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Magnetic quenching of time-reversed light in photorefractive diluted magnetic semiconductors
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Magnetic fields selectively quench phase conjugation during photorefractive four-wave mixing experiments
in the diluted magnetic semiconductor £¢dMn, Te. Phase conjugation using circularly polarized light fields
differentiates between the time-reversed and non-time-reversed components of the four-wave mixing signal.
The experimental results establish the connection between the removal of time-reversal symmetry in the solid
state by magnetic fields and the magnetic-field-induced quenching of time-reversed phase-conjugate light.
[S0163-182698)08739-9

I. INTRODUCTION fractive semiconductors constitute a category distinguished
by fast response times and high sensitivity.
Phase conjugation is a nonlinear optical effénvolving For the study of the effects of magnetic fields on phase

coherent light beams that interact in a nonlinear optical maeonjugation, diluted magnetic semiconductors stand out due
terial to generate a beam that exactly retraces the path arid their pronounced magneto-optical properties. Diluted
reconstructs the wave front of one of the incident wavesmagnetic semiconductors are compound semiconductors
called the probe. This property suggests possible applicatiori§ypically 11-VI alloys), the cations of which are partially
for phase conjugation such as beam cleanup in laser systeragbstituted with a transition-metal impurity, the most com-
and distortion compensation for beam propagation in distortmon being MA". The magnetic impurity can be incorpo-
ing media?>~* An often-used analogy between phase conju~ated in the lattice up to large alloy fractions while preserv-
gation and the time reversal of light wavds based on the ing the crystaline and band structure of the host
wave-front reversal properties of phase conjugation. In thesemiconductor. As a consequence of the exchange interac-
context of optics, invariance under time reversal produce$ion between the unpairettshell electrons of the Mii ions
symmetries in a range of optical processes, as for instance end thes- andp-like electrons in the conduction and valence
inelastic light scatterin§.Time reversal by phase conjuga- band of the host lattice, the presence of the?Mions leads
tion has been shown to lead to the cancellation of the geato pronounced magneto-optical properties of the material.
metric Berry’s phaseé However, the relationship between the The most prominent of these properties are giant Zeeman
time-reversal symmetry of a crystal Hamiltonian and macro-splittings and giant Faraday rotatidA$® that diluted mag-
scopic optical phenomena, in particular, phase conjugatiometic semiconductors exhibit under moderate magnetic fields.
has only been tentatively explored. An avenue toward th&he very large magneto-optical effects exhibited by these
clarification of the relationship between this fundamentalmaterials, for which CdMnTe has been most thoroughly
physical property and phase conjugation is suggested by theharacterized, make them an ideal material system for the
removal of time-reversal symmetry and lifting of Kramers’ study of magneto-photorefractive effects.
degeneracy of a system upon the application of magnetic The effect of magnetic fields on photorefractive phenom-
fields. The objective of this work is to assess the relationshigna in diluted magnetic semiconductors has been studied
between time reversal and phase-conjugate light by studyingreviously in the case of two-wave mixifyand phase
the influence of magnetic fields on phase conjugation. conjugationt®> The use of linearly polarized beams high-
Phase conjugation can take place through a variety of inighted the symmetry properties both of the electro-optic ten-
stantaneous electronic (y(®-type) nonlinear optical  sor (with cubic symmetry and of the magneto-optical and
processed,” such as Raman and Brillouin scattering, the op-photorefractive geometries. In the phase conjugation experi-
tical Kerr effect, two-photon absorption, or photon echoes. Irments, the presence of a magnetic field dramatically affected
contrast, the photorefractive efféctwhich provides the both the magnitude and the linear polarization of the phase
mechanism for phase conjugation in the present work, is aonjugate signal® Nevertheless, the experimental configura-
noninstantaneous, low-intensity, and nonlocal optical nonlintion did not permit a clear analysis of the effect of magnetic
earity. The photorefractive effect occurs during nonuniformfields on the time-inversion properties of phase-conjugate
illumination of a material and relies on the generation of alight.
guasistatic space-charge field through the photoexcitation of In this work we explore the effect of magnetic fields on
charge carriers from deep-level defects and the subsequephase conjugation using circularly polarized interacting
transport and trapping of the carriers at deep carrier trapdieams, which are eigenmodes of propagation under magnetic
The space-charge electric field, acting through the electrdfields. This experimental situation leads to the clarification of
optic effect, induces a refractive index grating in the matethe role of magnetically induced nonreciprocity and its con-
rial. Among the families of photorefractive materigferro-  nection to time-reversal symmetry in phase conjugation. Sec-
electric oxides, sillenite¥, and the more recent tion Il describes a model of phase conjugation in the photo-
photorefractive polymers and organic glaSsds photore-  refractive diluted magnetic semiconductor CdMnTe. Section
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two-wave mixing can also be neglected, because in our ex-
/ periments it is usually only several percent. Therefore the
backward modulation of the grating along the thickness of the crystal is
constant. Third, the strength of the index grating does not
vary along they direction if the intensity at the back of the
T - / sample is above the saturation intenSifyherefore the gen-
[110] eral problem of four coupled modes can be simplified to that
of the backpropagating pump diffracting off the grating pro-
duced by the interference of the pump and the probe.
conjugate The presence of a magnetic field introduces an additional
degree of complexity by producing circular birefringence in
FIG. 1. The crystal orientation and beam interaction configurathe crystal, through the Zeeman effect. We do not observe in
tion for phase conjugation through four-wave mixing in a photore-the experiment, and therefore do not take into account in the
fractive cubic zinc-blende crystal. A magnetic field is applied alongmodel, any other influence of the magnetic field on the for-
the propagation direction of the interacting beams in the longitudimation of the photorefractive grating. In the regime of rela-
nal Faraday geometry. tively weak magnetic fields, where the giant Zeeman split-
tings are linear in the magnetization of the crysfathe

