no inversion symmetry is broken beloW .
reports of experimental observations of such phenomena. The paper is organized as follows. In Sec. I, we illustrate
The utility of such experiments, where possible, can hardiyjhow symmetry arguments can be used to study nonreciprocal
be overemphasized since experiments such as Raman scaffects by considering the macroscopic theory of SHG in

tering, etc., only probe the antiferromagnetic structgi-  Cr,03. In Sec. lll, we present the microscopic theory of
rectly by coupling to the magnetic excitations rather than theSHG which allows us to obtain all polarization selection
magnetic ordering itseff. rules and magnitudes of the nonlinear susceptibilities. In Sec.

In this context therefore, the discovery of nonreciprocallV, we use our microscopic model to explain the phenom-
optical effects below the N# temperaturdy, in optical ex-  enon of gyrotropic birefringence and the associated magne-
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toelectric effect. A summary of our results and conclusiondD;. New tensors are allowed in this point group, for in-
are presented in Sec. V. stance, a polar tensor of odd rank, that allow electric dipole
transitions in SHG.

From Maxwell's equations, the source term correspond-
Il. MACROSCOPIC THEORY ing to SHG can be derived by considering the contributions

A clue to the origin of nonreciprocal effects can be ob-to (nonlineay magnetizationM ?*)= e,cy®*):E(“)E(*) and
tained from macroscopiésymmetry considerations of the Polarization, P2®)= g;x(2)::E(?)E(®) "in the point group
susceptibility tensors. The optical properties of a medium ar®3. In general, one should also consider contributions to
characterized by linear and nonlinear susceptibility tensorgionlinear susceptibilities related to electric quadrupole tran-
If the susceptibility tensors are known for a given mediumsitions, viz., Q%)= (—icey/2w)x?*:E(“)E(). Since the
up to a certain ordemn, then, at least in principle, the basic physics associated with such transitions is not different
nth-order nonlinear optical effects in the medium can be prefrom the magnetic dipole transitions, we will in the follow-
dicted from Maxwell’'s equations. Physically, the susceptibil-ing concentrate on the electric and magnetic dipole contribu-
ity is related to the microscopic structure of the medium andions to the nonlinear susceptibilities. If we assume that laser
can be properly evaluated only by doing a full quantum-light propagates along the optic axis, there is only one inde-
mechanical calculation as we will show in the next sectionpendent component Ym= Yyyy=™ — Vyxx= ~ Vxyx
Nevertheless, one can get some information about the sus= — ¥xxy Of the nonlinear magnetic susceptibiligaxial ten-
ceptibilities just from symmetry considerations as dictated bysor of third rank and analogously for the nonlinear electric
Neumann’s principle, which statésthat any symmetry susceptibility —(polar  tensor  of  third  rank
which is exhibited by the point group of the crystal is pos- xe=Xyyy= ~ Xyxx= ~ Xxyx= ~Xxxy- 1h€ source term
sessed by every physical property of the crystal. Then, t&(r,t) in the wave equation,
investigate the effect of crystal symmetry on the components oy 2o
of the susceptibility tensors, it is necessary to enforce the [VX(VX)+ (1)o7 " ]E(r,t)=—S(r,t), (D)
requirement that the tensor be invariant under all the permissan pe written in a dipole expansion*as
sible symmetry operators appropriate to the particular crystal

class. Accordingly, some tensor elements are zero or are re- &?P(r,t) IM(r,t) 3%Q(r,t)
lated to others, thereby reducing the total number of indepenXr\) =to| —z— +VX————V——p—+ ... |.
dent tensor elements. The application of Neumann’s prin- @)

ciple to four-dimensional space time remains valid only for i
static properties. For dynamic processes, like nonreciprocdf We now assume the, P, andM can be decomposed in a
SHG, where there is a preferred direction of time, one conS€t Of plane waves and consider a circular basis with
siders only those symmetry operations that do not includ&=E &, +E_&_+E,&,, whereé. = (1/12)(&=*ié,), one
time reversal in classifying the allowed tensors, i.e., only theobtains(note the different basis choice with respect to Refs.
spatial symmetry is used to simplify the form of the suscep-/ and 10,

