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The Faraday effect in terbium-yttrium iron garnets was measured at wavelengths 1.15 and 0.63 j i m in pulsed
magnetic fields up to 200 kOe in the temperature interval 80-300 K. It was observed that above the magneticcompensation temperature the Faraday rotation in fields stronger than the technical-magnetization field
decreases linearly with the field, owing to the decrease of the magnetic moment of the rare-earth sublattice in
the field. The field H, in which the Faraday effect in iron garnets with terbium is equal to the Faraday
rotation in yttrium iron garnet is approximately equal, at nitrogen temperatures, to the molecular field H, O
in which the magnetic moment of the terbium sublattice vanishes. When the temperature is raised, however,
H, becomes considerably less than H, O. Various possible causes of this phenomenon are considered, viz., the
nonadditivity of the contributions of the different lattices to the Faraday effect, or the difference between the
Faraday rotation due to the iron sublattices in iron garnets with terbium and the Faraday rotation in yttrium
iron garnet. The most probable mechanism that leads to the difference between H,, and H, O is considered,
namely: the difference between the molecular field H , O that acts on the ground multiplet of the rare-earth
ions, on the one hand, and the molecular fields that act on the excited multiplets, on the other, as well as the
difference between the intermixing wave functions of the ground and excited multiplets.
PAC3 numbers: 78.20.L~

Although magnetooptical phenomena in rare-earth
iron garnets (REIG) a r e being intensively investigated,
some essential features of these phenomena remain
unclear to this day. One of the unanswered questions
is that of the dependence of the Faraday effect in REIG
on the magnetic field. Since the REIG a r e three-sublattice ferrimagnets, the Faraday rotation of the lightpolarization planes in them is described usually a s a
sum of additive contributions of the different magnetic
sublattices':
a

=+ S AM^..-BM,,,+cM,),

(1)