Il presents the experimental results, which are discussed igircular birefringence is also linear in the applied magnetic
Sec. IV. field:

pump

II. MAGNETO-PHOTOREFRACTIVE PHASE n_—n;=2An=2V(B- R)/k, (D)

CONJUGATION IN CdMnTe . . . . .
wheren_(n_.) is the index of refraction for negatiyg@osi-

The physical mechanism studied here for the generatiotive) helicity light, k is the wave vector of light, and is the

of phase conjugation is photorefractive four-wave mixing.Verdet constant of the material. When the field is along the
Photorefractive phenomena are in general strongly depemirection of propagation of the pump and the probe, the pro-
dent on crystal orientation and beam polarizations; these pgection of the magnetic field on either wave vector gives
rameters must be fully specified. In the configuration showrg. k~B, pecause the internal half-angle between the two
in Fig. 1, two beams incident on the photorefractive zinc-peams is usually smalless than 4F. In the presence of a
blende crystalprobea and forward pumb, shown as hav-  magnetic field applied along the direction of propagation of
ing negative helicity write a photorefractive index grating. light (in the so-called Faraday magneto-optical
A third beamd (the backward propagating pungiffracts  geometrie¥"'9, the propagation eigenmodes of light are cir-
off this index grating and generates the phase conjugate Qijarly polarized beams; therefore, in the following we will

the probea. To satisfy the Bragg phase-matching conditionse a circular polarization representation for the interacting
for phase conjugation, the backward pump and the forwar¢yagms.

pump wave vectors must be antiparallel.

To derive the phase-conjugate beam amplitude, four inter-
ference gratings must in general be taken into account. How-
ever, in our situation the derivation of the phase-conjugate The photorefractive effect is strongly dependent on the
field is simplified considerably by several approximationscrystal orientation due to the tensorial nature of the electro-
that are easily satisfied in practice. First, the backpropagatingptic coefficient. For cubic zinc-blende crystals in the stan-
pump is much weaker than the pump and the probe, makindard holographic cuishown in Fig. ], the anisotropic nature
it possible to neglect all gratings apart from the transmissiorf two-wave beam coupling is descridédy means of a
grating generated by the pump and the probe. Second, thlnes matrixM ;. In the circular polarization representation
energy transfer between the pump and the probe througi has the nonunitary Hermitian form

A. Four-wave mixing

—+
My~ My

M,.=
[ + - ++
My My

)

_ S4/2 3¢5, —S4l2+ic4(3c5—2)
3554~ S4/2—ic,4(3¢5—2) $4/2 '