tibility tensors. Though one can still classify the tensors as

i andc (time-symmetric/antisymmetridensors, one cannot St 4\/5(02 (Vm_'Xe)EZ—

use this classification to obtain those that are allowed. To S=| S- | =—5—| (ymtixe)EL |, ()
illustrate these notions, let us now consider the macroscopic c

theory of SHG in CyO;.” We shall consider in detail the Sz 0

case where the spins are oriented parallel to the crystallayhere o is the energy of the incoming light beam. Note
graphicz axis and laser light propagates along #direction  that incoming right circularly polarized light=, ) leads to
and then we shall generalize to the case of arbitrary directiofeft circularly polarized light E_) and vice versa in SHG.
for the orientation of the spins and for the propagation of theanhove T, the electric dipole contributions disappear

laser light. (xe=0) and therefore the SHG intensities are identical,
while below Ty, (xe#0) and the intensitiesl|.
A. Spins and laser light parallel to thez axis | Y E i)(e|2Ef‘T are different for right and left circularly po-

larized light, as observed experimentdllys the tensory
appears only belowly, it is natural to assume that it is
proportional toA(T), the antiferromagnetic order parameter.
Nonreciprocal SHG can then be understood as arising from
an interference between,, and y..

Above the Nel temperature] y=307 K, Cr,O5 crystal-
lizes in the centrosymmetric point groupsy. The four
Cr3" jons in the unit cell occupy equivalemt positions
along the 3 (optic) axis. Since this structure has a center of
inversion, parity considerations forbid electric dipole transi-
tions in SHG. Magnetic dipole transitions that are related to
the existence of an axial tensor of odd rank, or electric quad-
rupole transitions related to the existence of a polar tensor of An extended study of SHG in GO; can be carried out
even rank are however allowed. Beldw, the spins of the by considering the propagation of light and the orientation of
Cr3* ions orient along the axis. The spin ordering breaks the spins in the crystal to be arbitrary, the motivation of such
time-reversal symmetrig and as SHG is a dynamic process, a study being the fact that application of an external mag-
only symmetry operations of the crystal that do not includenetic field causes the spins to orient along different direc-
R may be used to classify the allowed tensors for the suscegions. The spin-flop phase which occurs in,Or; when a
tibilities. For Cr,O5, the remaining invariant subgroup is static magnetic field is applied along tkedirection can be

B. Spins and laser light in arbitrary directions
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TABLE I. Predictions for the components of the source t&from macroscopic symmetry considerations. A constant tesrf/ & has
here been omitted for simplicity. The three columns are the predictions for light incidentyinandx directions, respectively. The three
rows are for the moment of the & spins aligned parallel to the crystallographicy, andx axis, respectivelyy; (i=m,m;,m,,1) and
xi (i=e,e;,e5,a,a,,a,,b,b,b,,1,2,3,...,10) correspond to the remaining independent components for the magnetic and electric suscep-
tibilities, respectively. See the appendix for an explicit account of these components.

Direction of incident light

z y X
Yl E>2<_ E32/) —2xEEy 0 (Xat Xo)EJE;
z —X(E2—ED) —2¥nEEy —(XaF X0 EXE;— XeExEx E
0
0 'YmE}Z/
2 2 2 2 2 2
(X3t Ym)Ext (Xa= vm)Ey XsEx+ x7E;+ 2xsEE, XaEy+x7E;
y 2()(4_ 'ymz) ExEy 0 2()(9_ 71) EyEz
XoEZ+ X6E2 XsExt XsE2+2x-EE; (xot+ 7m1)E$+ (X 7E
'Vrrlei*?’mlE;z/*zXezExEy 0 _(Xa2+Xb2) E/E.
§ — Xe Bt Xe, B2~ 2ym E.E, —Xe,Ext X1EZ+ (Xa, + X0, EE, Xe,EX+ X1E2—2v1EE,
(a0t X2) ExEy 0 Y Ex+ 71E2+ 2x,EE,