where MFe and M,, a r e the magnetic moments of the
iron in th; octahedr%l ( a ) and tetrahedral ( d ) sublattices,
while M , is the magnetic moment of the rare-earth in
the dodecahedra1 (c) sublattice. Equation ( I ) is valid in
fields stronger than the saturation field, when the magnetic moments of the sublattices a r e collinear with the
field direction. The plus and minus signs in front of
the parenthesis pertain to the temperature regions below
and above the magnetic-compensation temperature
Tom,, respectively. These signs reflect the orientations
of the magnetic moments of the sublattices relative to
the field direction.
According t o ( I ) , the field dependence of the Faraday
effect in REIG is due to the field dependences of the magmagnetic moments of the sublattices. The principal
contribution t o a,(H) is made by the field dependence of
the magnetic moment M , of the rare-earth sublattice,
since the molecular field H$ produced a t this sublattice
by the iron sublattices is weak1) (of the order of lo5 Oe),
s o that the external field influences strongly the magnetic moment of the rare-earth sublattice. Measurements on yttrium iron garnets have shown that the contribution to the Faraday effect by the magnetic moments
of the iron sublattices also has a field dependence due
mainly not to the magnetization of the iron by the external field, but to the field-dependent change of the spin119
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orbit splitting of the iron-ion levels.'
We consider now in greater detail the field dependence
of the contribution made to the Faraday effect in REIG
by the rare-earth ions. Below the magnetic compensation point, the magnetic moment of the rare-earth sublattice M , exceeds the magnetic moment M,,, -MFea of
the resultant iron sublattice, and is oriented along the
field, i.e., the molecular field is parallel to the external field. Above T,,,, the moment is M, < M,,, - M,,, and
is antiparallel to the field; consequently the molecular
and external fields a r e likewise antiparallel. Thus, the
total effective field acting on the rare-earth sublattice is
equal to
H' eff =H:M
(2 )
(the plus and minus signs pertain t o respective temperat u r e s below and above T,,,,).
Below the magnetic-compensation point, the effective field increases with increasing external field, and this leads to a n increase of
H,: and, consequently, according to (I), to an increase
of the Faraday rotation. Above T,,,, (this i s the region
of greatest interest to us) an increase of the external
field leads to a decrease of H:,, , and in an external
field equal to the molecular field the effective field
vanishes, and consequently the magnetic moment of the
r a r e - e a r t h sublattice also vanishes in such a field.
Thus, if relation (1) is valid, to contribution made by
the r a r e - e a r t h sublattice to the Faraday rotation a t
T > T,,,, decreases with increasing field, and in the
critical field H,, =Hk it i s determined only by the magnetic moments of the iron sublattices. Assuming, a s i s
done in many papers,ls3that the iron-induced rotation
of the polarization plane in the REIG is equal to the
Faraday rotation in the yttrium iron garnet, we find
that in the field @
, the Faraday effect in REIG should
be equal to the Faraday effect in the yttrium iron garnet.
At present there i s practically no information on the
Faraday effect in REIG in strong fields. Measurements
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of the Faraday rotation in terbium iron garnets were
made in Refs. 3 in pulsed magnetic fields up to 1200
kOe a t a wavelength 1.15 p m a t room temperature, and
i t was observed that in the entire investigated field
range the rotation of the polarization plane in terbium
iron garnet i s larger then in the yttrium garnet, i.e.,
the Faraday effect due to the terbium sublattice does
not vanish up to 1200 kOe. It follows from the magnetic
data, however, that the molecular field acting on the
terbium sublattice in the iron garnet is 120-160 kOe at
room temperature,4s5and consequently it is precisely
in such fields, according to (I), that the rotation of the
polarization plane in the terbium iron garnet should become equal to the Faraday effect in the yttrium iron
garnet.
To clarify the cause of this contradiction and to make
more precise the character of the field dependence of
t h e rotation of the light polarization plane, we measured
the Faraday effect of single-crystal terbium yttrium
garnets Tb,Y,-,Fe50,, in magnetic fields up to 200 kOe
in the temperature interval 80-300 K a t 1.15 p m wavelength. In addition, measurements of the Faraday effect at 0.63 p m were made for yttrium iron garnet (x=O),
terbium iron garnet ( x = 3 ) , a s well a s terbium yttrium
garnet with x =0.2.
The rotation of the plane of polarization was measured
in pulsed magnetic fields with approximate pulse duration 15 msec by the usual intensity m e t h ~ d on
, ~ plates
cut along the (1 11) crystal plane 250-350 p m thick at
X = 1.15 pm and 60-80 p m thick a t X =0.63 pm. The
light sources were LG-126 and LG-52/1 helium-neon
lasers. The e r r o r in the measurement of the absolute
magnitude of the rotation of the polarization plane in
pulsed magnetic fields was 10-15%, and the dependences
on the field and on the temperature were determined
accurate to 3-57,. To determine more accurately the
absolute magnitude of the Faraday effect, we meas u r e d the rotation of the plane of polarization in the
s a m e samples in constant fields up to 10 kOe, and
then "fitted together" the measurements in strong fields
with these data. We were thus able to decrease the
Faraday-effect measurement e r r o r in pulsed fields to
5-7%.
Figure 1 shows the field dependences of the Faraday
effect in terbium-yttrium iron garnets a t room temperat u r e and a t the wavelength 1.15 pm. It is seen that
saturation is reached in weak fields, and with further
increase of the field the rotation of the plane of polarization decreases linearly. This, a s noted above, can
be attributed t o the decrease, in the field, of the magnetic moment of the terbium sublattice. The Faraday
effect in the terbium iron garnet becomes equal to the
Faraday rotation in an yttrium iron garnet in a field
H,, =60 kOe; approximately the same values of H,, a r e
observed for mixed terbium-yttrium iron garnets.
Our measurements have shown that the Faraday rotation in terbium iron garnet at wavelength 0.63 p m has
a similar field dependence. In this case H,, is also
close to 60 kOe.
Our data contradict the results of Refs. 3, from which,
1 20
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FIG.1. a) Dependence of the Faraday effect of terbium-yttrium iron garnets on the
magnetic field at 200 K and different values of x. h)Oscillogram of the dependence of
the Faraday rotation of Tb, Fe, O,, on the magnetic field. Sample thicknessd = 380
Pm.

