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The Faraday effect is investigated experimentally in single-crystal samples of the rare?earth iron 
garnets (REIG) R,Fe,O,, (R = Y, Gd, Tb, Dy, Er, Tm, Yb, Eu, Sm, and Ho) and also in the mixed 
iron garnets R, Y, - , Fe,O,, (R = Tb, Dy). The measurements are made in pulsed magnetic field 
up to 200 kOe, in a temperature range from 4.2 to 300 K, and a wavelength of the light A = 1.15 
pm. The Faraday-effect field dependence observed in REIG cannot be explained by taking into 
account only the usually considered "paramagnetic" contribution to the Faraday effect. A theory 
is developed that takes into account, besides the paramagnetic mechanism, a diamagnetic mecha- 
nism as well as the mixing of the wave functions of the ground and excited multiplets. The 
contribution of each of these three mechanisms to the angle of rotation of the polarization plane 
by the rare-earth sublattice of the iron garnet are estimated theoretically. It is concluded that the 
mixing mechanism contributes significantly to the field and temperature dependence of the Fara- 
day effect in REIG. 

PACS numbers: 78.20.Ls, 75.20.Ck, 75.50.Gg 

INTRODUCTION 

In Ref. 1 we presented experimental data on the Fara- 
day effect of terbium-yttrium iron garnets in magnetic fields 
up to 200 kOe. It was shown that the contribution made to 
the resultant rotation of the light-polarization plane from 
the terbium sublattice is not proportional (as is usually as- 
sumed)' to the magnetic moment of this sublattice. This 
manifests itself most clearly at temperatures above the mag- 
netic compensation point: in this temperature region an in- 
crease of the external magnetic field decreases the magnetic 
moment of the terbium sublattice, and a field equal to the 
molecular field H ,  O exerted on the terbium sublattice by the 
iron sublattice the magnetization of the terbium sublattice 
vanishes, whereas the Faraday rotation due to this sublattice 
differs from zero in the indicated field. It was suggested in 
Ref. 1 that to explain the field dependence of the Faraday 
effect of both terbium-yttrium and other rare-earth iron gar- 
nets (REIG) account must be taken, besides the usually con- 
sidered paramagnetic mechanism of the Faraday rotation 
due to the population difference of the ground multiplet of 
the rare-earth ion and proportional to the rare-earth sublat- 
tice magnetization, also of other mechanisms, viz., the dia- 
magnetic due to splitting, in the effective field, of the levels of 
the excited multiplet to which the optical transition takes 
place, and the mixing mechanism due to the admixture of 
wave functions of excited multiplets to the wave function of 
the ground multiplet. It must be emphasized that all these 
mechanisms of the Faraday effect in paramagnets were con- 
sidered earlier (see, e.g., the review by Serber3), and the dia- 
magnetic mechanism connected with the exchange splitting 
of the excited levels of RE ions was observed for REIG for 
the first time in Ref. 4 and was discussed in Refs. 5 and 6. The 
main point, to which attention was called in Ref. 1, was that 
in magnetically ordered substances (and particularly in 
REIG), the effective fields acting on the excited multiplet 
and mixing the wave functions of the ground and excited 

multiplets differ from the effective field that acts on the 
ground multiplet. It is this which leads to the singularities of 
the field dependences of the Faraday effect of terbium-yt- 
trium iron garnets, observed in Ref. 1, and in particular to 
the fact that when the moment of the rare-earth sublattice 
vanishes the Faraday effect due to this sublattice does not 
vanish. 

We note that the conclusion that the Faraday rotation 
produced in REIG by the rare-earth sublattice, the diamag- 
netic mechanism, and the mixing mechanism were described 
in Ref. 1 under the assumption that the rotation due to the 
iron sublattice is the same in all the garnets and is equal to 
the Faraday effect in yttrium iron garnet. According to a 
different point of view the singularities of the Faraday rota- 
tion of REIG is attributed to a change in the contribution of 
the iron sublattice. In addition, no theoretical estimates were 
given in Ref. 1 of the values of the diamagnetic contribution 
and of the mixing contribution. Thus, the model proposed 
for the Faraday effect of REIG in Ref. 1 was hypothetical in 
many respects. The hypothetical character of the conclu- 
sions of Ref. 1 was resolved to a considerable degree by ex- 
periments on the Faraday rotation in terbium gallate gar- 
net,9 which confirmed the substantial role of the mixing 
mechanism and (or) of the diamagnetic mechanism in the 
Faraday effect, at least for terbium ions in garnets. 

