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The change of the magnetization of rare-earth iron-garnet films of various compositions was 
experimentally investigated in a longitudinal magnetic field and in a range from room to Curie 
temperature. At relatively low temperatures, the magnetization of a number of films containing 
Lu and Yb is altered by nonthermal action of pulsed optical radiation. A theoretical analysis has 
shown that the nonthermal magnetization-change mechanism is due to field-governed factors in 
the Cotton-Mouton effect. An estimate is obtained ofthe time oflongitudinal relaxation of the 
light-induced magnetization. 

1. INTRODUCTION 

Many theoretical and experimental studies have by now 
been devoted to the magnetization of various media in which 
optical radiation propagates.' The physical mechanisms re- 
sponsible for such effects can be quite naturally divided into 
two groups. The first is connected with the light-induced 
change of the magentization of transparent substances, 
when the real absorption of the light energy is low and plays 
no decisive role. The magnetization change can then be at- 
tributed to stimulated scattering of light by the atoms of the 
medium. This includes the inverse Faraday effect (IFE), 
which was investigated for diamagnetic  substance^^^^ and for 
paramagnetic4*' and magnetically ordered6 crystals, and the 
inverse Cotton-Mouton effect (ICME) .7 

The second group of mechanisms that give rise to light- 
induced magnetization is connected with the interaction 
between electromagnetic radiation and crystals in the region 
of an absorption band. Thus, in Ref. 8 was considered, in a 
Cotton-Mouton geometry, the change of the population of 
the magnetic sublevels of Cr3+ ions in a ruby crystal by in- 
teraction with resonant optical radiation and the ensuing 
appearance of induced magnetization. The change of the 
magnetization of magnetically ordered crystals was attribut- 
ed in Refs. 9 and 10 to a change of the domain structure in 
the electromagnetic-radiation field by magnetic circular di- 
chroism, and in Refs. 11-13 to piezomagnetic and magne- 
toelastic interactions and to a direct thermal (pyromagne- 
tic-mechanism) change of the crystal's saturation 
magnetization. We mention also studies of magnetic semi- 
conductors, whose magnetization change is attributed to 
variation of the indirect exchange by virtual transitions of 
the electrons and to the appearance of excitonic excitations, 
1,14,15 and also studies of real photoabsorption by electrons of 

the valence band and of unfilled d and f  shell^.'^,'^ 
Observation of light-induced changes of the magnetiza- 

tion of transparent lutetium and ytterbium iron garnets by 
linearly polarized radiation-the inverse Cotton-Mouton ef- 
fect-was briefly reported earlier in Ref. 18, where the effect 
observed was theoretically interpreted using a one-sublattice 
ferromagnet model. 

We report here more detailed results. In particular, we 
have measured the temperature dependence of the magneti- 
zation change in the range from room temperature to the 
Curie point. The results have shown that at high tempera- 

tures the predominant role is assumed by thermal effect, 
even though the films remain weakly absorbing. At room 
temperature, the decisive contribution to the change of the 
magnetization of a number of samples is made by the ICME. 

The theoretical analysis casts light on the roles of ther- 
momagneto-elasticity and pyromagnetism. Analysis of the 
ICME has shown that to explain the experimental results it 
is necessary to take into account, along with the parameters 
responsible for the direct Cotton-Mouton effect and for iso- 
tropic magnetic refraction, also the factors that lead to the 
field dependence of the magnetic refraction on the external 
magnetic field. The latter are weakly revealed by direct lin- 
ear magnetooptic effects in low-strength external fields, and 
have not been observed in the direct Cotton-Mouton effect 
to this day. In the ICME, however, the role of these effects, 
as will be shown below, is predominant. The contribution of 
field quantities to the direct Faraday effect was investigated 
theoretically and experimentally in Refs. 19 and 20. 

The next section of this paper is devoted to a description 
of the experimental setup and to the measurement proce- 
dure. In the third section we discuss qualitatively the form of 
the observed signal in the thermal and direct mechanisms of 
light-induced change of the magnetization. In the fourth we 
report the measurement results for various rare-earth iron- 
garnet films. The fifth section contains a theoretical descrip- 
tion of the direct mechanism. In the concluding section we 
compare the theory with experiment and present numerical 
estimates. 

