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An investigation of the Faraday effect (FE) in holmium iron garnets near the temperature of magnetic
compensation in pulse magnetic fields up to 160 kOe revealed jumplike changes of the FE; these are
attributed to the reversal of the magnetic sublattices of the iron garnet. An estimate is presented of
the effective field acting on the total magnetic moment of the rare-earth iron, Hggp = 60 = 10 kOe at

T = 136°K. In addition, a sharp increase of the Fe in a field ~ 135 kOe is reported at a temperature
below 56°K, and the hypothesis is advanced that it is connected with the destruction of the umbrella-
like magnetic structure of the holmium iron garnet in an external magnetic field.

IN rare-earth iron garnets, the Faraday effect (FE)
can be regarded as a sum of independent contributions
of all the sublattices of the ferrites. In the infrared
region of the spectrum (A > 4 u), the contributions are
due essentially to precession of the magnetic moments
of the sublattices under the action of the magnetic field
of the light wave, i.e., they are the consequence of ex-
change resonance!'*), and at shorter wavelengths, the
FE of the sublattices is connected with electronic tran-
sitions both inside the 3d° shells (Fe®' ions) and the 4f™
shells (Re®" ions), and with the stronger transitions be-
tween the different electronic configurations!®’. At an
incident-light frequency sufficiently remote from the
fundamental absorption, the magnetization and the FE of
rare-earth ions and transition-metal ions in the ground
S-state are proportional to each other, with the propor-
tionality coefficient that does not depend on the tem-
perature'® . The distance between these frequencies,

in the case of the visible part of the spectrum, is large
for almost all the rare-earth ions, unlike the case of
Fe® ions in iron garnets. The fundamental absorption
in the latter, starting already in the vicinity of

20,000 cm™, and the existing intense broad absorption
band at frequencies 11,000 and 16,400 cm ™!, cause the
dependence of the FE of the Fe®" ions in the visible reg-
ion of the spectrum on the temperature to be determined
not only by their magnetization, but also to a larger de-
gree by the change of the width and intensity of the
bands, and also by the shift of the edge of the fundamen-
tal absorption upon cooling!®. In addition, just as in
ferromagnetic d-metals!”?, a strong dependence of the
FE of the iron sublattices on the magnetic field intensity
is observed in yttrium iron garnet'? this is being
apparently connected with the peculiarities of the oc-
currence of the EF in ions with a ground S-state®.

DThe FE in these ions is determined completely by the frequency
separation Av between the centers of gravity of the absorption of right-
and left-hand circularly polarized light, which in turn is determined by
the spin-orbit interaction in the excited state [5]. Since in iron garnets
the resultant FE of all the iron ions is the difference of the contributions
of two iron sublattices, noticeable relative changes of FE are possible
already at small changes of Av. On the other hand, a decrease of Av is
possible under the influence of an external magnetic field acting also on
the orbital angular momentum of the ion in the excited state.

Nevertheless, at constant temperature and constant
magnetic field intensity, the FE of the iron ions will be
proportional to the projection of their magnetization on
the light-propagation direction. Opposite signs of the
FE of the rare-earth sublattice and the resultant FE of
the sublattices of the iron ions at identical direction of
their magnetization vectors, and also the different values
of the FE, bring about a situation wherein the magnetic
moments are cancelled but not the FE. This makes it
possible, by investigating the FE, to supplement the in-
formation obtained from magnetic measurements con-
cerning the magnetic structure of the garnet!'?. Thus,
on going through the magnetic-compensation tempera-
ture T, a sharp reversal of the sign of the FE is ob-
served, connected with the change of the direction of the
magnetization vectors of the sublattices!*!. Unique
changes of the FE can occur also in the case of
“‘breaks’’ of the sublattices!® '), a detailed analysis of
which can help determine the direction of the magnetic-
moment vectors of the sublattices as functions of the
external field.

In the present investigation we measured the FE in
holmium iron garnet at temperatures close to T¢, in
pulsed magnetic fields up to 160 kOe, and at a light
wavelength 6,328 A. The results allow us to conclude
that the ‘‘break’ of the sublattice actually does take
place and at temperatures close to T, it has the charac-
ter of a reversal of the magnetic moments. In addition,
the FE was measured also at lower temperatures
(T = 24°K), where both the non-collinear magnetic
structure of the holmium iron garnet and its destruction
in strong magnetic fields can exist.