Here the components of the matrix are indicated by theric field E. is oriented along the axis and the evolution of
superscripts, and we have used the abbreviatigrssing  the phase-conjugate beamalong the thickness of the crystal
andc,=cos¢, whereg is the angle between th¢10] crys- vy is

talline axis and the direction of the space charge figld, I ) .
which is in the direction of the grating vectdt. In the a (C—): tkn®ryy  16Ep  (b-a") (d—> 3)
coordinate system depicted in Fig. 1, the space-charge elec- dy |C+/ 2c0s6i, 1+Ep/Eq lo+1, — #1ds
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in the absence of a magnetic field. B. Magneto-phase-conjugation
In Eq. (3) c_(c.) is the negativepositive) helicity com- Equation (3) gives the rate of change in the phase-

ponent of the phase-conjugate beam. The refractive index igonjugate beam amplitude at a given coordinatong the

n, 41 is the electro-optic coefficient), is the internal half-  thickness of the crystal. When the application of a magnetic
angle between the pump and the proBg=2mkgT/eA is  field induces circular birefringence, the electric-field vectors
the diffusion field, andg, is the space-charge limiting fiefd. of the positive and negative helicity components experience
The factoré takes into account electron-hole competitin; different phase delays, which can be described by appropri-
in the single-carrier casé=1 for electrons and=—1 for  ate Jones matrices. At the front face of the crystal the incre-

holes. ment in the phase-conjugate amplitude is
|
d (c_) (b-a*) [ exp(in_ky) 0 v exgin_k(L—-y)] 0 (d_) 4
_ [0/ —
dylci/[ o Tatlo 0 expgin,ky)/ ¢ 0 exdin, k(L—y)]/\d+ /], _ " @

where L is the thickness of the crystal amd (n.) is the index of refraction for the negatigositive helicity. The
dependence of the photorefractive grating amplitude on the pump and probe intensity can be dropped because the ratio
between the pump and the probe intensity is constant in a first approximation. The phase-conjugate field at the front face of the

crystal is obtained by integrating E@}),
) Lale
ci/ Jo dylcs

M, exp(iVBL) M, sinqVBL) (d>
M sinVBL) Mj exp—ivBL)/\d+

dy, 5

to yield

(b-a*)
lat1p

oC

, (6)

y=L

<

y=0

with sinc(x) =sinx/x. The intensities of the two polarization The focus of our interest is how the phase-conjugate light
components at the front of the crystal are depends on the applied magnetic field and on the crystal
symmetry and orientation. For this purpose, we will make
the distinction between the component of the phase-
conjugate beam that has the same helicity as the probe,
which we will call the “time-reversed” beam, and the com-
Xsinc(VBL)|d, |2 (78 ponent with the orthogonal helicity. This distinction is con-
sistent with the terminology used for vector phase
conjugationt®%°

Sy 2
- +icy(3c5-2)

2
2
A2+ 5

|c_|?
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2

3¢5,

2

S
o4 |2 |3¢3s4— = —icy(3¢3—2)| siné(VBL)|d_|?

2 The phase-conjugate beam depends on the crystal orien-
) tation through the angle, and on the magnetic field through
" S¢ Id |2 (7b) the siné(VBL) factor. Even in the case when the backward
2 * propagating pump has a well-defined circular polarization,

the phase-conjugate beam contains polarizations of both he-
In the preceding derivation we have not explicitly consid-licities. In practical phase conjugation setups, there are two
ered the effect of a finite absorption coefficient, nor of circu-important situations, depending on whether the backward
lar dichroism, on the phase-conjugate components. Both alpump has the same or opposite circular polarization as the
sorption and circular dichroism can be formally introducedforward pump and probe.
into Eq. (4) by substituting
C. Same helicity back pump

n_—n_—ia_/2k 8
- “ ® When the three beams have the samegative helicity,

with a similar equation for the positive helicity. Absorption d=d_, the phase-conjugate components are
only leads to an overall exp{aglL) factor in the phase-

conjugate components, and circular dichroism changes their e [?c[M 7 [2]d |, (93
dependence on the magnetic field. From the experiments, we
can assess an upper limit on the circular dichroism e |?c|M 7| sind(VBL)|d_|. (9b)

—a,|/ap=0.05 for a fieldB=4T. We will neglect absorp-

tion in the following sections, since its only effect is to scale  The intensity of the component of the phase conjugate
all components of the phase-conjugate signal by a commowith the same polarization as the incident probe does not
factor. depend on the applied magnetic field, while the orthogonal
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polarization component vanishes for several specific valuea) b)

of the magnetiC ﬁ6|d, wheWBL= (N + 1/2)77- This is a case Time-reversed Beam Quenching Time-reversed Beam Non-quenching
where the “non-time-reversed(opposite polarizationcom-
ponent of the phase-conjugate beam is quenched by the aj
plied magnetic field. Although four-wave mixing generally
does not preserve polarization in photorefractive crystals, in
this arrangement, fov BL= (N + 1/2)7, the phase-conjugate
beam has a pure polarization state, which is the same as thi
of the incident probe.