2. EXPERIMENT 

Light-induced magnetization was measured in thin (on 
the order of several microns) single-crystal Bi-containing 
iron-garnet films, with a common formula (R, Bi), (Fe, 
Ga), O,,, where R is the rare-earth ion or group of ions. In 
particular, we investigated films with R = Lu,Yb, Tm, 
(LuSm), having at room temperature saturation magnetiz- 
ations in the range 47TM, -420-200 G. These films were 
grown by liquid-phase epitaxy on a ( 1 11 ) gallium-gadolin- 
ium-garnet (GGG) substrate. 

The source of the intense electromagnetic radiation was 
a neodymium-doped YAG laser with the following output- 
radiation parameters: linear polarization 2 99.9%, emission 
wavelength A = 1.06 pm, pulse duration at half-maximum 
T, = 7-15 ns, pulse repetition frequency 12.5 Hz, pulse en- 
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ergy 5 0.01 5 J, and cross section a of the beam bounded by 
an iris diaphragm of -1 1 5  mm diam. 

Samples in the form of plates with surface area ~ 0 . 5 - 1  
cm2 were placed in the external magnetic field perpendicular 
to its force lines. The magnetic field was produced by a sole- 
noid whose axis was aligned beforehand with the laser beam. 
The laser emission was normally incident on the sample sur- 
face. 

When necessary, the radiation polarization could be 
varied with a /1/4 plate. The energy of the incident pulses 
was measured by diverting, with a plane-parallel plate, a cal- 
ibrated fraction of the radiation to an average laser-power 
and energy meter IMO-2N, and the pulse waveform was 
monitored by part of the radiation similarly diverted to an 
FK-19 high-speed photoelectric converter. 

The sample magnetization was measured with a flat coil 
having three turns of thin copper wire and placed directly on 
the sample surface. By proper adjustment, the laser beam 
was incident through the coil center but did not overlap the 
turns. The signal from the measuring coil was fed through a 
broadband amplifier to an oscilloscope. 

To estimate the temporal resolution of the recording 
system consisting of the measuring coil, the amplifier, and 
the oscilloscope we used a pulsed magnetic field produced 
between the central conductor and the braid of a coaxial 
cable by passage of a rectangular pulse." The coil was placed 
in a narrow longitudinal slot out in the outer braid of the 
cable. For times comparable with the laser-pulse duration, a 
current pulse with subnanosecond rise time can be produced 
by inducing in the coil a delta-function-like emf. The mea- 
surable broadening of such a signal passing through the 
transmission line contains information on the time resolu- 
tion of the recording system, found in our case to be -, 3 ns. 

To keep out stray signals from the laser system, all the 
recording elements were thoroughly shielded. This lowered 
the parasitic-signal level to that of the amplifier noise ob- 
served on the oscilloscope, which was of the order of 60 pv 
when referred to the amplifier input. 

For measurements ranging from room temperature to 
Curie point, which did not exceed 200" C for all the investi- 
gated films, a miniature ceramic oven was placed inside the 
solenoid. The sample was secured in the oven to a heat pipe 
with an opening for passage of the beam. The temperature 
was measured with a thermocouple whose hot junction was 
placed on the heat pipe in the immediate vicinity of the crys- 
tal. 

Since all the investigated films were grown on GGG 
substrates, special experiments were performed with pure 
GGG crystals, from which no signal was observed. 

3. PROFILE OFSIGNAL EMF 

The signal emf from the measuring coil is due to a 
change of the induction flux through the circuit around it. 
We assume for simplicity that the light-energy density is dis- 
tributed uniformly over the laser cross section, in a circle of 
radius a. It can be assumed in this case that the film magneti- 
zation also varies uniformly in this circle. The flux induced 
by the magnetization AM(t) is then equivalent to the induc- 
tion flux from a straight round current J = cAMh, and is 
equal toz2 

aZ+R2 
AcDs4nAM ( t )  ( a + ~ )  h[- 

(a+R) 

Here R is the coil radius, h the film thickness, and K and E 
complete elliptic integrals. It is assumed that the magnetiza- 
tion is constant along the film thickness, since in our case 
hga - ' ,  where a is the radiation-absorption coefficient. 
Equation ( 1 ) takes in the limit a < R the simpler form 

We shall use this simpler equation hereafter. The terms 
omitted are small, of order ( u / R ) ~ .  To take them into ac- 
count it is necessary to take simultaneous account of the real 
intensity distribution over the laser-beam cross section; in 
our case (a/R)'-, 1/4. 