studied using these results. In Table I, we present the resultades of the components of the magnetig) (and electric
of the macroscopic symmetry analysis beldy for light () susceptibilities nor can it specify the details of the inter-
propagating along the, y, andx directions and for spins action and the origin of the coupling between light and the
oriented parallel ta, y, andx axis. The three components of antiferromagnetic order parameter. Both these can be ob-
fche source term are indicated for the various cases. Note th%\ined only from a microscopic approach which is described
in the first row which corresponds to the case that the spinge|qw, In what follows, we consider in detail the case when
are aligned parallel to the axis, the interference effect oc- the spins are aligned parallel to theaxis and light propa-
curring. for light propagating along thzedirgctign Is absent gates along the same direction. This is the most representa-
\k/Jv:eer? \I/Iegrri]fze%roezage?itr?wser?tgri‘;?g theandx directions, as has tive case for the observation of nonreciprocal phenomena in
When the spiFrJ15 are alignéd along they, andx direc- Cr,05;. Elsewhere, we have shown that nonr_eciprocal ef-
tions the invariant point subgroups of crystal symmetries ar(l(.‘(?(.:ts can be understood by tf(}e fact that glep tric d|polg tran-
sitions are allowed belowW . We use this in calculating

D;, Cy, andC,, respectively. Table | contains the results h | it ¢ h hod of cal
for the source term components for all three possibilitiesN Nonlinear susceptibilities of GD5. The method of cal-

Table Il contains the components of the source term correculating nonlinear susceptibilities of dielectric media was de-
sponding to electric quadrupole transitions for light propa-veloped by Armstrong and c_:o—workér‘é]n this approach,
gating along thez, y, andx directions and spins aligned the current density induced in the system by incident elec-

parallel to thez axis. tromagnetic radiation is calculated using semiclassical per-
turbation theory.
1. MICROSCOPIC THEORY OF SECOND Let us consider the electromagnetic field to be a superpo-
HARMONIC GENERATION sition of three harmonic waves whose frequencies,

The macroscopic theory discussed so far is based purely” 1:2:3 satisfy the conditioms=w,+ w,. We choose the

on symmetry considerations. It can neither provide magniVector potential of this field to be

TABLE II. Electric quadrupole contributions to the source te®n,The constant 42/c? has been omitted for simplicity. The three
columns are the predictions for light incident,any, andx directions, respectively and for the €r spins aligned parallel to the axis.
i (i=1,2,3,4) correspond to the remaining independent compon&ss. the appendix.

Direction of incident light

z y X
XaEZ— E;‘;) 0 3(‘2E§+')?1E>2/
z - 2;4 ExEy ;1E§ +}2 EE - 2;4 Ey Ez

X3(EZ+E)) 0 —XaE?
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R ) exp(+iks-r) and then taking the expectation value, we get
A(r,t):Ei a;giexp(k-r—wit)+H.c., the induced current density corresponding to the source term
R at wy and atk; +k,=k3 as
wherea; is a unit polarization vector ang; determines the
strength of the electric fiel&; = q;w;/2 (where the Coulomb
gauge is being assumed he perturbation is then described )
by the usual form of the interaction Hamiltonian (I(kz,3))=(P|ev((wz)expi (ks T~ wst) | D). (4)

2
p— e e . - .
= 2 — A+ 5 Aj-A; One can now obtain the expression for the nonlinear suscep-

j tibilities by using the relatiod= wydP/Jt as also the defin-

Assuming for simplicity that the ground state wave function'Fr:g rzlgtlons for the susceptibilities that relate, for example,
® is a product of one-electron wave functioms=11,,¢,, andk.

