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Magnetoelectric Spectroscopy of Electronic Transitions in Antiferromagnetic CpO3
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Optical effects due to electric dipole—magnetic dipole interference were predicted for crystals which
are noninvariant under space-inversion and time-reversal symmetry. We report measurements of the
nonreciprocal rotation and ellipticity of light reflected from antiferromagnetic-magnetoelect@,@r
a spectral range from 1.6 to 2.5 eV, which comprisés — 2E, 2T, and*T, transitions. An analysis
provides new information about symmetries of excited states and shows that previous assignments of
excitonic lines cannot be entirely reconciled with our data. [S0031-9007(96)00330-4]

PACS numbers: 78.20.Ls, 75.50.Ee, 75.80.+q

It is well known that the space-inversion symmetiy ( We note in passing that an attempt to interpret the rota-
breaking creates a large variety of optical phenomenajon in reflection in time-invariant crystal GaAs as a non-
which are forbidden in centrosymmetric crystals. Thereciprocal effect [8] is completely inconsistent with the
well known example is the optical activity; see, e.g., [1].time-reversal symmetry of electromagnetic interactions.
From a microscopical point of view these effects arise dud his interpretation was recently criticized in [9].
to the fact that matrix elements of odd and even (under Taking into account (i) controversial estimates of the
space-inversion) operators between the same pairs of crystagnitude of the property tensar;;, (ii) its possible
tal states may bsimultaneouslynonzero. Thus, matrix strong frequency dispersion in optical range, and (iii) its
elements of the electric dipold,; and the magnetic relation to a new kind of interference between electric
dipole m,; (or electric quadrupole) moments betweendipole-magnetic dipole mechanisms which should lead to
states|n) and |k) give rise to a contributiorg,(-?k) to the Spectra different from those obse_rved in abso_rption, we
second-rank axial tensgs;, which describes a rotation of reportin this Letter results on the firspectroscopistudy
the polarization plane of light wave propagating through &f NR optical effects in reflection in GO3, a material
crystal with well known crystallographic and magnetic structures.

gﬁ;'k) J 1 We show that observed effects are in agreement with re-

~ Imd, ; : : .
N . n,ld"’fm”"’ o cent estimates [3—5]. Our studies provide new informa-
wherei and; are Cartesian indices. The tenggristime  {jon about the nature of electronic transitions and their

evenand, hence, may be nonzero in crystals both invariangpitiings under the combined action of exchange and
and noninvariant under the time-reversal opera_ltlm)_.( spin-orbit interaction.
The time-odd axial property tensora;; may exist in The experimental setup is shown in Fig. 1. The light
crystals with the broke andlf symmetries [2]: from a 150 W halogen-tungsten lamp S passes through
a,(fk) ~ Red},mhy; . (2) a water filter F, a Glan polarizer GP, and a polarizing
This tensor gives rise to the gyrotropic birefringence inbeam splitter BS. Then the light with polarizatidiy
transmission and to the nonreciprocal (NR) rotation offasses through the modulator M and is focused by the lens
plane polarized light in reflection. First estimates of these-4 On the surface of the sample in the optical cryostat.
effects gave values on the order i6f 8 rad [2] and thus The reflected light goes back through the modulator. M
were not encouraging for an experimental search. Nev@nd passes the polarizing beam splitter BS. The light
microscopical theories reported quite recently [3—5] (sedVith polarizationE, L E, is directed to the input slit
also [6]) showed that NR optical effects relatecitg may of a grating monochromator. The intensity of light is
be on the order of0~4-10~5 and, hence, they could be Measured on the first and the second harmonic of the
detectable using modern polarimetric techniques. Mea@Perating frequency of polarization modulator.
surements of the NR rotation and ellipticity of reflected When measuring the rotation, the Faraday cell was used
light were done only at one wavelength € 0.6328 um) 2asSa polar!zatlon modulator (400 Hz). The measurements
in antiferromagnetic GOs [7] in which the magnetic Were carried out by.a compensation method. For this
symmetry allows the property tensaf;. Values on the PUrpose an electronic scheme generated in the Faraday
order of 1074~107° rad were obtained for the rotation
and ellipticity; however, they could be hardly regarded as % o § 8 Ly B L M o
proving or disproving theoretical estimates [3—5]. In fact, H—H—E—G* G*E—e-'-
the coincidence might have been accidental, since, as we
show below, the rotation and ellipticity change their mag-
nitudes and signs when sweeping the frequency of light o ChrOmARE
through thed-d absorption bands of GD. FIG. 1. Schematic of experimental setup.