It will be helpful in what follows to distinguish, as stated 
in the Introduction, between the direct magnetization 
change, due to the "instantaneous" action of the optical ra- 
diation, and the change due to the sample temperature rise. 
We can write for the light-induced crystal magnetization 
(which we designate AM, ) due to the direct mechanisms the 
phenomenologial equation 

r3AM,/(?ti-AikI,/.t=x I ( t )  . ( 3  

Here r is the relaxation time, I ( t )  the radiation intensity at 
the given instant of time, and x a proportionality coefficient 
determined by the specific mechanism that connects the 
magnetization and the light intensity. 

Equation (3)  has the simple solution 

t-t' 
; \ ~ , ( t )  = % J  exp (- -) l ( t l ) d t l  

- m  
T 

We consider two limiting cases. Let rL be the characteristic 
laser-pulse variation time, i.e., a time during which I ( t )  
changes noticeably. For r<rL the intensity can then be re- 
garded as constant and taken from under the integral sign: 

Thus, if the magnetization relaxation time is much 
shorter than the laser-pulse duration, the magnetization fol- 
lows up adiabatically the radiation intensity. The signal emf 
has in this case the form of the derivative of the intensity: 

In the opposite limiting case T>) rL we obtain from ( 5 )  
1 

a.41, ( t )  = x 3 I ( t f )  dt ' .  
-- 

The signal emf has then the form of the laser pulse: 
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We assume now that the magnetization change is due to 
a change of the crystal temperature Twhich is in turn varied 
in time by the action of the light. In this case 

If the magnatization change is due to the sample tempera- 
ture change, the observed emf is proportional to the radi- 
ation intensity. The quantity x' in (6)  is connected with the 
absorption and heat-capacity coefficients of the crystal. Ob- 
viously, x' > 0, whereas (in our case) dM/dT< 0, so long as 
we are not in the vicinity of the compensation temperature 
T, . In the latter case, however the contribution of the ther- 
mal signal should decrease with further temperature rise, 
and reverse sign, contrary to our measurement results. The 
proportionality of 8 and I in (6)  has therefore a positive 
coefficient. 

In addition to the direct pyromagnetic mechanism A,, 
a magnetization variation A,, with temperature can be pro- 
duced by magnetoelastic interactions produced in the crys- 
tal by the onset of thermoelastic strains. The contribution of 
the latter mechanism, however, is small compared with the 
direct mechanism. Let us estimate AM,, in the static limit 
r<r,. Obviously, the allowance that must be made for the 
magnetization relaxation at r Z rL does not change the order 
of magnitude of the result. The magnetoelastic part of the 
free energy is of the formz3 

where BVkm is the magnetoelastic-coefficients tensor, u,, 
the elastic-strain tensor, and M, the saturation magnetiza- 
tion. This form ofF,, amount AKU = BVkm u,, . The change 
of the AM,, z-component recorded in experiment is due 
both to the M(H) dependence 

and to the change, which we designate AM:;, of the direc- 
tion of the vector M as a result of AKU. In the static limit, 
under the condition H,  > H - 47TM,, where Ha is the uniax- 
ial anisotropy field, it is easy to obtain the estimates: 

where x is the crystal susceptibility, B-BUkm, and 
AK-AKU. Recognizing that u,- -BAT, wherepis the crys- 
tal thermal-expansion coefficient, and putting 

we get 

sponds to 8' - V, which is smaller by an order of mag- 
nitude than the experimental emf signals. 