the induced current density is given in the interaction repre- We now turn_ our attention _to the _specmc case of
sentation by Cr,03. As explained in the previous section, we are inter-

ested in the nonlinear polarizatid®?*) and the magnetiza-
o tion M%), The nonlinear susceptibility is only allowed
> (balevidn) =2 (bnlp—eA|pn) —. below the Nel temperature where spatial inversion symme-
n n Me try of the crystal is broken by antiferromagnetic ordering. In
Nonlinear susceptibilities are now calculated to the desire@n earlier papel? we have shown that this leads to electric
order in field strengths. We are, in particular, interested irdipole transitions between théA, and “T, levels of
terms that are quadratic in fields and the source term &€r,O3. Thus, belowTy, one can use the electric dipole
w3=w,+ w,. Thus we only consider those terms in the per-approximation with the interaction Hamiltonian of the form
turbation expansion for the current density that are propor-
tional toq,q,, viz., proportional toE;E, and with time de-
pendence expfiwst) and write

H:—ez Ei-r.
1

(ev(wg))=(ev!")(wz)exp(iwst))

+(ev! ) (wg)exp(—iwat)). A simple calculation now yields the result for the induced
By multiplying the terms proportional to exp{wst) by  current,

Ik ) _ eZ <q)|‘](k3!w3)|m><m|E,ur,u,ln><n|EVrV|q)>+<CI)|E,ur;tlm><m|‘](k3!w3)|n><n|Eer|q)>
(ks.09)= 772, 20 (0m—20)(0n—w) (0m* ) (wn—0)

+ <q)|E,ur,ulm><m|Evrvln><n|‘](k31w3)|q)> (5)
(wnt+20)(wnt o) '

whereE, are the components of the incident electric fields t<21>: —|dsz2_r2)+ 71| P2,
and definition(4) is to be used. In the above expression we
have also takeffas in SHG w;=w,=w and w;=2w. All
factqrs e_xpk r) have been set to unitielectric dipole ap- t<22>:3—1/2[ \/§|dx27y2>+ |d,0]+ 72/ Py,
proximatior). The problem now reduces to that of evaluating
the appropriate transition matrix elements in the above ex-
pression with the C¥" wave functions. To do this, we con- t® = 3712 [21d. N+ |do )] + 6
sider a cluster model that has the correct symmetry of 2 TV2ldy) +1dy 21+ melpy), ©)
Cr,03, viz., D34. This model® contains only two Cr ions in
a magnetic unit cell whereas in the actual structure of eM=3"Y7|d,,)— v2|d, )]+ 73| p,),
Cr,04 there are four. While this would lead to quantitative
differences, the basic physics remains the same. (2)_ =1/
The ground-state wave function of the magnetic ion can er=3 2[|dX2*y2>+ ‘/§|dz">] * 73lPx).

be written a¥’ [®)=|t{",t,t5) and the excited states Here theld) and|p) states are the CrBand Cr 4 orbitals,
le)=|e),|e®), where respectively. In deriving the above wave functions, we have
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chosen the axis of quantization to be parallel to the crystalthe electric dipole(ED) matrix element of a single Cr ion.
lographic z direction. The following convention for thd The response of the crystal is given by the coherent summa-

orbitals is chosen: tion over the contributions of each ion. In £, there are
two pairs of sites in the unit cell, th&/B and theA’/B’ sites
__R(r)(15}*? related by inversion symmetry. Since they give identical con-
T T2\ ) XY tributions we need to consider only one of the pairs. The
contribution of a given unit cell to the ED matrix element is
R(r)( 15\ then proportional to
yz:r_z(ﬂ) yz,
R(r) 15 1/2 )\(nA<SZ>A+ nB(SZ>B)1 (9)
= T 2 ( an X% _ _ _ _
where\ is the spin-orbit coupling constafgee Ref. 1pand
R(r) [ 15 |12 A and 7g are proportional to the respective local triglgnal
dyz_ 2= _2(_) (x2—y?), fields. Inversion symmetry demands thatyg= na= 7.
re \16m The total contribution to the ED matrix element is then pro-
portional to
R(r) 5 1/2 ) )
day2_ 2= I'_Z(E) (3z°—r").
Here theR(r) are the appropriate radial functions fod 3 > A7((S)a—(S)e)consENpA(T),