In this paper we consider in greater detail the theory of 
Faraday rotation due to rare-earth ions. Theoretical esti- 
mates are presented of the contributions of various mecha- 
nisms to the rotation angle of the polarization plane. Experi- 
mental results are presented of measurements of the Faraday 
effect of various REIG in magnetic fields up to 200 kOe. The 
possibility is analyzed of describing the experimental data 
within the framework of the model considered. 

THEORY 

The rare-earth iron garnets R3Fe5Ol2 (cubic crystal 
structure, space group 0 - Ia3d ) are three-sublattice fer- 
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rimagnets. One of the sublattices (c sublattice) comprises the 
rare earth ions R3+, and the other two (a and d sublattices) 
are made up of the Fe3+ ions. Since the exchange interaction 
between the iron ions in the a and d sublattices is consider- 
ably larger than the other exchange interactions, it is possi- 
ble to combine the a and d sublattices into a single iron sub- 
lattice with magnetization M,, equal to the difference 
between the magnetization of the a and d sublattices. The 
magnetic ordering of the RE ions takes place under the ac- 
tion of the exchange field produced by the iron sublattice. 
The exchange interaction within the RE sublattice can be 
neglected. The RE ions in the iron garnets (IG) are located in 
six nonequivalent points having a surround symmetry D, 
(Ref. 10). The Hamiltonian of the interaction of the RE ions 
with the crystal, external, and exchange fields is of the form 

where V,, is the crystal-field potential, and Hex is the ex- 
change field applied to the RE ion by the iron sublattice and 
assumed by us to be isotropic. The anisotropy of the ex- 
change interaction could be taken into account by assuming 
that the quantity Hex in (1) is a function of the orbital-mo- 
mentum operator L of the RE ion. This dependence can be 
represented in the form of an expansion in irreducible tensor 
operators 

He= (L) = pB F, GnmYnm. 

Recent investigations1'-l3 have shown that I G, "(n> 1) 1 
(Go0, therefore we retain in the expression for Hex only the 
first term G;, i.e., we assume that Hex is isotropic. 
Allowance for the terms G, "Y,,, "c n) 1 with n> 1 may turn 
out to be important in the calculation of effects in which the 
decisive role is played by the anisotropy energy. It must also 
be emphasized that the parameter Hex is the only one that 
determines the exchange interaction for the entire ground 
term; at the same time, as will be shown below, the molecular 
fields that determine the magnitude of the effect can have 
substantially different values for different multiplets of the 
ground term. 

RE ions with unfilled 4f shell have an appreciable spin- 
orbit interaction. The distances to the nearest excited multi- 
plet for the different RE ions are =: 1000, ~ 3 5 0 ,  ~ 2 0 0 0 ,  
~ 3 0 0 0 ,  z 5000, ~ 6 5 0 0 ,  ~ 8 0 0 0 ,  and z 10000 cm-' for 
Sm3+, Eu3+, Tb3+, Dy3+, Ho3+, E?+, Tm3+, and Yb3+, 
respectively. 

The interactions of the RE ion with the crystal and ex- 
change fields are smaller by one-two orders than the multi- 
plet splitting on account of the spin-orbit interaction, so that 
the lower states of an RE ion in a garnet are states due to 
splitting of the ground multiplet (with given J)  by the crystal 
and exchange fields. A similar situation obtains also for ex- 
cited multiplets to which the electrodipole transitions take 
place, but the excited states have so far not been investigated 
in sufficient detail. 

We consider the Faraday effect due to direct transition 
to parity- and spin-allowed multiplets that stem from the 
4fn - '5d configuration. Since we are interested mainly in 

the field dependence of the Faraday effect, we shall pay spe- 
cial attention in the forthcoming theoretical investigation to 
the aforementioned mixing mechanisms and to the diamag- 
netic contribution to the polarization-plane rotation. 

A. Ground-state wave functions. For an RE ion in anon- 
equivalent point of type r the eigenfunctions of the ground 
multiplet, split by the crystal, exchange, and external fields, 
can be represented in a coordinate frame with axis zl1( 1 1 1) 
in the form 

and the energy eigenvalues are 

Ei'=($Sr 1 V C I - ~ B ~ J J ~ ; ~ J Z  I $ir), 

where 

gJn is the Land6 factor of the ground multiplet, and the + 
signs pertain respectively to temperatures below and above 
the magnetic-compensation point T,,, . 