If the emf is proportional to the derivative of the intensi- 
ty, we shall speak, in accordance with the foregoing, of a 
direct light-induced change of the magnetization. If, how- 
ever, the emf is proportional to the intensity, we shall speak 
arbitrarily of a thermal mechanism but bear in mind that 
such a dependence can occur also in the direct mechanism if 
the magnetization relaxation time is long. 

4. MEASUREMENT RESULTS 

For the batch of crystals with R = Lu we observed the 
bipolar emf signal typical of the direct mechanism (see Fig. 1 
of Ref. 18). We note the following important point: the po- 
larity of emf signal corresponded to an increase of the crystal 
magnetization by the light, meaning x >  0 in Eq. (5).  The 
signal amplitude remained the same within the limits of ex- 
perimental error ( -- 15% ) when a change to circular polar- 
ization was made. This remark pertains also to all the crys- 
tals investigated in our present study. 

The plot of the signal amplitude vs the external magnet- 
ic field is close to the magnetization curve M(H).I8 This 
means that the observed change of the crystal magnetization 
is proportional to the initial magnetization. The dependence 
of the signal emf amplitude on the laser-radiation power was 
linear,I8 thus confirming the statements made in Sec. 2 con- 
cerning the mechanisms that alter the magnetization. This 
linear dependence allows us also to state that the influence of 
two-photon absorption on the light-induced magnetization, 
which was observed in Ref. 24, can be neglected under our 
conditions. 

For films 10 pm thick, with a saturation magnetization 
4rMS = 100 G and an absorption coefficient a- 10-15 
cm-I, the signal amplitude per turn of coil in the region of 
saturating magnetic fields was ~ 0 . 1 8  mV/MW. The heat 
rise of the sample in the illuminated region did not exceed 1 
K in this case. With rise of temperature, the lower peak in- 
creased in amplitude, "crawled" over the positive peak, 
which it ultimately exceeded and suppressed completely. 
Thus, with rise of temperature the direct light-induced mag- 
netization mechanism is replaced by the thermal one, in 
which the form of the signal emf is practically equal to the 
form of the laser pulse, and the light-induced magnetization 
decreases the initial magnetization of the crystal. The quali- 

At film thicknesses h s 4 . 8  pm and R z a z  1 this corre- 
FIG. 1. Temperature dependence; a-of the emf signal form; &of the 
amplitude of the negative emf peak. Sample with R = Lu, h = 10,um. 

1041 Sov. Phys. JETP 67 (5), May 1988 Balbashov etal. 1041 



FIG. 2. Signal emf for sample with R = Lu, h = 4.8 pm (at 7, ~7 ns). 
Sweep 10 ns/div. 

tative temperature dependence of the amplitude of the signal 
is shown in Fig. 1. The steep increase of the amplitude to 2-3 
mV/MW in the TZ 100 "C region can be attributed to the 
approach to the Curie point Tc, where the derivative a M /  
d T  increases. At T >  Tc the signal from the coil vanished 
completely. 

For samples with R = Lu, 4.8 p m  thick and with satu- 
ration magnetization 4rMS ~ 3 0  G, the amplitude of the 
negative maximum at room temperature was approximately 
one-quarter of the positive-maximum amplitude which 
reached 0.25 mV/MW (Fig. 2). This case can be interpreted 
as due to the direct mechanism of light-induced magnetiza- 
tion at TZ rL.  

A similar picture was observed for films with R = Yb of 
thickness 3.5pm: the negative spike was 1/3-1/4 of the posi- 
tive. The amplitude of the positive peak of the signal was 
~ 0 . 1  mV/MW per turn of the coil. The plots of the emf vs 
the external field and the laser-pulse energy were similar to 
those described above. Temperature measurements have 
shown that the maximum signal is reached at TZ 95-100 "C 
and equals ~ 0 . 6  mV/MW, noticeably less than the maxi- 
mum signal for the 10-pm film with R = Lu. 