D. Opposite helicity back pump FIG. 2. A magnetic field can lead to the selective destruction of

An important experimental situation is the one where thethe Bragg phase-matching conditiok,{- k,=k+kg) in photore-
backward pumm is generated by the retroreflection of the fractive phase conjugatioria) for the time-reversed component of
pumpb. If the incident beama andb have negative helicity, the phase conjugate_ the circular birefringence induced by the
thend has positive circular polarization upon reflection. Eqs.magnetic field leads to a wave-vector mismashwhich gives rise
(7) then are to the characteristic siRcdependence of its intensity with field,

while (b) for the orthogonal polarizatiom, the phase-matching

Sy . 5 2 condition is unaffected.
- Ticy(3cy,—2)

2
o2 :

2
30¢s¢—

lar birefringence. The influence of natural circular birefrin-
xsiné(VBL)|d,|?, (109 gence(optical activity on phase conjugation by four-wave
mixing has been the subject of some stat$? but the link
2 5 between either type of circular birefringence and reciprocity
d. ] (10b) or time reversal has not been explicitly analyzed. Reciprocity
imposes the relationsHip on the scattering coefficient

The applied magnetic field has no influence on the polarizag(k k') connecting an incident wave with wave vectoto
tion component that is orthogonal to the incident polariza- scattered wavk’, given by

tion. On the other hand, the component of the phase-
conjugate signal that has the same polarization as the
incident probgthe “time-reversed” component of the phase

conjugate is quenched in the presence of the magnetic field , . . . . .
for VBL=(N+1/2)7. Therefore, the magnetic field affects which |sda statetment of the llnyarlance of thetr?ca(tjt.erlntg pro}
the components of the phase-conjugate beam in opposiFeeSS under motion reversal, i.e., reversing the direction o

manners depending on the helicity of the backW(,ird_propagation. Reciprocity is sufficient for the process of opti-

; cal phase conjugation.
propagating pump. A simple example is the case of plane waves, which un-
dergo reciprocal propagation in optically active media but
nonreciprocal propagation in the presence of magnetic circu-
The effect of magnetic fields on phase-conjugate light idar birefringence. The scattering matrix for the phase-
closely related to the nonreciprocal nature of magnetic circueonjugate wave at coordinaye[from Eq. (5)] is

S
25|29
|C+| o< 2

S(k,k")=S(—k",—k), (11

E. Reciprocity, Bragg matching, and time reversal

exp(in_k.y) 0 exdin_kq(L—y)] 0
S("“’kc):< 0 exmmkcy)) ¢< 0 exr[imkd(L—y)])’ (12
which becomes
. M, exgdiAn(k)kL] M;*exp:iAn(k)k(Zy—L)]
S(kd’k°):eXp('”°k")(M;‘exq—iAn(k)k(zy—L)] M *ext —iAn(K)KL] ) 13

in the paraxial approximation, after expansiok=(k,). does not depend on the direction of propagation and which
Upon change of direction of propagatitn- —k, an exter- therefore satisfies the reciprocity relation.

nally applied magnetic field transforms the refractive index The effect of nonreciprocity on the phase-conjugate beam
asAn(k)=—An(—k) from Eq.(1). Therefore the scattering can be analytically understood in terms of the Bragg condi-
matrix is not invariant under change of direction of propaga-ion that must be satisfied in four-wave mixing,+ k.=kpy
tion. The presence of magnetic fields leads to nonreciprocat ky (Fig. 2), so that the contributions to the phase-conjugate
generation of phase conjugate beams. This is in contrast witheam along the thickness of the crystal add constructively.
the case of natural optical activity, where the sigmaf(k) Circular birefringence can modify the magnitudes of the in-
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perimental arrangement is shown in Fig. 3. We used a nomi-

Lock-in
i = nally undoped CdMnTe cryst&10% Mn concentratior ori-
Photodiode  [Laser ented in the standard holographic cut and with a thickness of