sample  cryostat
GP
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cell the dc rotation of polarization plane of the same 8 . ' - ' T
magnitude and of the opposite sign as compared to € 6} : 1
the rotation caused by reflection from a sample. The 3 ,l
o . -5 s T=90K
sensitivity was=10"" rad. ., 3 /
When measuring the ellipticity, which is proportional g e,
in our geometry to the circular dichroism in reflection, § 0 ¥

the photoelastic modulator was used. The ellipticity of 20
reflected light was calculated as= (6/4)I,/1,, where

I, and I, are the magnitudes of electrical signals on
the first and second harmonics, respectively, of the
operating frequency (32 kHz) of photoelastic modulator;
6 = 0.08-0.12 is the amplitude of ellipticity modulation.
The sensitivity was=10"" rad.

Below the Néel temperaturdy = 307 K, Cr,0O5 has
magnetic point grou@s, (D3), which allows the mag-
netoelectric (ME) effect, i.e., nonzero tensefj. Cs-
axis-oriented platelike sample8 & 3 X 0.5 mm) were
prepared from boules of GD; grown by the Verneuil Y A : : :
method. The crystals surface was polished by a diamond 16 18 20 22 24

. L . . . Energy (eV)
abrasive. For elimination of possible reciprocal effects
measurements were performed for two single-domain arIG. 2. Nonreciprocal ellipticity and rotation belo#y. No
tiferromagnetic state$* and /~, which were produced effects were observed abo¥a . Splid lines are best fit calcuf
by a magnetoelectric annealing procedure in a dc electrilf’mor;S using ﬁ‘ Lorentﬁ-typ(te_ OS”C'"at.Or ”&()(tje'f- Thelsabsorptlon
field E = =200 V/mm and magnetic fieldl = *=2 kOe Spectrum is shown schematically using data from [15]
dir(_ected along thez a>_<is. The annealing fields were wherea, = a, (0) =
switched off after cooling the sample and the measuregc tansor andn? = e, (w) = e,,(w). Because of a

ments were performed without any external fields, i.e., th%veakness ofi-d transitions, the dispersion of  (w) is
spontaneous effects were measur(_ed. The d_lfffer.enfe b§r'nal| and, as seen from Eq. (3), the spectral dependence
tween measured values of the rotation and ellipticity'in of the rotation and ellipticity is determined mainly by

andi” states is due to NR effects only [7’10.]' frequency dependence of &#g8(w) and Iny, (w),
The rotation and ellipticity were measured in the spectra espectively. When considering intraiehd transitions

range 1.6-2.5 eV with the resolution 2 meV in the tem- may use a noninteracting-ion model in which a
perature region 50—300 K. The measurements were car-
ried out in geometnk || z at normal reflection of light

Absorption (arb. un.) Rotation (rad, 107%)

a,y(w) is the component of the

from the z plane of the crystal. The deviation from the £ s : ' ' T=90K
normal incidence due to the focusing of light was0°. 2 6r y i

Figure 2 shows the spectral variations of NR effects at § 4 1
temperatures 274 and 90 K. At 90 K both the rotation and 2k i
ellipticity reveal strong sharp lines of different signs in the :é . M/\’\ e
spectral range 1.7-1.8 eV. The ellipticity in the region & ° e TN/ V'
1.9-2.3 eV shows two bands of different signs centered
at 2.05 and 2.17 eV. The magnitudes of rotation and § 4t T=90K ]
ellipticity at £ = 1.98 eV (A = 0.63 um) are in good S5 oL / |
agreement with the data obtained in [7] by means of the & — " L SN
laser polarimetric technique. g0 R .