We take now into account the mixing of the ground and 
first excited states of multiplets with J = Jo - 1 for heavy 
RE ions and J = Jo + 1 for light RE ions in the exchange and 
external magnetic fields. Accurate to terms of first order in 
the ratio of pBH and pBHex to the distance between the 
ground and the first-excited multiplets, we find that the cor- 
rections to the eigenfunctions (2) are of the form 

where A is the distance between the ground and the first 
excited multiplets, and the matrix element of the operator S, 
is equal to 

We have used here the equality 

since the matrix element (LJ Jm'J J,H ILJ J n )  vanishes 
at J # Jo. It is also obvious that the considered matrix ele- 
ment differs from zero only at m = m', as follows directly 
from the known properties of the 3J  symbols contained in 
(44. 

Using the explicit expressions for the 3Jand Wsymbols 
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(see Ref. 14) that enter in (4a) and (4b), we find that the eigen- 
functions of the ground multiplet, with account taking of the 
admixture of the first-excited multiplet, will take the form 

( 5 )  
where S, for heavy (Jo = Lo + So, J = Jo - 1) and light 
(Jo = [Lo - Sol, J = Jo + 1) RE ions is of the form 

and 
H , ~ , = H = ~ ~ H , , .  (7) 

B. Magnetization. Before we investigate the Faraday ef- 
fect, we shall calculate the magnetization MR of the RE sub- 
lattice (per ion). Averaging the operator of the magnetic mo- 
ment p = pB (L, + 2%) over the states (5), we find 

where Mo is the magnetic moment of the RE sublattice in the 
absence of multiplet mixing, AM,, is the van Vleck magnet- 
ic moment due to the mixing of the first excited (thermally 
unpopulated) multiplet with the ground state. The expres- 
sions for M, and AMvv are 

mir 

where 

We note that with rising temperature M o ( T , H $ ) 4  
with increasing populations of the levels of the ground multi- 
plet, whereas at temperatures that satisfy the relation 
w(T(A (where w is the characteristic level splitting of the 
ground multiplet by the crystal and exchange fields), while 

does not depend on temperature. 
In RE ions, p,Ha z 10 - 20 cm-' and A is larger by 

two orders, so that at room temperatures and lower we have 
AMvv(Mo and the van Vleck contribution to the magneti- 
zation of the RE lattice is therefore usually neglected (except 
for europium and samarium IG). 

We point out also that the effective fields acting on the 
ground multiplet and mixing of the wave functions of the 
ground and first-excited multiplets [see (3a) and (7)] are dif- 
ferent. 

C. Rotation of the polarization plane. We consider now 
the Faraday rotation." The polarization-plane rotation an- 
gle for electrodipole transitions at incident-electromagnetic- 
wave frequencies far from the resonance frequencies are de- 
termined by the well known expres~ion~*~. '~  

where P, = x + iy; la > and 1 b > are the eigenfunctions of 
the ground and excited states of the ion, ha, = Ea - E,, N 
is the number of RE ion per unit volume, n is the average 
refractive index, pa is the population of the state la > . As- 
sume that we have two groups of levels A and B (say, ground 
and excited multiplets). Then the energies of the excited lev- 
els can be represented in the form 

where ha, is the distance between the gravity centers of 
groups A and B (it is implied here that ZEa = 0). 

It was shown in Ref. 3 that a, can be represented as 
three contributions, the A,  B, and C terms in Serber's termin- 
~ l o g y . ~  TheA term is the so-called diamagnetic contribution 
due to the Zeeman splitting of the ground and excited groups 
of levels. It stems from the expansion of the frequency factor 
under the summation sign in (1 l), and is of the form 

The C term is the paramagnetic contribution. It is propor- 
tional to the ion magnetization [pore accurately, propor- 
tional to the mean value of the magnetic-moment operator 
over the functions of the ground multiplet (12)l. The B term 
is the result of the mixing of the states. 

For RE ions, a substantial contribution to the Faraday 
effect is apparently made by electrodipole transitions excited 
states from the configuration 4f" - '5d. At present the spec- 
trum and the wave functions of the excited states from the 
configuration 4fn - '5d are not sufficiently well known. We 
shall assume that these excited states are multiplets split by 
the crystal and exchange fields. 