Figure 1 shows oscillograms demonstrating the
change of the intensity of the light passing through a
plate of holmium garnet placed between polarizers as
the magnetic field intensity increases from zero to
80 kOe within a time 3.5 X 107 sec. The horizontal
sweep on the oscillograms is proportional to the field
intensity, and the vertical one is proportional to the
Faraday angle of rotation of the plane of polarization
(the angle between the polarizers is 45°). The fact that
the observed changes of the intensity are connected with
the change of the FE is confirmed by direct measure-
ments of the angle of rotation of the plane of polariza-
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on the magnetic field intensity in the garnet Ho3Fe;0,, near the
compensation point T¢ = 136°K; d = 100u (110).

tion, performed in the same field interval by a method
described earlier!™!. The temperature of the sample
(plate 100 p thick), cut in the (110) plane, was varied
near T and was measured with copper-constantan
thermocouples glued to the sample.

It is seen from the oscillograms that at temperatures
that differ little from T = 136°K there is observed, be-
sides the usual linear change of the FE with increasing
magnetic field (|[dg/dH| ~ 0.12 deg/kOe at [¢,| = 8.5°),
due to the additional magnetization of the rare-earth
sublattices and to the change of the Faraday rotation of
the iron ions in the external field, also a sharp decrease
of the FE when the critical value of the magnetic field
intensity H, is reached. The field H; increases rapidly
with increasing difference (T — T¢).?’ The jump-like
changes in the absolute value of FE can be connected
with the process of the ‘‘break’ of the sublattices,
which at almost equal values of the sublattice magnetiza-
tion should have the character of a reversal, similar to
the reversal of the magnetic moments in antiferromag-
nets.

The magnetization of the rare-earth sublattice depend
strongly on the applied field and therefore even at a
temperature very close to T¢, the ‘‘break’’ begins at
appreciable deviation of the magnetic moment of the
rare-earth sublattice from the resultant magnetic mo-
ment of the iron sublattices. However, as the vector

2)Similar changes of the FE were observed also in erbium garnet
near T¢ = 80°K.
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MRe rotates away from the direction of H, the absolute
value of MR, is restored to almost the initial value
MRe(H = 0) ® Mpe, thereby accelerating the initiating
rotation of the sublattice. During the process of such a
reversal, the projection of the magnetic moments on the
direction of H (which coincides with the light propagation
direction) decreases greatly, and consequently, there
should be a sharp decrease in the absolute value of FE,
whereas the dependence of the magnetization on the mag-
netic field should experience only a small kink. In those
iron garnets in which the contribution to the FE from
the rare-earth sublattice predominates, during the proc-
ess of the reversal, at temperatures T > T, the sign of
the FE should change, and it should remain constant
when T < T¢, although the effect may drop almost to
zero (the sign of the FE is determined by the direction
of the projection of the vector MRg, which is reversed
in the former case and remains constant in the latter).
Such a regularity was indeed observed in holmium gar-
net (Fig. 1).

The critical reversal field for the start of the
‘‘break’’ of the sublattices, H,, can be determined by
using the expression obtained by Gusev and Pakhomov
for an isotropic iron garnet!****J:

H— ”’;”‘ (1)

+ AH(T),

where M;—resultant magnetization of the iron sub-
lattices, M;—magnetization of the rare-earth sublattice
(at T < T, the signs of M; and M, should be reversed),
AH—small addition that depends on the temperature.
The susceptibility x of the ‘‘break’’ process, as shown
in™%*1 " does not depend on the temperature and is de-
termined by the magnitude of the exchange interaction
of the rare-earth ions with the iron ions:

X = MM/ (NiI12Nal2() S 1S, (2)

Here N, S; and N3, S;—numbers of ions and magnitudes
of the spins of the ions of the rare-earth and ‘‘resul-
tant’’ iron sublattices, I,» and I.;—exchange integrals,
characterizing the exchange interaction of the ion of one
sublattice with all the ions of the other.