We investigated also a batch of crystals with R = Tm, 
containing different additives (Bi, Ga)  and having greatly 
differing absorption coefficients a z 20-300 cm- I ;  the vari- 
ation is apparently due to different contents of micro-impur- 
ities, such as Pb, which penetrate into the film from the ini- 
tial melt during the epitaxy. For strongly absorbing films 
with a z 300 cm- ' and thickness 20 pm, a large thermal 
signal was observed, corresponding to a decrease of the ini- 
tial magnetization. The signal amplitude was ~ 2 . 4  mV/ 
MW at room temperature and reached z 10 mV/MW when 
the temperature was raised to Tc = 140 "C. No signal what- 
ever was obtained from another sample having R = Tm, 6.5 
p m  thick and with a z 20 cm- I.  On heating to Tc, a signal of 
thermal form appeared. Signals of thermal form only were 
observed also for a batch of samples with R = (Lu, Sm) of 
thickness z 15 p m  and with a=. 100 cm-I. 

5. OPTICAL MAGNETIZATION 

We proceed now to a theoretical description of direct 
optical magnetization, in the crystal transparency region, by 
the change of the free energy in the presence of a magnetic 
field. It follows from the thermodynamic relationsz2 that 

where A E ~  is the dielectric-tensor change due to magnetic 
ordering and E is the light-wave electric-field amplitude. We 
are interested here in the magnetization connected with the 
symmetric part A&;, since effects connected with the anti- 
symmetric part have been considered in Refs. 2-6. 

Iron-garnet crystals are three-sublattice ferrimagnets. 
At room temperatures, however, when the condition T> T, 
are always met (T, is the Curie temperature of the rare- 
earth sublattice), the sublattice magnetization can be ne- 
glected. This is all the more true for samples containing the 
nonmagnetic Lu3+ ions. In this case a contribution to the 
magnetization will always be made by the octahedral ( a )  
and tetrahedral ( d )  iron sublattices. 

For cubic crystals, the symmetric part of the free energy 
of a ferromagnet with two nonequivalent sublattices can be 
written in the form25 

Here Masd are the total magnetizations of the octahedral and 
tetrahedral sublattices, respectively, Q, are the convention- 
al symbols for the fourth-rank tensors Q,,, (Ref. 25), and 
Q$H are the components of the tensor connected with the 
contribution of the field terms. The quantities (Q, - Q,,) 
and Q, that enter in 2, describe magnetic linear birefingence 
effects, viz., the direct Cotton-Mouton effect, while the 
quantities - Q,, determine the isotropic magnetic refrac- 
tion. 

The effective magnetic field AH, corresponding to the 
free energy (8 )  can be found from the relation 

Starting from expressions (8 )  and (9)  and from the mea- 
surement geometry it is easy to find that the effective mag- 
netic fields AH: produced in the magnetic sublattices are 
parallel to the initial crystal magnetization and proportional 
to the radiation intensity. The relaxation of the magnetiza- 
tion induced by these fields in the direction of the initial 
magnetization (longitudinal relaxation) is phenomenologi- 
cally described by the equation26 

In the derivation of ( 10) it was assumed that the relaxation 
of the partial magnetizations is determined only by the effec- 
tive fields induced by optical radiation in the corresponding 
sublattices. In Eq. ( lo) ,  xA are the differential susceptibili- 
ties of the magnetic sublattices: xA = JAMA /aH. 
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The total change of the magnetization is 

Substituting in ( 10) the expressions (8 )  and (9 )  and solving 
them, we obtain for the partial magnetizations 

Here M are the initial saturation magnetizations of the iron 
sublattices, I = (cn,/4n-) (E-E*) is the radiation intensity, 
no is the refractive index of the crystal, and 

Equations ( 11 ) and ( 12) describe the optical magneti- 
zation of a two-sublattice ferrimagnet. The effect can be de- 
scribed in the one-sublattice model only in a few limiting 
cases. 

6. DISCUSSION OF RESULTS 

Let us use the foregoing relations to interpret the ex- 
perimental results. it was noted above that for films with 
R = Lu, Yb the signal emf is equivalent to the derivative of 
the form of the laser pulse, and the signal polarity corre- 
sponds to an increase of the initial magnetization. With rise 
of temperature, this signal is replaced by a signal closer in 
form to the laser pulse, and of opposite polarity, i.e., it corre- 
sponds to a decrease of the magnetization. 