Consider the Faraday effect due to transitions from the 
states (5) to excited multiplets that arise in splitting, by the 
spin-orbit interaction, of terms belonging to the configura- 
tion 4fn - '5d . According to the known selection rules, elec- 
trodipole transitions from the multiplet LJ Jo are possible 
to states with J = Jo, Jo + 1; L = Lo, Lo f 1; S = S,. We 
shall investigate the B and C contributions. To this end we 
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replace w, in (1 1) by w, (&a, is the energy of the excited 
multiplet SJJ. In the calculation of the matrix elements 
contained in (1 1) it is convenient to transform from the oper- 
ators r + to spherical harmonics Y,  * ': 

Using the expressions in (5),  we obtain 

(13) 
Substituting (13) in (1 1) we find that, accurate to terms linear 
inp,H :*/A, the polarization-plane rotation angle takes the 
form 

where a(LJ) is a quantity that describes the off-diagonal sus- 
ceptibility of such a transition. 

We consider now the individual contributions made to 
a, by allowed transitions to the multiplets LJ. We turn first 
to transitions to the multiplets Do. Using the relations 

the validity of which can be easily verified by direct calcula- 
tion, we find that the contribution made to the Faraday ef- 
fect by J0do transition is of the form 

here 

To derive (17) we used Eq. (10). The ratio of the matrix ele- 
ments in (1 8) can be expressed in terms of 6J symbols (Racah 
coefficients) in the following manner: 

The first term in the brackets in (17) is the paramagnetic 
contribution (the C term), while the second is the B term due 
to mixing of the ground and first-excited multiplets. The 
quantity A (LJ,), as shown by direct calculation using the 
table of Racah  coefficient^,'^ can have different signs, de- 
pending on Jo,So,L, and L = Lo, Lo f 1, and can reach val- 
ues - lo2. For example, for the ion Tb3+(Lo = So = 3, 
L = Lo + 1) we have A (Lo + 1, Jo) = 147, whereas A (Lo, 
Jo) = - 21. For the ion Er3+ (Jo = 9, SO = 3, LO = 6) we 
haveA(Lo+ l,Jo) = 3.172/2= 433.5;A(L0,J,,) = - 3.17/ 
4 = - 12.75. These estimates show that the Faraday effect 
can contain an appreciable quasi-van-Vleck contribution (B 
term), which is comparable with the paramagnetic contribu- 
tion proper at sufficiently high temperatures, when the 
quantity Mo(H $, T) is small. 

A similar analysis of the contribution of electrodipole 
transitions into a state with J = Jo - l(L = Lo + 1) leads to 
the following expression for the polarization-plane rotation 
angle: 

6 1 ~ s o ~ o ~ o ~ ~ ~ , ~ ~ ~ o ~ l o - 1 > 1 2  
a(L,Jo-I)= -- 

~ J O P B  Jo (2Jo+1) 
>QMo(H, T ) + A  (L, Jo-l)AMvvl, (20) 

where 

A (L, 10-1) =gjJo 

For the Tb3+ ion we have 
A (Lo-I, Jo-I)=-3, A(Lo, Jo-I) =Is, 
A (LO+l, 10-1) =39. 

(21) 

The quantity a(Lo + 1, Jo + 1) is of the form 

a (Lo+ I, Jo+l) 

In particular, asymptotically as w-+m (i.e., when o)o,, 
summing (17) and (22) over all possible L and J, we find that 

184 Sov. Phys. JETP 58 (I) ,  July 1983 



for the Tb3+ ion the Faraday effect due to the C and B terms 
takes the form 

where 

(Loll Y111L.)2 } 
+ 3.4 

We call attention to the fact that, as follows from the 
experimental data cited below, the numerical coefficient of 
the second term of (23) is of the order of 10 at a light wave- 
length 1.15 pm. 

It must be borne in mind that Eq. (14) implies summa- 
tion over all the excited states of the RE ion. Obviously, 
therefore, some cancellation is possible of the contributions 
to the "mixing" effect from the transitions to different excit- 
ed levels. This can be seen, in particular, from the examples 
given above, which demonstrate the different signs of the 
contributions to A  (L,J), corresponding to levels with differ- 
ent L. At the same time it can be stated that owing to the 
strong splitting of the excited terms by the crystal field and 
by the spin-orbit interaction, the known sum rules that 
might lead to a strong cancellation of the effect (as at w+ co ) 
are not applicable here. Unfortunately we do not have the 
necessary data on the energy spectrum and on the wave func- 
tions of the RE ions (i.e., also on the values and on the corre- 
sponding spectroscopic coefficients) in the iron-garnet crys- 
tal; these data would permit a detailed calculation of the 
Faraday effect. The estimates and examples above illustrate 
the qualitative aspect of the situation, consisting of the fact 
that the Faraday effect is determined by two different effec- 
tive f ie ld~ ,~ 'H :ff and H iff; in this case the contribution of the 
mixing effects to a, can be considerably larger than the cor- 
responding contribution to the magnetization, and the de- 
pendence of the polarization-plane rotation angle differs 
thus from the field dependence of the magnetization 

We have investigated the effect of the mixing of the 
first-excited multiplet with the ground one on the Faraday 
effect. We estimate now the influence of the diamagnetic 
terms and of the mixing terms of the multiplets from the 
configuration 4f" - '5d. 