790nm {j

My Cong L=2.7 mm. The coherent light source was a 45 mW diode
o Analyzer laser emitting in the near infrared at a wavelength of 790 nm.
wlustable 27 This wavelength is close to the band gap of,gg¥ing ;oTe
— A HE (1.69 eV at the working temperature of 220, Kvhich en-
ClasoginonTe  chopper | &[S that i ime where th to-optical ef-
Sample 3 . sures that we are in a regime where the magneto-optical e
~ Beam fects are significant.
o Splitter [ ] The photorefractive index grating is produced by the in-
7 terference of the pump and the probe, which have negative

) , ‘helicity (right-handed circular polarizatiprupon incidence
FIG. 3. The standard retroreflection experimental setup used Nh the sample. The total intensity incident on the sample

photorefractive phase conjugation through degenerate four'wavgorrected for all Eresnel losses. wasl00 mW/cn?. The

mixing. The C|rcu_lar polarization states of the interacting waves areratio of the probe and pump intensity was about 0.47, which
indicated in the figure.

gives a valuan=0.93 for the modulation of the grating. The

teracting wave vectors, leading to a wave-vector mismatciR€riod of the interference grating was=2m/K=2.5 um.
Ak that destroys the Bragg phase-matching condition and The packward-propagatmg pump was produced by ret-
leads to the characteristic sigt/BL) dependence of the dif- roreflecting the pump beam transmitted through the sample,
fracted beam intensity in EGL0). giving it positive helicity. The phase-conjugate beam gener-
The connection with time reversal comes about througtt€d by photorefractive four-wave mixing in the CdMnTe
the nonreciprocal nature of magnetic circular birefringences""mpka propagates back along the path (.)f the probg an_d IS
(the Faraday effegtwhich distinguishes it from natural cir- detected using a silicon photodpde. Th_e circular polgrlza_ttlon
cular birefringence(optical activity, which is a reciprocal components of the phase-conjugate signal are distinguished
effect. In contrast with the Bragg mismatch in uniaxial bire-USing an analyzer placed in front of the detector. The back-

fringent crystals, which can be canceled by tilting the pumpProPagating pump beam was mechanically chopped and the
beams or crystal, the Bragg mismatch due to magnetic-fiel(J‘Ek:“tectecl phase-conjugate signal was measured using a

induced circular birefringenceannot be compensated by an- 10ck-in amplifier referenced to the chopper frequency.
gular tilt while still preserving the direction of the phase- 1€ limited coherence length of the diode lagaout 10

conjugate beam wave vector. cm) ensures that the backpropagating pump is not coherent

The analogy of phase conjugation with time-reversed"’ith the writing beams and therefore the mode-coupling

light’ is mathematically rigorous when the transformation ofeduations in the previous section are valid. Also, due to the
the scattering matrix under motion reversal is identical withiNite @bsorption of the sample<(6 cm ) and to the Fresnel

the transformation under time rever&aiThis is possible |0SS€S on the cryostat windows and sample surfaces, the

when the scatterefcomposed of the scattering crystal plus Packward pump is relatively weak and its efféetasurg on
external fields is invariant under time reversal. The crystal th€ index grating can be neglected.

Hamiltonian of an optically active crystal is symmetric under 10 @Pply magnetic fields on the crystal, the sample was
time reversal, and therefore motion reversal is alwayd!@ced in a superconducting magnet cryostat. The tempera-

equivalent to time reversal. However, the crystal Hamil-ture of the CdMnTe crystal placed in the helium-flow sample

tonian of a paramagnetic crystal in a magnetic field is nochamber could be varied from liquid-helium temperatures to

symmetric under time reversal. Therefore, the transformal00m témperature. The sample temperature was maintained

tions of the scattering matrix under motion reversal and time2t T=220 K throughout the experiments in order to maxi-
reversal are in general different. In this case, motion reversdl'iz€ the strength of the photorefractive coupling by mini-
is not equivalent to time reversal, except under specific conMiZing électron-hole competition. Also, the low temperature

ditions (crystal orientation and light polarizationfor which ~ €nSures the freeze-out of _the free carriers thermally generated
the transformations are accidentally degenefa® in the from shallow defects, WhICh. tend to erase the sp_ace-charge
case of the same helicity back pump described in Sec). 1l ¢ 9rating. These effects combine to produce a maximum pho-

. . 14
In our experiments on four-wave mixing in CdMnTe crys- {oréfractive gain around the temperatdre 250 K.
tals as a function of applied magnetic field, we have used a 10 compare the measured dependence of the phase-

back pump that had the opposite helicity relative to the for-Conjugate intensity on the magnetic field with.the predicted
ward pump and signal polarizations, described in Sec. I pdependence, the Verdet constant was determined separately.