[ i Il unit cell
orbitals. Spin quantum numbers (6) have been suppressed allunitcels

for clarity. We also note that the expressi@y only includes

the effect of the hemihedral part of the trigonal distortionwhere A(T) is the antiferromagnetic order parameter. One

which is the most dominant interaction. This interaction is ofcan use the explicit form of the orbitals given ©§) and

the form 7z and leads to a mixing of Cr@states and Cr €Vvaluate the desired matrix elements. For example, the con-

4p states Py, py,p,) with coefficientsy, , 7,, andz; being tribution to SHG by exciting the electron in the orbitézl) is

proportional toz, the trigonal field. In addition to this mix- proportional to

ing, the spin-orbit coupling also causes a mixing of the

ande orbitals. As explained in our previous paper, it is this

interplay between th% trigonal distgrtion ang tf]e spin-orbit A 7A(M(doe—y2)|Leldxy)dyylX|Py)(Pylz|dy2)

coupling that leads to electric dipole transitions bel®yy. X (dy(E- r?/d,0].

Consequently, we focus our attention on those transition ma-

trix elements in(5) that are proportional toth the spin- similar expression can be written for the contribution aris-

orbit interaction and the trigonal field. It is easy to see thafo‘ (3)p : 1)

such matrix elements are of the form ing from t3”. From our results we find thds) the t5~ or-

bital does not contribute to SHG. This is not surprising as

(to|L Sle)(elr|my(m[E,r ,In)(n|E,r,|to), (7)  our mechanism of SHG is mediated through the diagonal

_ part of the spin-orbit interaction arid,t{Y=0. (b) The elec-

where we have use|p|n)=—ime(wn—wm)(M[r|n), €.  yic field of the emitted radiation at frequency»2is along

Let us now consider the case when the incident light isp,q x—iy direction, i.e., incoming right circularly polarized

right  circularly — polarized, viz, E=Ee, where |t generates the second harmonic with opposite polariza-
e.=1/J2(&,xié,). The relevant transition matrix element tion. Likewise, it can be verified that left circularly polarized

is now given by light generates a second harmonic that is right circularly po-

larized. Thus our microscopic results reproduce the selection

> (tPIL,SleDyed|r|e®y(e®|r  [n){(n]r [td)), rules that are given by macroscopic theory. This is because
i=23 the expressiol6) for the Cr** orbitals has been obtained by

=12 incorporating the full crystal symmetry of GD5.

where the statefn) are higher-energy orbitals of odd sym-  The constructive interference in emission of the contribu-
metry. Let us now consider that part of the transition matrixtions to the ED matrix elements beldly, as given by Eq.
element given above which corresponds to the emission q), is a consequence of the symmetry of the spin ordering in

the second harmonic, viz., Cr,05. We reemphasize that this is because our mechanism
0 DN @Dl all) is a one-ion mechanism that invokes thiagonalpart of the
(t3'[LS,[eV)(eV[r[e)). spin-orbit interaction. Photons absorbed by a certain ion are,

in this mechanism, reemitted by the same ion. The phase of
the emitted electromagnetic wave then depends on the rela-
tive direction of the spin-ordering with respect to the direc-
tion of the trigonal distortion at the given sit8). The co-
(i) N/ (Dl rlall) herent interference of the waves emitted by all ions may then

7tz |LS/ ) (pIrle™), ® interfere constructively. The effect is nonreciprocal since the
where 7 is the appropriate admixture of theandd orbitals  direction of the local trigonal distortion is invariant under
determined by6). Equation(8) describes the contribution to time reversal, whereas the spin order is not.