Owing to the factor w,, (E, - E L)/fi(w,, - wZ) [see 
(12)] the diamagnetic terms contain additional smallness pa- 
rameters equal to p, H >/h,, and p, H &/hA,,  where 

are the effective magnetic fields acting on multiplets from 
the configuration 4fn - '5d. The analogous parameter for 
the terms connected with the mixing of the first-excited mul- 
tiplet and the ground one is p,H ;*/A. For RE ions, how- 
ever, %,, >A. Thus, for example, for Tb3+ we have %,, 
= (3+4).104 cm-', and A ~ 2 . 1 0 ~  cm-'. Therefore at fre- 

quencies far from resonance the diamagnetic terms make a 
smaller contribution to the Faraday effect than the investi- 

gated B term. (We note here that their contribution to the 
asymptotic form as w-+w vanishes completely, in contrast 
to the B term.) In addition, as shown by analysis, the effec- 
tive magnetic fields H & that act on multiplets in which elec- 
trodipole transitions are allowed to differ little3' from H $. 
Thus, the field dependences of the A  and C terms differ insig- 
nificantly, whereas the effective field H i !  = H H +Hex that 
mixes the multiplets differs substantially from H>(H> 
= H f -$Ha for Tb3+). As for the terms for the mixing of 

multiplets from an excited configuration, they take, owing to 
summation over the multiplets, a form similar to the dia- 
magnetic terms in which Hfff is replaced by the field H :, . 
This means that they take the form 

where h, is the distance to the center of gravity of the term 
with given L, and reduces to a renormalization of the investi- 
gated B term. 

Our theoretical analysis shows thus that the Faraday 
effect due to the rare-earth sublattices in an REIG can be 
represented in the form proposed in Ref. 1: 

Here H:, and H6, are given by (3) and (7), respectively; 
D = Cxvv (A ), where ,yvv = AM,, /H 6, -pi/A is deter- 
mined from (9), ( A  ) is the averaged value of the quantities 
A  (LJ)  whose characteristic values are given, e.g., in (21). 

We note also that in Tm3+ and Yb3+ we have A - lo4 
cm-', therefore the considered mixing effects are small and 
for a more complete comparison with experiment the dia- 
magnetic terms must be taken into account. Gadolinium IG 
is worthy of a separate theoretical examination, since Lo = 0 
in Gd3+, therefore, in accord with the existing t h e ~ r ~ , ~ . ~  its 
paramagnetic Faraday effect is zero. The observed rotation 
of the polarization plane is determined by the spin-orbit in- 
teraction of the excited terms. To analyze the field depen- 
dence of gadolinium IG we need more complete information 
on the splitting of the excited terms under the influence of 
the spin-orbit, exchange, crystal, and external-magnetic 
fields. We note that since the energy level of the excited 
terms can have a linear dependence on the fields H t, acting 
on them, the analogous nonlinear contributions may turn 
out to be substantial also in the field dependences of the val- 
ues of a, in such IG. (The same can apply also to other ions 
whose diamagnetic contributions to the Faraday effect are 
large enough.) 

SAMPLESANDMEASUREMENTPROCEDURE 

In the present study we investigated the Faraday effect 
on single crystal samples of the REIG R3Fe,01z, where 
R = Y, Gd, Tb, Dy, Er, Tm, Yb, Eu, Sm, and Ho, and also 
on single crystals of the mixed IG RxY, - xFe501z (R = Tb, 
Dy) grown by crystallization from the molten solution. The 
measurements were made on plates 100-300pm thick, ori- 
ented perpendicular to the easy-magnetization axis. For all 
the investigated garnets except the erbium IG the measure- 
ments were made on plates cut in the (111) plane; in the 
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erbium IG, whose easy magnetization axis is parallel to 
(100)below 77 K, additional measurements were made on a 
plate cut in the ( 1 10) plane. The measurements were made in 
the temperature interval 4.2-300 Kin a special flow-through 
cryostat at a laser wavelength 1.15 p m  using the standard 
intensity method. Exceptions were the Tb IG, whose sam- 
ples were damaged below 77 K in pulsed magnetic fields, 
apparently because of the large magnetoelastic strains, and 
the Sm IG, in which the easy magnetization axis below 65 K 
is ( 110) and birefringence effects are substantial. Pulsed 
magnetic fields up to 200 kOe were used (the measurement 
procedure is described in greater detail in Ref. 1). 