a s indicated, it follows that the Faraday effect in t e r bium iron garnet i s l a r g e r than in yttrium iron garnet
i n f i e l d s up to 1200 kOe. The reasons for this a r e not
clear. It is possible that the unusual a,(H) dependence
obtained in Refs. 3 is due to the experimental conditions:
the pulsed fields were generated in these studies by explosion, were short in duration (-10 psec), and it is
possible that in this case the relaxation processes have
become substantial in the course of magnetization.
We have determined H,,for terbium iron garnet only
in a narrow temperature interval near room temperat u r e , since the compensation point of this ferrimagnet
is high (-250 K). When the terbium is replaced by
yttrium, the compensation point shifts towards lower
temperatures and it i s possible to t r a c e the temperature
dependence of H,, . By way of example, Fig. 2 shows
plots of a,(H) of terbium-yttrium iron garnets with
x=1.5 a t various temperatures. The figure shows also
the field dependences of the Faraday rotation in yttrium
iron garnet (x =O). With decreasing temperature, the
Faraday effect a,, of the terbium-yttrium iron garnet
increases, a s does also the absolute value of the F a r a day susceptibility d a , / d H , which characterizes the
change of the Faraday rotation in the field, but not to
the s a m e degree a s a,,, a s a result of which H,, inc r e a s e s with decreasing temperature.
The variation of H,, with temperature is approximately the s a m e for other terbium-yttrium iron garnets and,
a s seen from Fig. 3, within the limits of e r r o r s , the
values of H,, (T)for all the investigated samples fall on
one straight line.
Valiev et a/.
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FIG. 2. Dependence of the Faraday effect of the iron garnets Tb,Y, - ,Fe,O,, on
the magnetic field at various temperaturesx = 1.5: 1-290 K, 2-260 K, 3-230 K,
4--183 K. x = 0: 5-290 K,6 1 8 0 K.

The value of H,, of terbium iron garnet can also be
estimated from measurements of the Faraday effect in
weak fields. Such measurements were made in Refs.
1-3, and the field dependence of the Faraday rotation
was linearly extrapolated t o the strong-field region.
The data obtained in this manner a g r e e with the results
of our measurements in pulsed fields (see Fig. 3).
As indicated above, if relation (1) is valid (with allowance for the change of the Faraday rotation of the iron
sublattices in the field on account of the influence of the
field on the spin-orbit splitting), the field H,, should
Figure 3 shows the temequal the molecular field €2.;
perature dependences of H: of terbium iron garnet,
plotted from magnetic-measurement
It is seen
that a t low temperatures the field H,, is close to H",.
However, with increasing temperature H,, decreases
more rapidly than the molecular field, and a t room temperature H,, i s considerably weaker than H k .
Various causes of the difference between H,, and HL
can be proposed. F i r s t , in the analysis of the experimental data we have assumed that in iron garnets with
terbium the rotation of the light-polarization plane a s
a result of the iron sublattices is equal to the Faraday
effect in the yttrium iron garnet. Yet it is known that
this contribution t o the Faraday rotation can change
when the yttrium is replaced by other ions. This manifests itself most strongly when diamagnetic b i ~ m u t h , ~
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FIG. 3. Dependence of the field H,, of terbium-yttriumiron garnets on the temperature. Our data: A, 0 - x = 3,O; - x = 1, 5; A - x = 1,O; V - x = 0,4;
v - x = 0,2 (lightsymbols-A = 1.15 pm, dark symbols-A = 0.63pm).Published data for composition with x = 3: - ['], CJ- [2], 4 - [3]. 1, 2 temperature
dependences of the molecular field H,: 1-from Ref. 5,2-from Ref. 4.
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Sov. Phys. JETP 52(1), July 1980