Since the excited state Cr orbifa{))) is a mixture of the Cr
3d and 4p states, the emission matrix element has contribu
tions of the form
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Let us now consider the ca3e>T, . Now, inversion is a nonvanishing term of the lowest order in the multipole ex-
good symmetry of the crystal and the electric dipole transipansion of exp{iks-r). This is, of course, the magnetic
tions vanish identically. In this case, one has to consider thdipole term which can be written as

iedk,
J(ks, =—a O|L|im)(m|exp(—ik,-r)a ny(njexp(—iks-r)a,,p,|P
(I(k3,w3)) 4m2h2CI1Q2ln%n>< |LIm)(m|exp(—ik;-r)as,p,/n)(nlexp —ik,-r)ay,p,|P)

expli wgt) 10
(wm— wpt o) (wp+ wy) .
|
The calculation of transition matrix elements in this case ) 4nge®( ap \? %
is much simpler as now the dominant contributions contain | 12| = e \2hw) ame’ (13

neither the spin-orbit interaction nor the trigonal distortion. It
is easy to verify that one only has to consider contributionsA

o . s explained earlier, this is the magnetic di D) con-
to the transition matrix elements that are of the form P g paleD)

tribution to SHG which depends neither on the trigonal dis-

tortion nor the spin-orbit interaction. It is also independent of
> (tDLleDyeD|r In)(n|r,|tdy, (11) temperature and we estimate it to be of the order of

i=T23)=1.2 11x 10 16 C N~ 1. The contributions td from the nonlinear

. . . susceptibilitiesy and y can produce interference effects in
at any given Cr site(Here again we have assumed that thegy only if the first two terms in the right-hand side of

i_ncoming Iig_ht is right circularly polarized. The contribu- _equation (2) are of the same order of magnitude, viz.,
tions from different sites can be added up coherently. As i |=|~|. From our estimates of and y above we find that
the previous case of the ED transition, we have also verifieghs js'indeed satisfied thereby leading to an interference ef-

using (6) that the correct polarization selection rules are €%ect in SHG which is nonreciprocal and which vanishes
produced by the above expression below and aligye aboveTy .

The microscopic expression for the dynamical current op-
erator together with the Cr ion wave functiof@ enables us
to estimate the magnitudes of the nonlinear susceptibilitiesV. GYROTROPIC BIREFRINGENCE AND THE OPTICAL
Since we do not have the correct wave functions ofake MAGNETOELECTRIC EFFECT
citedstates, our estimates are approximate, correct only to an The ED transition in the optical region that is allowed
order of magnitude. In particular one may also include con-

tributions from the O P orbitals in(6). Such a contribution below Ty in Cr,0; can also be seen in one-photon experi-
) o ments. In this section, we consider the phenomena of gyro-
would not alter the mechanism for the ED transition ex-

plained above but would lead to certain quantitative correc:[rOpIC birefringencelGB) and the associated optical magne-

tions. From expressior®) and (5), as also the definition of toelectric effect that are one-photon processes in contrast to

the macroscopic susceptibilify we obtain the order of mag- SHG which is a two-photon process,
. (Zw)p > w 9 GB is a nonreciprocal optical effect that appears as a shift
nitude of y as approximately

in the principal optical axis along with a change in the ve-
25 % N . Iogity of pr.opagation of Iight. The pogsibil_ity of observing

07 A(T). this effect in CL,O5 and using it to distinguish between an-
ag mcEe.—Ey Ep—Ey tiferromagnetic domains was first pointed out by Brown and