In (1), the dependence of M. on the external field H
can be neglected, since the external fields employed
above are much smaller than the internal fields acting
on the iron ions. The magnetization of the rare-earth
sublattice prior to the start of the break can be des-
cribed by the Brillouin function!*®’

MQ=M1035,< Z Ilisisi:tlliH>. (3)
i=a,d,c

where Mo = Nyu;and p, = p.ngj—total magnetic mo-
ment of the rare-earth ion, I,;—exchange integral char-
acterizing the interaction of the rare-earth ion with all
the ions of the i-th sublattice, and the summation is
over all three (a, d, c) sublattices of the iron garnet.
The minus sign corresponds to temperatures larger
than T, and the plus sign to lower temperatures. The
sum in (3) can be replaced by u,Hegf, where

1
Hegry = — D148, (4)
a,d,c
is the internal effective field acting on the total magnetic
moment of the rare-earth ion and produced by all the
surrounding ions. It is connected with Hexch, which acts
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on the spin moment of the ion, by the relation He¢t

= 2(gj - l)gj'lHexch“"]. The susceptibility y can be ex-
pressed in terms of the effective field acting on ., and
produced by the iron ions only, which we set equal to
Heff, since the exchange interaction between the rare-
earth ions is negligibly small, and

X =M/ H . (5)

Using (1), (3) and (5) we can calculate the values of
the critical field H; for different temperatures. Expand-
ing the function le in a series and taking the first two
terms of the expansion, we obtain for H; the equation

M,O[S‘-i—iz_ (281 + 1)+ Mg]

Hy= + H ¢ — R
S TR AT 45(28,)4 My

(6)

where x = u,(Hegf + Hy)/kT. From (6) we can see that,
starting with a certain temperature T’ = T, + 6, where

(@S 1)1 Sy wiH e
T 15(28) S1+1( kTC)TC’ (™)

and above this temperature, H, = Heff, and consequently,
no jump of the FE will take place for T > T’, since the
magnetization of the rare-earth sublattice vanishes at
H, = Hegf, and the appearance of a magnetic moment
with further increase of the field does not lead to a
‘“‘reversal’’ of the sublattices. Assuming that the mag-
netic moment of the holmium iron in the garnet at

T = 136°K is equal to the moment of the free ion

K1 =10 up, and taking the value of the resultant magne-
tization of the iron sublattices, equal to its value in the
yttrium garnet Y;Fe;0;, at this temperature

(M: = 4.65u)"™, we can obtain He¢f (T = T;), which
was found to equal 63 kOe. The estimate of the value

of 6 at the same values of 1, and He¢f yields 6 = 1.5°K.
On the other hand, the jump of the FE cannot be ob-
served at temperatures exceeding T by 2.2°K, this
being in qualitative agreement with the calculation. It
is also interesting, that the magnitude of the abrupt
change of the FE does not decrease smoothly to zero
when the sample is heated to T = T’, but vanishes at T’
likewise jumpwise (Fig. 2b), as should be the case upon
reversal of the sublattices (the ‘‘residual’’ jump should
be somewhat larger than the contribution made to the
FE by the iron ions at an external-field intensity

H = Hegy).

The temperature dependence of the critical field H,,
obtained from (6), is shown in Fig. 2a. The same figure
shows the experimental values of H,, which lie some-
what lower than the calculated ones. Somewhat higher
calculated values o d; may be due to the fact that no
account was taken in the calculation of the small term
AH in (1), which appears when T = 011, However, the
limiting value of H, should equal Hegf. As follows from
Fig. 2a, the largest observable H, = 53 kOe, and conse-
quently Hggf should not exceed this value greatly. The
intensity of the external field Ho, at which the FE van-
ishes at higher temperatures, gives an upper limit for
Heff, provided only that it is assumed that the change
of the contribution of the iron sublattices of the holmium
iron garnet with changing field differs little from the
change of the FE in yttrium iron garnet.