a s well a s the r a r e - e a r t h praseodymium,' i s introduced
i n place of yttrium.2) It is possible that the introduction
of terbium also leads to a change of the Faraday rotation of the iron sublattices. To explain why the difference between H,, and H L is largest at room temperature and decreases with decreasing temperature it
is then necessary to a s s u m e that this effect becomes
stronger a t higher temperatures. This may be due to
~ 'on the magnetooptics of
the influence of the ~ b ions
the Fe3+ ions via the crystal-lattice vibrations (phonons),
which lower the spin and parity forbidenness of the
optical transitions in the Fe3+ ions. Since the terbium
atoms have almost double the m a s s of the yttrium
atoms, the phonon spectra of terbium and yttrium iron
garnets a r e different, and this leads to different F a r a day rotation of the iron sublattices in these garnets.
However, data1' on the influence exerted on the F a r a day effect by replacing the yttrium in the iron garnet
by the nonmagnetic lutecium whose atoms a r e close in
m a s s and dimension to the terbium atoms, indicate that
t h i s effect i s smalL3)
The second possible cause of the field dependence of
observed in terbium-yttrium iron garnets i s the
non-additivity of the contributions of the individual sublattices to the Faraday effect (see Eq. (1)). It was
shown recently" that the optical absorption in the near
ultraviolet in yttrium iron garnet is not the sum of the
processes of single-ion light-absorption by the ~ e ~
ions in the a and d sublattices, but is determined by
two-ion charge transfer from one sublattice to the
other.12 It is possible that the r a r e earth ions become
involved in the multi-ion absorption processes together
with the iron ions, and then the optical effects, and
hence also the magneto-optical effects, cannot be combined additively in the REIG from the individual sublattices. One of the mechanisms whereby the magnetic
field influences the optical rotation is then the effect of
the field on the probability of charge transfer between
the sublattices.
a,@)

Finally, it is possible, and this s e e m s most probable
to us, that the Faraday effect due to the r a r e - e a r t h ions
cannot be regarded a s proportional to the magnetic moment of the r a r e - e a r t h sublattice, a s is customarily
done (see Eq. (1)). This proportionality s t e m s from
consideration of the so-called paramagnetic contribution t o made the Faraday effect by the difference in the
populations of the levels of the ground multiplet of the
r a r e - e a r t h ion. In the general c a s e it is necessary to
take into account also the so-called diamagnetic Faraday
effect due to the splitting of the ground and excited
multiplets in the effective field. An important role is
played also by the contribution made to the Faraday rotation by the mixing of the wave functions of the ground
and excited multiplets under the influence of the effective field (see Refs. 13-15 a s well a s the reviews 16
and 17).
Taking into account all these mechanisms, we can
represent the Faraday effect due to the rare-earth ions
in the following form":
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where H l f f is the effective field acting on the ith multiplet o r intermixing the wave functions of the ground and
ith multiplets, while the summation is over all the
multiplets. Here and below the plus and minus signs
pertain to temperatures below and above the compensation point, respectively. The coefficients C and d,
a r e practically independent of temperature.
It is customarily assumed that the dimagnetic contribution and the contribution to the mixing of the wave
functions a r e also proportional to the magnetic moment
(see, e.g., the Pisarev's review1'). This is permissible
when the Faraday effect of paramagnets is ~ o n s i d e r e d . ~ )
In the case of REIG the situation is more complicated
because the effective fields acting on the excited multiplets of the r a r e earth ions and intermix the wave functions of the ground and excited multiplets differ from the
effective field @, acting on the ground multiplet.
In fact, the total effective field acting on the ith multiplet is made up of the molecular field acting on this
multiplet and the external field, and can be represented
in the same form a s the effective field acting on the
ground multiplet (see Eq. (2)):

But

~ f can
, be expressed in terms of the exchange field

Eex, exerted by the iron sublattices on the spin of the

given multiplet (the exchange field can apparently be
assumed to be the same for the different multiplets) in
the following manner :

where g i , St, and J, a r e respectively the Land6 factor,
the spin, and the total mechanical angular momentum of
the ith multiplet. (Formula (5) is valid in the RusselSaunders approximation.) Thus, the molecular fields
and consequently also the effective fields acting on the
different multiplets a r e different.=)
In the analysis of the contribution made to the Faraday
effect by the mixing of the wave functions it suffices to
consider only the lowest excited multiplets belonging to
the same term a s the ground multiplet (i.e., to the term
with the given S and L). Then the matrix elements of the
Zeeman Hamiltonian, which connect the ground and excited multiplets all contain the same factor (2He,, & H )
In fact, the matrix elements of the Zeeman Hamiltonian

.

which a r e needed for the calculation of a:, take the
form
for if J # J' then (LsJh4( J,( LSJ'M')=O. Expressing He,,
in terms of H: (see Eq. ( 5 ) ) we find that the contributions from the mixing of the wave functions a r e proportional to (g&/(g0- 1 ) i H ) . For example, for the TbSt
ion (go =$) these contributions a r e proportional to
3HM
iH). We note that the Faraday-effect t e r m s due to
the mixing a r e analogous to the known Van Vleck contribution to the equilibrium magnetic moment. However,
a s shown by estimates, their relative contribution to
122
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the Faraday effect can be appreciably larger.''
We have no sufficiently reliable data on the energy
spectrum and the wave functions of the ~ b "ion in the
iron garnet, and shall therefore not perform a microscopic calculations, confining ourselves only to a
phenomenological analysis.
We put