12 co-workers* Their analysis of the problem was purely mac-

. . , roscopic and they showed that GB appears in the form of a
Here, Ao~5000 A is the Waye'ength of the emitted light, hjar ¢ tensor(one that changes sign under both space and
a,~0.69 Als the radéus 9; G, ng is th(i(ljgn3|ty of Crions  {ime inversion below Ty, . Later, Hornreich and Shtrikm&h

in Crzo_s(;:ffx 10°m ),>\~1_olo_cm is the spin-orbit  hresented the first quantum-mechanical treatment of this
interaction,™""E.—E(,~8000 cm ~ is the difference in en-  ,opjem. They showed that the gyrotropic birefringence ten-
ergy between thé, and thee orbitals, »~350 cm ! is the  sor can be described in terms of electric quadrupole and
trigonal field;” E,—E4~8x10* cm™~! is the difference in  magnetoelectric effects. From their results, they estimated
energy between theé and thep orbitals that are mixed by the that at optical frequencies, the induced rotation of the prin-
trigonal distortion andA(T) is the antiferromagnetic order cipal optical axes of GGO; would be of the order of
parameter. The temperature dependenceyofs solely 10 8-10% rad and the magnetoelectric susceptibility
through that of the antiferromagnetic order parameter anevould be of the order of 10° (in dimensionless unijs This
consequentlyy vanishes abovd . At temperatures much phenomenon was also analyzed by Graham and Raamg
lower thanTy we find that| y(??)|=8.7x10" C N1, a multipole theory of wave propagation.

Similarly, we find that the magnitude gf?*) is approxi- Recently however, Krichevtscat al® observed spontane-

mately ous nonreciprocal rotation of the optical axes in,Og.
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They found that the observed rotation and the magnetoelec- V. SUMMARY AND CONCLUSIONS
tric susceptibility were four orders of magnitude larger than
those predicted by Hornreich and Shtrikman. They also : : .
found that the observed temperature dependence of the nrﬁmprock?l optu;]al e:ects ofl?served betl)ifwln |Cr20d3'b
nonreciprocal effects corresponds roughly to that of the an-le _avg_ S Iown that t hese e ethS can be exp Iamef) Yy an
tiferromagnetic order parameter, something that does not foff ectric dipole process that arises from an interplay between
low obviously from previous calculatiot€.The intensity of t.he Sp'ﬂ'orb't coupling and the trlgo_nal d_|stort|0n of the
these effects and the temperature dependence led them Il[ and field. Such a process couples light directly to the an-

speculate that these effects were attributable to ED transﬂerromggnetlc order parameter. I_n contrast to _other ED
echanisms that have been considered in the literature so

tions in the optical range. We now show that this is indeed_ ~“5g our mechanism is a one-ion mechanism that counles
the case and the mechanism we discussed earlier does lea ?{h . o pie
t to the sublattice magnetization rather than any magnetic

effects that are of the same order of magnitude as those o 9 o 24
served g excitations. Photons absorbed by a certaid 'Cion are also

To see this, we calculate the magnetoelectric susceptibiﬁg!gidr dkg tha?asrﬁgzrl?r:]énT(r)]cecC(r)su?rl]lrnog t?] T:ngtr;t'f;r fgmnig;_
ity in the optical region, allowing for an ED transition below : P u 49 uctive 1

Tyn. The calculation is in many ways similar to that pre- ference of the photons emitted by different Cr ions.

sented earlier for the nonlinear susceptibilities. The magne- It might seem that our me.chanlsmllead.s to effects_that are
. G : () . =(w) weak as they involve the trigonal distortion and spin-orbit
toelectric susceptibility is defined a4'“’=a:E'* and we . : .
X X . . .. interaction, both weak effects by themselves. However their
estimate it by calculating directly, the quantity

B . ; . . interplay leads to an electric dipole transition whose oscilla-
\</vl\g>a_rg% ﬁﬂ/‘ iJrrltzef?esl?ezeirrgutr:r?wtplyzrrlzattr:ﬁg;ybgllg\(/:vetrlir;etlrr::rg?se tor strength is large in the optical region. Consequently, ob-

erature, we use the electric dipole approximation and Congerved effects are strong. Though we have used this mecha-
P ’ P pp nism to explain successfully the phenomena of second-

sider the_ linear response Of. the_ system. Itis easy to Verif¥|armonic generation, gyrotropic birefringence, and the
that the induced magnetization is given by optical magnetoelectric effect that have been observed ex-
perimentally in C,O4, our theory can be generalized to all