EXPERIMENTAL RESULTS 

Figure 1 shows the field dependences of the Faraday 
rotation of the investigated REIG at three temperatures: 
290, 80, and 4.2 K. It can be seen that saturation of the 
Faraday effect is reached in technical-saturation weak fields 
(we recall that in all cases the measurements were made with 
the field oriented along the easy-magnetization axis). 
Further increase of the field leads to a strong change of the 
Faraday rotation. 

We note that the basic characteristics of the Faraday 
rotation, namely the values a; of the spontaneous Faraday 
effect, obtained by extrapolation to zero field from the 

strong-field region, and da,/dH of the field-dependences of 
the Faraday effect, change greatly on going from one IG to 
another, and have different temperature dependences for 
different REIG. The temperature dependences of the spon- 
taneous Faraday effect and of the Faraday susceptibility da, 
/dH for the investigated REIG are shown in Figs. 2 and 3. 
The literature reports extensive investigations of the sponta- 
neous Faraday effect above 77 K (see, e.g., Refs. 2,8, and 15- 
17). For all the investigated garnets, our data agree within 5- 
10% with the published ones. For the Dy IG a similar agree- 
ment with the results of Ref. 17 is observed in the entire 
temperature interval 4.2-300 K. 

The field dependences of the Faraday effect of mixed 
Tb-Y and Dy-Y IG are similar to the field dependences of 
the pure REIG. In all cases the Faraday rotation changes 
linearly when the RE ion is replaced by the nonmagnetic 
yttrium. 

DISCUSSION OF RESULTS 

As already noted, the Faraday effect of REIG can be 
represented in the form 

where a, is the Faraday rotation due to the irons sublat- 
tices, a, is the Faraday rotation of the RE lattices and can be 

FIG. 1. Field dependences of the Faraday rotation in var- 
ious REIG: 1-Y, 2--Gd, 3-Tb, G D y ,  5-Er, L T m ,  
7-Yb, 8-Eu, 9-Sm, 10-Ho at different temperatures: 

b a-290 K, b-77 K, c 4 . 2  K. 
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'IG. 2. Temperature dependences of the spontaneous Faraday rotation FIG. 3. Temperature dependence of the Faraday susceptibility in various 
(the designations are the same as in Fig. 1). REIG (the designations are the same as in Fig. 1). 

described within the framework of the model developed 
above by Eq. (26). Above the magnetic-compensation point 
(this situation obtains for all the investigated REIG at room 
temperature) the magnetization of the RE sublattice is ori- 
ented antiparallel to the field, and the minus sign must be 
used in (27). As already noted, at these temperatures an in- 
crease of the external field leads to a decrease of the magnetic 
moment of the RE sublattice, and if the external field is equal 
to the molecular field HMO that acts on the ground multiplet, 
the magnetic moment of the RE sublattices vanishes. Table I 
lists the values of the molecular fields for the REIG at room 
temperature. It lists also the critical fields H,, at which the 
values of the REIG Faraday effect become equal to the rota- 

of the mixing mechanism and of the diamagnetic term [the 
second term in the right-hand side of (26)l. We emphasize 
once more that this mechanism was observed by us directly 
in an investigation of Tb gallium garnet, where the absence 
of an iron sublattice permits a more accurate analysis of the 
situation. 

We can derive from the experimental data the quanti- 
ties that determine the paramagnetic mechanism of the 
REIG Faraday effect and the mixing mechanism. From (26) 
we have for the spontaneous Faraday effect of the RE sublat- 
tice 

-= (28) 

tion of the polarization plane in yttrium IG. In other words, 
TABLE I. Molecular H $  and critical (H,,) fields of H,, is that external field at which the Faraday effect due to REIG at 290 K. 

the RE sublattice is equal to zero (if it is assumed that the 
contribution of the iron ions to the Faraday rotation is equal 
to the rotation in yttrium IG). 