At sufficiently high temperatures the magnetic moment
of the rare-earth sublattice can be represented in the
form
MR=XR(HMO* H ) ,

(9)

where X, is the susceptibility of the rare-earth sublattice. We then find from (3) that the field H,, a t
which the contribution from the rare-earth sublattice
to the Faraday effect vanishes is equal to

In the derivation of the last formula we used the inequalities Jd,k,1 - Id, I<< CX,.
Thus, H,, # H$ in REIG. In other words, the contribution of the rare-earth sublattice to the Faraday effect
becomes equal to zero a t nonzero magnetic moment of
sublattice. To the contrary, when the magnetic moment
of the rare-earth sublattice becomes equal to zero, the
contribution from this sublattice to the Faraday rotation
does not vanish. All this agrees with our experimental
data on the dependence of the Faraday effect of terbiumyttrium iron garnets on the magnetic field.
It follows also from the theory that when the temperature is lowered H, tends to p,, inasmuch a s in this
case the magnetic moment and susceptibility of the
rare-earth sublattice increase, and consequently the
second t e r m in the square brackets of (10) decreases.
Since the susceptibility of the rare-earth sublattice
of most rare-earth iron garnets (including the terbium
iron garnet) obey in a wide temperature range the
Curie-Weiss law420:
xn=CRI

(7'-e),

(11)

and the quantities C, d,, kt, and pMa r e practically
independent of temperature, it follows from (10) that
H , , should increase linearly with decreasing temperature, a s is in fact observed in experiment (see Fig. 3).
The considered theory explains also some other experimentally observed features of the Faraday effect
in REIG. From Eq. (3), taking (8) and (9) into account,
we obtain for the spontaneous Faraday effect due to the
rare-earth sublattice

It follows therefore from (9) that

Valiev et a/.

Taking into account the expression (1 I), a s well a s the
independence of the coefficients C, d,, k, of the temperature, we find that according to the considered
model crg,/M,, should vary linearly with temperature.
Such a dependence is indeed observed for a number of
REIG, including Tb,Fe,O,, (Refs. 3 and 21), if it is assumed that the contribution of the irons sublattices to
t h e Faraday effect in these garnets is equal to the F a r a day rotation in Y,Fe,O,,.
Thus, allowance f o r the influence of the effective
fields on the splitting of t h e excited multiplets and for
t h e mixing of the wave functions of the ground and excited multiplets allows us to describe the Faraday effect in terbium-yttrium iron garnets in a wide range of
fields and temperatures. There a r e , however, a s already indicated, other possibilities of explaining the
observed phenomena. For further refinement of the
various mechanisms of the Faraday effect in REIG it
is necessary, in our opinion, to estimate f i r s t of a l l
more accurately the contribution made t o this effect by
the iron sublattices. I n addition, i t is important t o e s tablish the degree to which the regularities observed for
terbium-yttrium iron garnets a r e general and satisfied
for other REIG. We note i n this connection that, a s
shown by our measurements, the Faraday rotation in
dysprosium-yttrium iron garnets in strong fields behaves in analogy with the Faraday effect in the terbiumyttrium iron garnets.

'The superscript 0 indicates that that in this case is meant the molecular field acting
on the ground multiplet of the rare-earth ion, since the magnetic moment is determined by the splitting, in the field, of the levels ofjust this multiplet.
211tis shown in Ref. 9 that introduction of bismuth and praseodymium changes the
character of the optical transitions in the iron ions in the garnets in the nearinfrared.
"There is also one other trivial reason for the differencebetween the Faraday effect
of the iron sublattices in rare-earth iron garnets and of yttrium iron garnet. As
already noted, depends on the field. But in REIG the iron ions are acted upon,
besides the external field, also by the molecular field due to the rare-earth sublattice, i.e., the iron ions in REIG are in a different effective field than in an yttrium
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iron garnet. Calculations show, however, that the change produced in H,, by this
mechanism is within the limits of the measurement error.
"In fact, in this case H & = H, for all multiplets and we can expressH in terms of
M from the usual relation M = XH for paramagnets.
'The contribution proportional to the external field to the Faraday rotation of
REIG, due to the influence of the field on theexcited states, was introduced in Ref.
19.
6'For some rare-earth ions whoseexcited multiplets are close to the ground multiplet
(for example the distance between the ground and first-excited multiplets of Tb '+
is approximately 2000 cm-') this contribution can reach 10-20% of the paramagnetic contribution to the Frarday effect.