It follows from the preceding sections that neither the 
pyromagnetic nor the magnetoelastic (in view the smallness 
of the latter) mechanisms accounts for the appearance of a 
bipolar signal emf, since the pyromagnetic signal has a ther- 
mal form, and its polarity corresponds to a decrease of the 
magnetization. 

Likewise unrealized in our case is apparently the mag- 
netization-increase mechanism connected with the possible 
electronic transitions 6A Ig -+ 4 T  lg between the ground and 
first-excited states of the Fe3+ ion in an octahedral sublat- 
tice. In the latter case the recorded signal emf should, in view 
of the long lifetime of the Fe" ion in the 4Tlg state ( - lop6 
S )  at Tz300  K (Ref. 28), also agree in form with the laser 
pulse, and its amplitude should increase with rise of the tem- 
perature,29 something not observed in experiment. 

We reach thus the conclusion that the negative spike of 
the bipolar signal emf is due to superposition of signals due 
to the action of both a pyromagnetic and a direct optical 
mechanism (ICME), the form of the latter being deter- 
mined by longitudinal relaxation of the magnetization. In 
"pure" form, the ICME was conserved for samples with 
R = Lu, h = 8 pm, and R = Yb, h = 3.5 p m  (Fig. 2) .  Re- 
duction of the measurement results, with allowance for Eq. 
(4) ,  has made it possible to estimate the relaxation time of 
the optical magnetization at T = 34 f 6 ns. This value is of 
the same order as T Z  lo-' s given in Ref. 26. On the con- 
trary, for samples with R = Lu, h = 10 p m  one observes a 
bipolar almost-symmetrical signal emf which is a superposi- 
tion of the ICME signal and of a negative thermal signal 
comparable in magnitude with the ICME. The lesser role of 

the pyromagnetism for the first two samples is attested to 
also by the fact that they have a smaller thermal-signal am- 
plitude in the vicinity of the Curie point. 

We present now numerical estimates of the effective 
components pM and pH that determine the contribution 
made to the induced magnetization of the crystal. We use to 
this end data for Lu films: 

The induced magnetization AM, amounts for the foregoing 
parameters to 0.26 G. In addition, we take it into account 
that at temperatures far from the Curie point we can use the 
relations30 

where x is the density of the Ga3+ ions for samples with 
4rM, = 30 G. We use also r, Z T ,  in the estimates. Assum- 
ing then that the contributions of the isotropic terms are 
much larger than the anisotropic ones, el,$ Q,, we obtain 
from the experimental value of the direct magnetization the 
estimate 

Here 

This yields, assuming that the contribution of the field terms 
to Q is small, an estimate of the isotropic change of the re- 
fractive index, An,z0.08, which differs by one or two orders 
of magnitude from the experimental data.31 It must therfore 
be assumed that the obtained value of Q is determined by the 
contribution of field terms -pH. Similar results on the 
antisymmetric part of the dielectric constant were obtained 
in Ref. 20, which is devoted to an investigation of the field 
dependence of the Faraday-rotation angle on the external 
magnetic field. 

I t  is necessary therefore to refine the results of Ref. 6, 
which deals with the IFE in magnetically ordered crystals, 
by including the field terms in the analysis. This leads to the 
following equation for the magnetization change to the anti- 
symetric part of : 

cnoi [EE' ] 
A M ,  = ( K M H + x K M M ) .  

2no 

Here KMH is the kund constant, which determines the field 
dependence of the Faraday rotation angle of the polarization 
plane. If all the foregoing is valid also for the relations 
between the constants KMH andxKmm , the theoretical esti- 
mate of the value is substantially increased. 

We note in conclusion that we did not suceed in observ- 
ing the IFE. The apparent reason is that in our experimental 
geometry the main contribution to the ICME is made by an 
isotropic field term. This term is larger by one or two orders 
than the anisotropic spin-orbit terms which are the same 
order of magnitude for the IFE and the ICME. It should be 
noted that in the Cotton-Mouton geometry, in which the 
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external field h lies in the sample plane, the contribution of 
the isotropic term to the magnetization vanishes and it may 
be possible to observe the anisotropic terms both in the 
ICME and in the IFE. 
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