It follows thus from the obtained experimental data 
that if a, is assumed to be equal to the Faraday effect in 
yttrium IG, the contribution to the Faraday effect from the 
RE sublattice, in all the investigated REIG, just as in the Tb 
IG,' differs from zero in an external field equal to HM O, when 
the magnetization of this sublattice vanishes. This points to a *-values obtained by linear extrapolation of the experimental plots of a, 
significant role, in the Faraday rotation of the RE sublattice, (H) to H = HO,. 
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400 
59 
57 

100 
170 
440 

- 1000 * 
55 
55 

-1511.* 
-270 * 
-4011 * 

R=Cd 
Tb 
DY 
Er 
Tm 
Yb 

300 
160 
120 
80 
90 

103 



$ , deg - where n is the average refractive index, e and m are the 
H, cm. kOe charge and mass of the electron, and c is the speed of light in 
5 vacuum. The values of the constants, C,, which describe 

this contribution, and also of the constants C, = C - C,, 
which are responsible for the electrodipole (gyroelectric) 
contribution to the Faraday effect, are given in Table 11. 

Knowing the values of C and D we can obtain the criti- 
0 cal field Hcr in which the Faraday effect due to the RE sub- 

lattice vanishes. From (3a), (7), and (26) it follows that 

D H M O  gr 
Hc,= HMo 1 + - - - n H,O 

( c Mna ,,-I )(I+cM.'). (31) 

-5 We use here the molecular field approximation and assume 
that at sufficiently high temperatures the susceptibility of 
the RE sublattice does not depend on the field and is equal to 

FIG. 4. Dependence of aR'/HMOon M ~ ~ / H ~ ~ ( ~ ~ ~ ~ ~  sand ~~s~~~ the The theoretical values of Hc, were calculated from (3 1) for 
spontaneous Faraday rotation and the magnetization of the rare-earth 290 K and are given in Table I. The experimental and theo- 
siblattice, respectiv~ly, and HMO is the molecular field acting on the 
ground level of the RE ion and produced by the iron sublattice). The 
designations are the same as in Fig. 1. 

(the f signs pertain respectively to temperatures above and 
below the compensation point). Thus, by plotting aRs/HMO 
vs MRs/HMO we can find C and D (if g, is known). We have 
plotted these functions for the investigated4' REIG (Fig. 4). 
We used in the calculations the RE sublattice magnetic mo- 
ments from Refs. 17-19 and the molecular fields at room 
temperature from Ref. 20. The temperature dependence of 
H M O  was used in the form 

H , , O = ~ M F ~  (T) (29) 

where M,, is the iron-sublattice magnetization (we have 
used the data of Ref. 21 for the yttrium IG). It can be seen 
that for all the investigated REIG, in a sufficiently wide tem- 
perature range, aRs/HM O is linear in M LH i .  Table I1 lists 
the values of the constants C and D and the temperature 
regions where the relation (28) holds5' We note that, as can 
be seen from Table 11, the values of the constants Cand D are 
close to the values of these constants for Tb gallium garnet. 
It must be recognized that a contribution to the paramagnet- 
ic term is made also by the gyromagnetic Faraday e f f e ~ t . ~  Its 
magnitude is 

u,,,'=C,,,M~= (nne/mc2) gJMRS, (30) 

retical Hcr plots for the investigated REIG are compared in 
Fig. 5. In other words, we are dealing with comparison of 
results of two independent experiments--of the temperature 
and field dependences of the Faraday effect within the 
framework of the proposed theoretical model. It can be seen 
from Fig. 5 that for certain REIG (Tb, Dy, Er) allowance for 
the mixing makes it possible to describe sufficiently well the 
experimental situation. For other REIG (Gd, Tm, Yb) 
allowance for the mixing does not lead to quantitative agree- 
ment between the experimental and theoretical and Hcr (T) 
plots. Thus, for example, the values of Hcr calculated theore- 
tically for the Gd IG in the temperature interval 100-300 K 
are 450-500 kOe, whereas from the experimental data it fol- 
lows that they exceed 1000 kOe. For the Yb IG, the field 
H$"' = 440 kOe at room temperature and remains practi- 
cally constant when the temperature is raised to 100 K, while 
H ZP in this temperature interval drops from 400 to 300 kOe. 
For the Tm IG the field H i:"' is approximately 1.5-2 times 
larger than HzP. We note that this occurs mainly for those 
REIG whose RE sublattice contribution to the Faraday ro- 
tation is small and is comparable with the Faraday effect of 
the iron sublattice. In this case even small changes of the 
Faraday rotation of the iron ions compared with the Fara- 
day rotation in yttrium IG will strongly influence the values 
ofHcr . Thus, for example, the assumption that the contribu- 
tion of the iron ions to the Faraday effect of a gadolinium IG 

TABLE 11. 
- - 
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IG 
RaFerO~r 

R=Gd 
Tb 
Tb 
DY 

2 
Tm 
Yb 

Tb3Ga5092 191 

Magne- 
tization 
data 
from 
Refs. 