:,

'W. A. Crossley, R. W. Cooper, J. L. Page, and R. P. Van Stapele, Phys. Rev. 181,
897 (1969).J. F. Dillon, Proc. "Enrico Fermi" School, Varenna, 1977, p. 379.
2G. S. Kirnchik and S. A. Gushchina, Zh. Eksp. Teor. Fiz. 55,490 (1968)[Sov.
Phys. JETP 28,257 (196911.N. F. Kharchenko, L.I. Belyi, and 0.P. Tutakina, Fiz.
Tverd. Tela (Leningrad) 10, 2819 (1968)[Sov. Phys. Solid State 10 272 (1969)l
". Guillot ahd H. Le Gall, Physica 86-88D, 1226(1977).M. Guillot, P. Feldman,
H. Le Gall, and H. Minella, I. de Phys. 40 883 (1979).
4M. Guillot and H. LeGall, I. de Phys. 38, 871 (1977).
'R. 2. Levitin, B. K. Ponomarev, and Yu. F. Popov, Zh. Eksp. Teor. Fiz. 59, 1952
(1970)[Sov. Phys. JETP 32,1056 (197111. Yu. F. Popov, Author's abstract, Candidate's dissertation, Moscow State Univ. 1971.
6N. F. Kharchenko, V. V. Eremenko, and A. I. Belyi, Zh. Eksp. Teor. Fiz. 55,419
(1968)[Sov. Phys. JETP 28 219 (1969))
'C. F. Buhrer, I. Appl. Phys. 41, 1393 (1979).
'S. H. Wemple, J. F. Dillon, J. G. Van Uitert. and W. H. Grodkiewicz, Appl. Phys.
Lett. 22, 231 (1973).
'G. S. Krinchik and 0. B. Esikova, Fiz. Tverd. Tela (Leningrad) 19, 3479 (1977)
[Sov. Phys. Solid State 19, 2035 (1977)l
I0E. V. Berdennikova and R. V. Pisarev, Fiz. Tverd. Tela (Leningrad) 18,81 (1976)
[Sov. Phys. Solid State 18, 45 (1976)l
"G. S. Krinchik, V. D. Gorbunov, V. S. Gushchii, and B. V. Mill', Fiz. Tverd. Tela
(Leningrad) 22,264 (1980)[Sov. Phys. Solik State 22, 156 (1980)].
I2G. B. Scott, Proc. "Enrico Fermi" School, Varenna, 1977, p. 445.
')A. J. Stone, Mol. Phys. 4, 225 (1961).
14P.J. Stephens, Inorg. Chem. 4, 1690 (1965).
I5A. D. Buckingham and P. J. Stephens, Ann. Rev. Phys. Chem. 17,339 (1966).
16G.S. Krinchikand M. V. Chetkin, Usp. Fiz. Nauk98.3 (1969)[Sov. Phys. Usp. 12,
307 (1969)l.
"R. V. Pisarev, in: Fizika magitnykh dielektrikov (Physicsof Magnetic Dielectrics),
Nauka, 1974, p. 395.
IRA.F. POPOV,
Abstracts, All-Union Conf. on Magnetism, Khar'kov, 1979.
I9N. F. Kharchenko, V. V. Eremenko, S. L. Gnatchenko, L. I. Belyi, and E. M.
Kahanova, Zh. Eksp. Teor. Fiz. 68, 1073 (1975)[Sov. Phys. JETP 41, 531 (1975)l.
'OR. Pauthenet, Ann. Phys. (Paris)3,428 (1959).
2'M. Guillot, H. Le Gall, P. Feldman, A. Marchand, and I. M. Desvignes, Proc.
ICM-79, Munich, Sept. 3--7, 6U14, 1979.
Translated by J. G . Adashko

Valiev er a/.

