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The method of polarization optics is used in a study of the magnetic orientational phase transi-
tions in gadolinium iron garnet single crystals in an external magnetic field imposed along the
(111) axis. The phase diagrams measured at different points in the samples exhibit previously
unreported lines of phase transitions between canted phases. All the phase-transition lines are
well described by a theory which incorporates the internal stresses in the crystals. For all the
transitions which occur, the calculated phase-boundary configurations in the stress fields of the
dislocations actually present in the samples practically coincide with those observed in experi-

ment.

There has been considerable research interest of late in
magnetic orientational (spin-flip) transitions—a particular
class of order-order magnetic phase transitions due to the
rotation of the spontaneous magnetization of the crystal
upon a change in the temperature T or the external magnetic
field H. Transitions of this type are observed, in particular,
in rare earth iron garnets having a magnetic compensation
point."

Because thin wafers of these materials are transparent
to visible light, one can use the method of polarization optics
to study simultaneously the distribution of internal stresses
(by the photoelastic effect) and the magnetic domain struc-
ture (by the Faraday and Cotton-Mouton effects). This cir-
cumstance affords a unique possibility for direct experimen-
tal study of the influence of dislocations and other
elementary lattice defects on the rotation of the magnetic
moments, nucleation of domains of different phases, and
motion of phase boundaries during spin-flip transitions.
Such studies are of considerable interest in one of the current
problems® of theoretical physics—the creation of a phase-
transition theory which incorporates the real structure of
crystals. In addition, this technique can elucidate the nature
of the onset of inhomogeneous magnetic structure during
the spin flip in a wide class of ordered magnets.

The method of polarization optics has already been
used to make detailed studies of the existence regions of the
magnetic phases in single crystals of gadolinium iron garnet
Gd,Fe,0,, and to investigate the temperature dependence
of the direction of the net magnetization at various orienta-
tions of the external magnetic field with respect to the crys-
tallographic axes.*® The theoretical model of a many-sublat-
tice ferromagnet with ideal cubic anisotropy,’' although
successfully describing the diversity of the phases which oc-
cur and the general behavior of the transitions between
them, has been unable to explain many of the experimentally
discovered features of these transitions—in particular, the
shape of all the lines bounding the existence regions of the
various phases on the H-T plane* and the sequence of transi-
tions between equivalent canted phases. It has also left un-
explained the reasons for the coexistence of several magnetic
phases at low magnetic fields over a wide temperature inter-
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val around the magnetic compensation point."** It is natu-
ral to suppose that these disagreements between theory and
experiment are due to the real structure of the samples, i.e.,
to the presence of defects of the crystal structure. The prob-
lem of studying the influence of lattice defects on magnetic
orientational transitions has thus moved to the forefront.

The observations of anomalies in the occurrence of the
spin-flip phase transition near the leading sources of internal
stresses in crystals—isolated dislocations—in gadolinium
iron garnet wafers was first reported in Ref. 6. A detailed
study of the orientational transitions in the interior of a real
crystal was reported in Ref. 7. It was shown both theoretical-
ly and experimentally that the form of the H-T diagrams for
first-order phase transitions is governed by the magnitude of
the internal stresses, while the shape of the phase boundaries
is governed by the distribution of the internal stresses over
the sample. This distribution has a characteristic shape near
dislocations. In the present article we consider transitions
occurring at an orientation of the external field such that the
number of phases realized is larger than in Ref. 7, and phase
lines which were not predicted by the theory of Ref. 1 ap-
pear.

EXPERIMENTAL TECHNIQUES

The experiment was basically done by the techniques
set forth in Ref. 7. Single crystals of gadolinium iron garnet
(Gd;Fe;0,,) were cut parallel to the (110) plane into wafers
whose thickness after mechanical and chemical polishing
was 30-50 um. These samples were placed in a cryostat on a
copper cold finger through which heated nitrogen vapor was
passed. The temperature of the cryostat was stabilized by an
ESNT-1 unit feeding a Nichrome coil placed in a cooling gas
jet. The unit was controlled by the out-of-balance signal of a
dc bridge having a copper thermistor, placed alongside the
sample, in one of its arms. The temperature was measured
with the aid of a copper-constantan thermocouple to an ac-
curacy of 0.02 K. The cryostat was mounted between the
poles of an electromagnet which produced a static field of up
to 22 kQe. The field was measured with a Hall transducer.