In this paper we have developed a microscopic theory of

e (M|E-r|®) _ materials where(i) the magnetic ion is not at a center of
(M)= gRe{% (<D|M|m>mexp(—|wt) inversion and(ii) inversion is still a macroscopic symmetry
" aboveTy but is broken belowl , due to the ordering of the
(M|E-r| D) i magnetic ions. Thus, nonreciprocal effects should be observ-
(@M |m)mexp( tiwy) |, able, for example, in the cuprate @uO, below the order-

ing temperature of the gadolinium magnetic subsystem,

L Ty (Gd)=6.5 K22 when inversion symmetry is broken as also
where we have assumed the electric field to be of the forrTihN\(/ 2%3 and MnTiO, y y

E=Eycosk-r—wt). Choosing(as in the experimefit the
incident light along thex direction and the electric field
E|z, itis easy to see that a typical matrix element that would
contribute to the magnetoelectric susceptibility is of the We acknowledge several discussions with T. Djelani, M.
form, Fiebig, D. Frdlich, G. Sluyterman v. L., and H. J. Thiele.
This work was supported by the Deutsche Forschungsge-
meinschaft, the Graduiertenkolleg “Festperspektrosko-
pie” and by the European Community Human Capital and

, , Mobility program.
Note that(t,|zE,|t,) would be proportional to the trigonal

mixing of the A and the 4 orbitals. A straightforward cal-
culation using(6) to evaluate appropriate transition matrix
elements gives us the expression for the magnetoelectric sus- The components for the nonlinear susceptibilitigy &énd
ceptibility, () in Table | are as follows:
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APPENDIX

Xe= Xyyy™ ~ Xyxx— — Xxyx— — Xxxy>
Oup A Ui

xx 4/-L0C5ﬁ(w_wm) Ee— Et2 Ep_Ed MoA(T), (a4 Xe; = Xyyy»

in dimensionless units. Here, is the density of Cr ions in Xep™ 7 Xyxx™ 7 Xxyx™ ~ Xxxy:
Cr,0; (=3.3x10°® m™3%) andA(w—w,)~0.5 eV in the

region of experimental interest. Thus by evaluating the above Xa= Xyxz= = Xxyzs
expression, we estimate,,~0.2<10 * which is of the .

same order of magnitude as that observed experimentally. Xa, = Xyxz:

This also means that the nonreciprocal rotation would be

~10"4 rad. Since the ED process that we consider couples Xa,= ~ Xxyzs

light to the order parameter, the observed temperature depen-
dence follows naturally from our theory. Xb=Xyzx= ~ Xxzy
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Xb, = Xyzx) Ym, = VYyyys

Xb,= 7 Xxzy: Ym,= T Yxxy™ T Yxyx— — Yyxxo

X1= Xzzy= Xzyz— Xyzz» — _ _
Y1= Yzzy= Yzyz— Vyzz:

X2= Xzyx: Above the Nel temperature ally’s and vy, vanish (and
R Ym,= Ym,= ¥m). It is then reasonable to assume that below
Ty 1 is much smaller than all other matrix elements since it
X4= Xxyy™ Xyyx= Xyxy: is of magnetic dipole character and only allowed due to the
breaking of inversion symmetry below the &léemperature.
X5= X2 Xxxz= Xxzx> The components of the electric quadrupole susceptibilities in

Table Il are as follows:
X6= Xzyy™ Xyzy= Xyyz>

_ zlz’ixxyy:}yyxw
X7= Xzzx— Xzxz— Xxzz»

X8= Xzzz X2= Xxxzz— Xyyzz:
X9= Xyyz= Xyzy™ Xzyy» X3= Xzzxx— Xzzyy
K= Xaxy: Xa4= = Xzxyy™ Xzxxo™ ~ Xzyxy™= ~ Xayyx= ~ Xxyzy

Ym= Yyyy=™ — Yyxx— — Yxyx— — Vxxy» = T Xxyyz— — Xxzyy:
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