Figure 2 shows the values of H, for temperatures at
which the jump of the FE is no longer observed. We see
that the value of Hggp at these temperatures lies in the
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FIG. 2. Temperature de-
pendence of the critical field H, ,
the field Hy (a), and of the mag-
nitude of Ay of the jump of the
FE (b). Upper solid curve — cal-
culated H(T — T) dependence,
points above the horizontal line —
field H,.

field interval 53—70 kOe, and is closer to the lower
limit (the FE of the iron ions does not equal to zero and
H =70 kOe). Extrapolation of the data on the suscepti-
bility of the para process of polycrystals of holmium
iron garnet™®! to the temperature T = 136°K yields

Xn = 3.85x 10™* g™, which amounts to 0.068 upg/kOe per
molecule of HosFesO.z, and the value Heff = Mz/Xp

= 68 kOe obtained from this, which also agrees with our
results.

In conclusion we note a peculiarity of the behavior of
the FE in holmium garnet in strong fields at tempera-
tures below 56°K. Figure 3 shows, besides the depen-
dence of the FE on the magnetic field intensity, obtained
by the direct method!**], oscillograms similar to the
preceding ones, the angle between the polarizers being
chosen such that the changes of the intensity were pro-
portional to the changes of the Faraday angle in the
region of magnetic fields under consideration. The
dashed line represents the value

¢ = @2+ KMy
B (Hi(Heff + H)\
S\ — o — )
kT

which reflects the behavior of the magnetization of the
holmium ions subjected to the action of the internal and
external fields, under the assumption that the magnetic
structure is collinear and the magnetic moments are
directed along the field. Here K = 1.75 deg/u B,
@2—angle of the FE of the iron ions, which changes with
the field in accordance with the law @, = ¢, + bH, where
b = 0.02 deg/kOe at a sample thickness 100 u and a tem-
perature 24°K™®’ | and the internal effective field at this
temperature is Heff = 100 kOe™'*1, The magnetic mo-
ment of the holmium ion, the magnitude of which at low
temperatures can differ from its value for the free ions
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FIG. 3. Singularities in the behavior of the FE in holmium-iron
garnet at temperatures below 56°K (d = 100 g, (110)).
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owing to the effect of the quenching of the orbital angu-
lar momentum, was chosen equal to 8.6y g (the angle at
the vertex of the cone made up of the magnetic moments
of the holmium ions equals 44° if the magnetization of
the garnet per molecule of HosFesOy, is 13.6ug™*"?.
Accozfding to neutron diffraction data, this angle equals
48° 1),

It is seen from the figure that at a field intensity H.
~ 135 kOe, starting with a temperature ~56°K and
below, the FE experiences a jump which is seen more
clearly with decreasing temperature. The magnitude of
the critical field for this jump is practically independent
of the temperature. A considerable hysteresis is also
observed, which vanishes together with the jump upon
heating to 56°K. The observed singularity cannot be
connected with rotation of the magnetic moment of the
ferrite as a whole, since, although the anisotropy field
can be large, the technical-magnetization curve for this
case (anisotropy constant K; < 0, H il [110]) does not ex-
perience a jump, as is the case with iron at H Il [111]%?),
Nor can it be attributed to the process of the ‘‘break’’
on the sublattices, for in this case there should be ob-
served a decrease of the FE (during the rotation proc-
ess, a decrease takes place in the projection of the mag-
netic moment of the rare-earth ion, which makes the
main contribution to the FE at low temperatures, on the
direction of the external magnetic field). In addition, at
T = 24°K the value of H, greatly exceeds 135 kOe.

It is possible that the singularities connected with the
destruction of the non-collinear magnetic structure of
the holmium garnet, and that there should take place an
irreversible process of motion of the magnetic moments
of the ions of holmium, which are in non-equivalent
positions. As shown by neutron-diffraction®? and mag-
netic®? investigations, in the holmium iron garnet at a
temperature 4.2°K there is realized a non-collinear
umbrella-like magnetic structure. An explanation of the
anomalously large magnetostriction of the holmium iron
garnet in the region of low temperatures presupposes
its presence also at higher temperatures !, If it is
assumed that the jump of the FE in a field H = 135 kQOe
is due to the ‘‘collapse’’ of the cone of the magnetic mo-
ment, then from its presence at T < 56°K it follows that
the umbrella-like structure appears already near 50°K.
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terest in the work and support, and A. V. Antonov for
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