The spin-flip transitions were studied by a polarization-
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optics technique. The orientation of the magnetization vec-
tors of each of the phases was determined from analysis of
the Faraday and Cotton-Mouton magnetooptic effects. The
dislocations were revealed and identified from the birefrin-
*gences rosettes” observed around them in crossed polarizers
when the wafers were magnetized to saturation in the plane.

The instant at which the phase transition occurred at a
chosen point in the sample was fixed by observing the pas-
sage of the corresponding phase boundary through it. By
holding the boundary at a given point through coordinated
changes in the magnetic field and temperature and feeding
the signals from the Hall transducer and thermocouple
(through a V2-11 unit) to an x-py recorder, we could automat-
ically trace out the phase-transition line on the H-T plane.

In the present experiment the samples were oriented so
that the magnetic field was directed along the [111] axis,
which lay in the plane of the wafers. In this arrangement a
greater number of phases was realized during the spin flip
than in the earlier experiment’ with the magnetization rever-
sal along the other easy axis, [111], which was a preferred
direction in the investigated series of samples because of a
small additional, growth-induced anisotropy.

The direction of the 180-degree boundaries separating
domains with magnetization along [111] (these were always
present when the temperature was far from the compensa-
tion point at H = 0) and the boundaries of the growth sec-
tors, which lie strictly along [111], [001], and [110], were
convenient references for orienting the crystals.

EXPERIMENTAL RESULTS

When an external magnetic field was imposed along the
easy axis [111], six phases were observed in a (110)
Gd,Fe,0,, single-crystal wafer as the field and temperature
were changed. Two of the phases were collinear, with mag-
netization along [111] (high-temperature phase 4 and low-

temperature phase B ), and four were canted, with magnetiz-
ations close to the axes [111] and [111] (high-temperature
phases C, and C, and low-temperature phases D, and D,,
respectively). The high-temperature phases differ from the
low-temperature phases in that the magnetization of the ga-
dolinium sublattice in the former is directed counter to the
external field. During the experiment the plane of the sample
was perpendicular to the optic axis, and the polarizers were
slightly crossed. This caused the color of the phases 4 and B
to be slightly different from the color of C, and D, on ac-
count of the magnetic birefringence. Within each pair these
(Cotton) phases could easily be distinguished from each oth-
er by the nature of the motion of their phase boundaries with
the (Faraday) phases C, and D,. Phases C, and D, were con-
siderably brighter than the Cotton phases on account of the
Faraday effect, and had different brightness and color when
viewed in crossed Nicols.

Asin Ref. 7, the transitions between phases correspond-
ing to different easy axes occurred through a gradual dis-
placement of the phase boundaries by an amount which, at a
fixed change in temperature, grew with increasing magnetic
field, while the transitions between phases corresponding to
the same easy axis occurred through the motion of a 180-
degree compensation boundary. The pattern of the low-tem-
perature phase transitions is practically identical to that of
the corresponding high-temperature transitions if 7T is re-
placed by 27,-T (T, =283 K is the magnetic compensation
temperature of Gd;Fe;O,,).

To a large degree the kinetics of the spin-flip transition
was governed by the presence of defects, primarily disloca-
tions, in the crystals. Thus in the transition from 4 to C, the
C, phase was nucleated at dislocations in the form of a
bright, bean-shaped microscopic region, expanded with
practically no change in shape, and then came to occupy the
main volume of the crystal, compressing phase 4 into a mi-
croscopic region (the dark region in Fig. 1a) which was sym-

FIG. 1. Experimentally observed (a,b ) and theoretically calculated
(c,d ) shape of the phase boundary near a dislocation with slip plane
(112) and Burgers vector b||[111]: a) the transition B <> D, at
H = 3.1 kOe, T=281.8 K; b) the transition D, <> C, at H = 1.2
kOe, T =282.9 K (the axis of the dislocation is indicated by an
arrow in a and b); c) the shape of the boundary between phases with
magnetization along [111] (hatched along the magnetization direc-
¢ tion) and [111]; d) the same as in c but between [111] (hatched along
. the magnetizaiton direction) and [111].
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FIG. 2. Diagram of the magnetic orientational phase transitions at a sin-
gle point in a Gd;F0,, crystal: 1) B« Dy; 2) D, <> Dy; 3) D, < C,; 4)
C, o C;5)CL A

metric about the dislocation axis with the initial nucleus of
phase C, (this is all analogous to the transition from the col-
linear to the canted phase as described in Ref. 7 except for
the shape of the microscopic region which formed at the
dislocation).