Figure 3 shows the spectra of NR ellipticity and rota- § 2r 1
tion at7 = 90 K in the spectral range 1.68-1.8 eV. The _ M
strongest line observed & = 1.704 eV corresponds to 51‘0 i
the low-energy’E exciton [11-13]. Two weak lines of ]
different signs in the region ofE excitons are placed  gos}
atE = 1.727 and1.732 eV. Three lines at 1.751, 1.758, &
and 1.763 eV originate ifT; states. ﬁo.o :

The observed values of rotatighand ellipticity ¢ are 1.68 1.72 1.76 1.80
given by [2] Energy (eV)

FIG. 3. Nonreciprocal ellipticity and rotation at 90 K in the
0 +ie=2a,(1+n)/1—-n,), (3)  region of spin-forbidden transitiorfsl, -2E and*A, -2T).
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contribution Ofs. single Cr ion «;"(w) to the tensor Wy = |uy — 3) + Bla — 1), (5)
a;;(w) is given by [1,2] o W, = |a — %> — By — %>_ ©6)
ion _ 41 Red;km;m
;i (w) = —= : pk{ o -+ i0, Here B ~ Aw/v, Where Ay, is the spin-orbit coupling
! Rem., d, parameter and is the parameter of the trigonal splitting.
s } (4) By using Eq. (4) it can be shown that transitions to
@k — @ ~ 1Ok the states (5) and (6) bring equal but opposite in sign
where the sums run over all single-ion statésy,, = contributions toa (). The spin-orbit mixing of the

E, — Ey is the energy difference between statesnd ~ |*A> — 3) state with the components of th&, multiplet

k, 8, includes the effects of damping, ang. is the modifies this simple relation between magnitudes'Bf
occupation probability of the state. As is seen from and *A bands. The energy separation of 2.051 and
Egs. (3) and (4), the frequency dependence of the rota2.169 eV bands somewhat exceeds the trigonal splitting
tion and ellipticity in the region of isolated transition has obtained in absorption [15] that most probably is due to
dispersion and absorptionlike forms, respectively. How-2 combined action of the trigonal, exchange, and spin-
ever, the quantitie(») ande(w) may behave differently orbit interactions orfA, and 7, manifolds. Thus, we
when transitions to several states are overlaping [14].  qualitatively explain the behavior af () in the region

Above Ty the tensore;; vanishes due to the time- Of 4A, — 4T, transition. Note that in absorption the
reversal and parity symmetries. However, belgy, trigonal splitting of the*T, term cannot be observed in
due to the magnetic symmetry of £, each Ct* ion  axial polarization [16].

brings exactly the same contributiar);" (w) to the ME This consideration clearly demonstrates that the fre-
tensor [2], i.e.,a;i(w) = Nal™(w), where N = 4 X quency dependence of the rotationA and ellipticity is de-
10?2 cm3 is the density of C¥" ions. termined not only by a magnitude df,m,,, but also by

Note that in the optical range the ME tensey;j(w) its sign. This feature makes the NR rotation and ellip-
arises as a result of a decomposition of the third-rankicity sensitive to the symmetry of electronic states. The
tensor v;ji(w), which describes the first-order spatial valuedy,m;, has different signs for the transitions to the
dispersion, into the irreducible representations of thestates (5) and (6), thus providing different signs of the el-
rotation group [2]. Another part of this decomposition, lipticities of 2.051 and 2.169 eV bands.
related to the quadrupole moments, does not contribute to Now we turn to the spin-forbidden transitioia, —
the NR reflection under the normal incidence of light [7].2E. It was established [11-13,17,18] that below the
The diagonal components af;;(w) cannot be measured Néel temperature the Davydov splitting of the single-
in transmission, but only in reflection experiments [2,7]. jon “A, — 2E transition occurs and instead &; and