In this configuration, and for the crystal orientations that weCrossed linear polarizers were placed in the probe beam in

choose, the transformations under motion reversal and timEont of and after the cryostat and the transmission of the

reversal are not equivalent, and the phase-conjugate beam§&Mmple was measured as a function of the applied magnetic

continuously quenched with increasing magnetic field. field. This gave a Verdet constakt=935 deg/T cm at the
operating temperature and wavelength.

The numerical value of the phase-conjugate reflectivity
(defined as the ratio between the phase-conjugate beam and
We have investigated the effect of magnetic fields onincident probe beam intensitleslepends on the refractive
phase-conjugate light in photorefractive four-wave mixingindex modulation of the photorefractive grating. Typically in

experiments using a standard retroreflection setup. The exur experimental situationdn~1.5x10"°. The maximum

IIl. EXPERIMENT
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10* ﬁm L B R
n (S
0.970.1 Negative helicity
/\E:Z.Sum incident beams 10°
10° T=220K
e  Experimental
data FIG. 4. The dependence of the phase conju-
KII[110] Theory 1 10! gate intensity as a function of the magnetic field

10 when the grating vector is along th&10] crys-

tallographic orientation. The dots represent the
experimental data while the continuous line is the
calculated dependence within a multiplicative

factor.

0=0°

2

102
10

Phase Conjugate Signal (arb.units)
(syun‘qre) Aysuauy D "d [BOLRIOAY],

1073

10°
-4 -3 -2 -1 0 1 2 3 4
Magnetic Field (Tesla)

phase-conjugate reflectivity is correspondingly small, aboutal and the curve is the calculated dependence of the phase
R=2x10"%, which has been corrected for reflection lossesconjugate on the magnetic field, within a multiplicative fac-
A measure of the accuracy of phase conjugafiwave-front  tor. The experimental data show that for this orientation the
reversal is the fidelity of phase conjugatici:®® For compli-  total phase-conjugate intensity is quenched by the magnetic
cated wave fronts, phase conjugation is generally only parfield according to the predicted sfdunction from Eq.
tial. In our experiments, phase conjugation fidelity could not(103.
be easily quantified due to the weak four-wave mixing sig- The component of the phase conjugate that can be con-
nal. However, we verified the phase-conjugate nature of theidered to be time-reversed has negative helicity in this ex-
diffracted beam by checking that the introduction of a mild periment, because circular polarization is preserved upon
phase aberratd@a long focal length lensin the probe beam time reversal and we prepared the signal beam in a negative
does not alter the magnitude of the signal. helicity state. Therefore in this orientation the phase-
We have investigated the dependence of the phaseonjugate beam only contains the component that is time
conjugate beam intensity on crystal orientation and appliedeversed with respect to the incident probe. For all other
magnetic field for three different crystal orientations, definedcrystal orientations both polarization components of the
by the direction of the grating vectd¢ with respect to im- phase conjugate are present.
portant crystallographic directions. The three orientations For the grating vector oriented along thEL1] crystallo-
considered exhibit well-defined beam coupling properties foigraphic axis, the dependence of the phase-conjugate intensity
specific incident polarizations and are standard in photoreen magnetic field is shown in Fig. 5. The measured total
fractive mixing experiments. phase-conjugate intensitdots and the negative helicity
The first crystal orientation we examined had the gratingcomponent of the phase-conjugate begincles are both
vector K parallel to the[110] crystallographic axis. Equa- plotted as a function of field. The component of the phase-
tions (10) show that in this crystal orientation, where the conjugate beam having a polarization identical to that of the
angle ¢=0°, the phase conjugate consists entirely of theincident beams is again quenched by the magnetic field with
negative helicity component. The measured total phasehe siné(VBL) dependence. The positive helicity compo-
conjugate intensity is plotted as a function of the magnetiment of the phase conjugate is the field-independent baseline
field in Fig. 4 on a logarithmic scale; the data are experimenwhich persists up to high magnetic fields. This component