As H and T were changed, the boundary between cant-
ed phases belonging to different easy axes migrated, forming
on the dislocation a rosette (Fig. 1b) which was identical to
the rosette observed in Ref. 7. During these phase transitions
there was a transformation, analogous to that described
above, from the bright rosette of phase C, (or D)) to a rosette
of phase C, (or D,) of the corresponding color, in a symmet-
ric location with respect to the dislocation axis.

Let us consider the H-T phase diagram obtained at one
of the points in the crystal under study (Fig. 2). Asin Ref. 7,
when the temperature was varied near the compensation
temperature 7, ~283.0 K, phase transitions always oc-
curred between collinear and canted phases (4 « C,, curve
5; B <> D,, curve 1). The corresponding experimental points
in fields H 2 10 kOe asymptotically approach straight lines
which converge at the point H=0, T= T, with a slope
|dH /dT | = 13 kOe/K, while for H—0 the points begin to
deviate from these limits by a hyperbolic law. In the chosen
experimental configuration, these lines of phase transitions
in the investigated region of the crystal always diverged, and
the width of the “throat” between them was characterized
by the value of the induced anisotropy inhibiting the orienta-
tion of the magnetization along the [111] axis.

The pattern of phase transitions in the region enclosed
between these curves was significantly more complex than
the pattern observed in Ref. 7. This complexity was mani-
fested, in particular, in a different succession of canted
phases for the same initial state if the spin flip was brought
on at different values of the static field on account of a
change in temperature. For example, as the temperature was
increased from T < T, at H~ 3 kOe the phase D, which ap-
peared after phase B at the point under study gave way to a
C, phase corresponding to another easy axis. Thus the actual
succession of phases was that predicted by the theory for an
ideal cubic crystal (B—D;—C,), but with a change in the
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plane of rotation of the sublattice magnetizations from (101)
to (110).! After this, however, the sequence of phases pro-
posed in Ref. 1 was violated: instead of C,—4 the transition
which occurred was C,—C,—A. When the temperature was
changed in the opposite direction the phase sequence was
different: A—C,—C,—D,—D,—B, in agreement with the
experiment of Ref. 5. In other ranges of H the transition
between canted phases could follow different patterns. The
patterns were also different for different samples. Further-
more, the succession of phases depended strongly on the
magnetization-switching history of the sample and the man-
ner in which the temperature was changed over time. These
features are due to structural defects in the crystals but were
not investigated in detail in the present study, which was
limited to the shape of the corresponding lines of phase tran-
sitions.

If a phase transition occurred at a chosen point in the
sample (if the corresponding phase boundary passed through
this point), then, by following along the phase-transition line
by means of suitable changes in the field and temperature, we
could track the transition throughout the field range 0 < H
20 kOe regardless of whether or not this transition was ob-
served upon a change in temperature at the given value of the
static field. When 7" and H deviated from the values corre-
sponding to the phase transition and the phase boundary
moved away from the chosen point, the phase equilibrium
could easily be restored by changing one of these parameters;
here, to within the accuracy of the measurements, hysteresis
effects were not observed.

Of the previously’ unobserved transitions between
canted phases, only the transitions D, < D,, D, «— C,, and
C, <> C, are shown in Fig. 2 (curves 2, 3, and 4). The points
corresponding to the transition D, «> C; and to the pre-
viously studied transition D, <> C,, which is due to the mo-
tion of the compensation boundary,’ are not shown, since for
H 21 kOe they lie on the T = T, axis and coincide with the
points of the transition D, <> C,. The lines of transitions
between canted phases are analogous to the lines (discussed
above) of transitions between the collinear and canted
phases, but the slope of the straight lines which they asymp-
totically approach at H 2 5 kOe (the dashed lines in Fig. 2) is
twice as large for the transitions D, <> D, and C, « C, viz.
|dH /dT | =26 kOe/K, while the points of the transition
D, < G, lie on the vertical line 7= T,. For H= 1 kOe the
D, <> C, transition line deviates from the vertical on ac-
count of the induced anistropy at the investigated point in
the crystal, while the D, <> C, transition line, by contrast, is
insensitive to the induced anisotropy.’