The optical absorption in GO; [15] is characterized R, absorption lines of ruby five sharp lines labeled 1—
by two wide absorption bands due to transitions from thes and located, respectively, at 1.7036, 1.7062, 1.7234,
ground ternt'A, of the CF* ion to the excited manifolds 17263, and 1.7322 eV, appear in ,Os. However,
originated in the cubic crystal-field terntd, and*T;.  the assignment of these lines is still a controversial
Besides there are series of sharp lines associated with tk@bject [13,18].
spin-forbidden transitions to the termg, °T;, and>T;. Symmetry considerations show that there must exist two
The lines observed in rotation and ellipticity correspondr excitons and twal, excitons labeled by the irreducible
in general to lines observed in absorption spectrum [15tepresentations of the unitary subgradp By symmetry
shown schematically in Figs. 2 and 3, but in contrast taarguments onlyE excitons can be observed in axial po-
the absorption, NR effects may have different signs follarization in absorption. The same is true about measure-
different optical transitions. ments ofa | (w), since vectors of the magnetic and electric

First we discuss the spin-allowed transitioty — *T,.  dipole moments have similar transformation properties in
As seen from Fig. 2 it is split into 2.051 and 2.169 eV pD;. Note that relation (4) may be applied equally well
bands. In order to explain this splitting we should con-for calculating an exciton contribution to the ME tensor
sider the structure ofA, and *7T, manifolds of states «;(w), because th& = 0 point of the Brillouin zone is
appearing under the action of the trigonal and the exthe extremum point for exciton ener(k) in Cr,05 [17]
change fields as well as the spin-orbit interaction. Theand, consequently, exciton dispersion does not contribute
trigonal field splits the'T, cubic term into two terms of to the ME tensor [2]. Itis essential that no new waves ap-
the C3 group: “A and *E with wave functions|a, Ms)  pear at exciton resonance if the light propagates along the
and|u+, Mg), whereMg = i%, i%. The exchange field C; axis and, hence, no additional boundary conditions are
splits states with differendf/s and the spin-orbit inter- necessary [19]. For this reason Eq. (3) is applicable in the
action mixes statefi-, Ms) and |a, Mg += 1). As a re- region of exciton resonance too.
sult we obtain two states to which the transitions from As seen from Fig. 3, in the region GfE transition

[*A, — %} are allowed: we observe three lines at the positions corresponding to
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lines 1, 4, and 5 in [11-13]. A nearly “discontinuous” and ellipticity in reflection arise in such crystals due
dispersive character of the rotation in the region of lineto the electric dipole—magnetic dipole interference for
1 is due to its narrow linewidth~5 meV, which is transitions between the same pairs of electronic states.
consistent with the absorption data [15]. (We note thafThe spontaneous nonreciprocal rotation and ellipticity
lines 1, 4, and 5 were also observed in the optical seconith reflection are observed in @i,  Unlike the well
harmonic spectrum, however, with a different relativeknown polar Kerr effect in ferromagnets, which is due
intensity ratio [20].) Lines 1 and 4 were assignedBo to the presence of a magnetic moment, these effects in
excitons and line 5 to exciton-magnon excitation [13].antiferromagnetic GO5 are observed in the absence of
The conjecture of [18] that line 5 is due #3 exciton is any magnetic moment belo®y. Their magnitudes are
now questionable. However, our data cannot be entirelgomparable to those in some ferromagnetic materials. We
reconciled with the assignments of [13]. First, in [13] line explain the spectral variations of these effects as arising
5 was observed ior and 7, but not in axial polarization. under a combined action of the trigonal and exchange
Second, the theory of Frenkel excitons in,Og proposed fields as well as the spin-orbit interaction. Some previous
in [13] gives ellipticities of equals signs for tw&  assignments of exciton lines cannot be entirely reconciled
excitons, whereas we observe the ellipticities of oppositevith our data and these contradictions require a further
signs. The analysis of these disagreements is outside thieeoretical study.
scope of this Letter. This work was supported in part by the Russian
Consider the group of three lines at 1.751, 1.758, androundation for Basic Research and by a Grant of the
1.763 eV. ltis natural to ascribe these lines tothe — International Science Foundation.
2T, transition. Once again we see that the ellipticity
spectrum provides much better resolution of the first
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