[181 
[ I91 
[18] 
[171 
[ I81 
[ I81 
1181 
[ I81  - 

Q 

2 
31z 

'13 

' 1 s  
' 1s  

l2 

emk~e 

0.25 
0.83 
0.7 
0 4  
0.45 
0.43 
0.16 
0.21 
0.47 

- 
g z f ~ '  

deg 
cm p~ 

0.5 
2.5 
2.1 
1,6 
1.8 
2.6 
1.1 
1,7 - 

Tem- 
pature 
interval, 
K 

300-70 
300-90 
300-90 
300-70 
S 7 0  
300-30 
300-30 
300-70 
300-77 

Cm. Ce, 
C ,  deg deg 

-4.1 
-95.9 
-96.9 
-62.1 
-66.1 
-33.5 

14.7 
34.8 

-99.7 

5 
-89 
-90 
-56 
-60 
-28 

20 
40 

- 94 

9.1 
6.9 
6.9 
6.1 
6.1 
5.5 
5.3 
5.2 
5.7 



H, , kOe 
ZOO 

FIG. 5. Temperature dependence of the critical field in various REIG: 1- 
Tb--Y, 2-Dy-Y, 3-Er. Points--experiment, curves-theory. 

exceeds by 20-25% leads to a decrease of the experimental 
value of H,, from 1000 kOe to a theoretical value 500 kOe. 
At the same time we can exclude such a change in principle, 
since experimental data exist from which it follows that re- 
placement of Y by Lu changes the polarization-plane-rota- 
tion of the iron sublattices by 10-20% (Ref. 8). 

In conclusion, we dwell once more on the physical 
meaning of the results. We have shown experimentally and 
theoretically that the contribution of the RE sublattice to the 
Faraday effect of REIG (regardless of the degree of the influ- 
ence of the RE sublattice on the contribution of the iron ions 
to the Faraday effect of the REIG) is determined by two 
mechanisms of different physical origin: paramagnetic pro- 
portional to the RE magnetization M, of the RE sublattice, 
and a mixing mechanism proportional to the corresponding 
effective field (the mixing field He, I ) .  The coefficients Ce and 
D, which characterize the paramagnetic contribution and 
the contribution from the mixing of the RE  sublattice in the 
iron garnet, also agree in sign and magnitude with the corre- 
sponding coefficients of the Faraday rotation of the RE ion 
in paramagnetic terbium gallate. Attempts to describe the 
contribution of the RE sublattice by using one term propor- 
tional to M, seem to us therefore not to be correct enough. If 
it is assumed in this procedure that the contribution of the 
iron ions remains unchanged, then the coefficient Ce is 
found (in contradiction to the known physical premise that 
the properties of the RE ion are constant) to vary greatly in 
magnitude and even to reverse sign as a function of tempera- 
t ~ r e . ~ ~  If, however, C, is assumed to be independent of tem- 
perature,'~'~ then the contribution from the RE-sublattice 
mixing mechanism is transformed seemingly into a change 
of the contribution of the iron ions to the Faraday effect of 
the REIG. Unfortunately, an experimental comparison of 
the Faraday properties of RE  ions in a paramagnetic crystal 
and a magnetically-ordered one with structure of garnet was 

realized so far only for terbium ions. We regard it therefore 
as very desireable to carry out similar investigations of crys- 
tals with other RE ions. 

"The conclusions of this subsection are fully applicable (apart from the 
frequency dependence) also to magnetic circular dichroism, which is 
determined by the real part of the off-diagonal component of the tensor 
Elk .  

''when account is taken of the diamagnetic contributions to the polariza- 
tion-plane rotation, the number of different effective fields that deter- 
mine-the phenomenon can be even larger. 

3'This statement is valid under the assumption that the exchange fields 
acting on the ground and excited multiplets from 4f "- '5d are equal. 

4'We do not consider here the Sm and Eu IG, since the M,(T)  dependence 
is not reliably known for the former, and for the latter the RE contribu- 
tion to the Faraday rotation is small. 

5'The values of the parameters C and D differ somewhat when data from 
different papers on REIG magnetization are used. It is shown in Table I1 
for the Tb and Dy IG how the parameters Cand D change when different 
data on the magnetization are used. 
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