Cdo_gMnO'lTe

2z e A=2.5um =
‘= L 8 4 100 2
= 1000 £ Negative helicity T=220K 1 (%
2 3 incident beams ] =
- = =
& Total phase conjugate | 8 FIG. 5. The dependence of the phase conju-
Té‘ beos ,%0%000® o0, 0*0e%% Soteedoggee o, L o000 LY o gate as a function of the magnetic field when the
.(%0 L e O grating vector is along thgl11] crystallographic
e 100 KI[111] . ] =) orientation. The points are the measured values of
S r 7, . ] g the phase-conjugate intensifgots, total phase
2 L $=35.3° Negative helicity | = . - circl h ; helici )
g i . . component | 3 conjugate; circles, the negative helicity compo
O % °, LB nend while the continuous lines are the calcu-
g 10 °,7 ERA: lated dependence for this orientation, up to a con-
& i {\ ? . s stant factor.

\. ﬂl b oyl | ﬁ

-4 3 2 -1

n

0 1 2
Magnetic Field (Tesla)
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o 80 T Cd, Mn Te | 20
£ F A =2.5um 3
5 700 F  Negative helicity F=220K ]
£ E incident beams 416 2
< N Q
= 600 ¢ =
E K[ 100] o FIG. 6. The dependence of the phase conju-
& 300 12 0 gate as a function of the magnetic field when the
E 00 —————— S % NNe g grf'ating yector is along thELOQ] crystalllographlic
gn . 1 g orientation. The measured phase-conjugate inten-
] 300 ] 08 g sity (dots for the total phase conjugate; circles for
@] 200 = the negative helicity components plotted to-
§ - 04 % gether with the theoretical dependence.
f Negative helicity Theory g
100 component =

-4 -3 -2 -1 0 1 2 3 4
Magnetic Field (Tesla)

remains constant and is unaffected by the presence of thehown that it is valid only when the transformations of the
magnetic field. The magnitude of the baseline in the prescattering matrix describing four-wave mixing are identical
dicted curve is smaller than in the experiment, perhaps bednder motion reversal and time reversal. The success of this
cause the ratio between the intensities of the two polarizatioanalogy over the past two decades has rested on the invari-
components of the phase conjugate depends sensitively @ce of most optical crystalexcluding magnetic crystalo
the orientation angleb. Therefore, the effect seen in the fig- time inversion. In the presence of finite crystal magnetization
ure may be due to a small misorientation of the grating vecthe crystal is no longer invariant under time reversal, and the
tor around thg111] direction. analogy t_)etween optical phase conjugation and time-
This experimental condition represents a situation wher&€Versed light breaks down, except under accidental condi-

; e ions.
an applied magnetic field only affects that component of the .
phase-conjugate light that constitutes the time-reversed re 2 \{c\(]ee Tﬁ:_rgcgfsrgpe;gg:g di?]]r%rsftrr]atﬁ?e tge I?égﬁggogfn
lica of the incident probe, while the magnetic field has no gy 9 bp

o a magnetic field on a diluted magnetic semiconductor during
eﬁept on the orthogonal polarization component of the phas?our-wave mixing in a Faraday geometry using circularly
conjugate.

. . . larized light. Rather than exhibitin iscontin viola-
A further experimental verification that the tlme—reversedpoa ed light. Rather than exhibiting a discontinuous viola

ti hed und tic field while th tion of the time reversal analogy, the time-reversed signal
component 1S quenched under-a magnetic field while the ory guenched as a continuous function of applied field that
thogonal polarization remains constant is depicted in th

. X . . decreases second order in the magnetic field for small field
linear-scale plot in Fig. 6 for the case where the gratin g

' A ) gstrengths. The quenching of the time-reversed light can
vector is along th¢100] crystallographic direction. For this be described as a continuous Bragg misalignment with in-
orientation the data have more scatter due to larger nois

The deviati f the total oh ugate sianal f f reasing magnetic field, but differs in a fundamental way
b € I_eV|a ,lor?. Oh f Eido.a ptta.‘seicgntjugda.fet (sjlgr)a :gm alldkom Bragg misalignment in optically active crystals. The

aseline at high neids 1s attributed fo drift during the mea'Bragg misalignment caused by magnetic fields cannot be
surement. The negative helicitfime-reversefl component

) ) . e corrected by rigid rotation of the crystal or pump beams
is again quenched \.N.'th the_charactenshc SivB L)_dep_en- ._through small angles, and therefore represents a fundamental
dence, but the positive helicity component remains field in

; ) - ‘modification of the phase-conjugate signal caused by the
dependent up to high magnetic fields. magnetic field.
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