ORIENTATIONAL PHASE TRANSITIONS IN
INHOMOGENEOUSLY STRESSED RARE EARTH FERRITES
WITH A MAGNETIC COMPENSATION POINT

The shape of the observed lines of phase transitions and
the aforementioned features of the spin flip in the stress field
of isolated dislocations can be described quantitatively in the
framework of the phenomenological approach developed in
Ref. 7.

In the region of weak magnetic fields the energy of a
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magnetic phase is written’
1
E=—— (y.—) H*sin® 6

1 T—T,
“‘:)*XnHz_Txu?»MpeH cos 0--e. (1)

Here @ is the angle between the magnetic field H and the easy
axis along which the magnetic moments of the sublattices
are oriented (the angle is measured from the magnetization
direction of the iron sublattices), ¢ is the energy contribution
from elastic stresses or from noncubic anistropy induced
during the growth of the crystal, y, and y, are the suscepti-
bilities of the system of magnetic sublattices in the directions
perpendicular to and parallel to the corresponding easy axis,
A is the effective homogeneous exchange constant between
the rare earth and iron sublattices, and M, is the net magne-
tization of the iron sublattices.

Under the conditions of our problem cos 8 equals + 1
for phase 4, — 1 for phase B, approximately + 1/3 for
phases C, and C,, and approximately — 1/3 for D, and D,.
The values of @ are slightly different for phases C, and C, (6,
and 6,, respectively, with |6, — 6,|<1) as a consequence of
the slight deviation of the axes from the (111) directions in
the induced-anisotropy field and the inexact (~2°) orienta-
tion of the crystal with respect to the direction of the external
magnetic field. In phases D, and D, the angle is equal to 76,
and 7-6,, respectively. Then the condition that the energies
of the phases are equal at a first-order phase transition yields
the H dependence of the phase transition temperatures 7.

For the transitions 4 <> C,, B <> D,

+ T; —Tc - —2 X=X H 3(60—65) .
T. 3 o AMee 2y AMgH'’

(2)

here gy, €,, and £, are respectively the increments to the ener-
gy of phases 4 and B, C, and D, and C, and D,; the plus sign
is for A < C|, the minus sign for B <> D,.

For the transitions C, <> C, and D, <> D,

JD=Te_ 4 x—x H 3(e1—e,) _
T, 3 xy  AMMe 2%y, MM H(6,—6,)

(3)

the plus sign is for C, <> C,, the minus sign for D, <> D,. We
note that near T, there should be a phase with a value of
closer to 7/2—in our case 8, < @, < 7/2—and this dictates
the experimentally observed anomalies in the succession of
phases during the spin flip.

Finally, for the transitions D, <> C, and C, <> D, we
have

T,—-T. _ 2%(0,—0:) x.—x H + 3(e4—e2)
Tc 3 % A.MFe 2X|| }\.MFQH

The plus sign is for C, <> D,, the minus sign for D, < C,.

As in Ref. 7, in accordance with the measured slope of
the phase-transition curves in the linear region, we have tak-
en

+

- 4

Yo (t—) ~'AM e/ Tc=8.5 kOe/K

and, choosing the values of the differences in the energy in-
crements €,—¢, and €,—¢,, we have constructed the theoreti-
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cal lines of phase transitions at the point under study (the
solid curves in Fig. 2); these lines give a good description of
the experimental trends. By comparing curve 3 with curves 2
and 4, one can conclude that 6, — 6,=1°.

By taking into account the connection between the in-
duced anisotropy and the internal stresses, £ =€ — A, 0
Xa,a, (€ is the induced-anistropy energy from other
sources, A ;,,, and o; are the components of the magnetos-
triction and stress tensors, and a,, are the direction cosines
of the magnetization) and also the form of the tensor o
around the dislocations (for the dislocation in Fig. 1 the slip
plane is (112) and the Burgers vector is b = 1/2a [111]; a is
the lattice constant of Gd;Fe;O,,) in the elastically isotropic
approximation, we calculated the shape of the microscopic
phase regions arising at the dislocations for a transition
between sublattice magnetization directions along [111] and
[111] (Fig. 1c) and between [111] and [111] (Fig. 1d) in pre-
cisely the same way as was done in Ref. 7.

The results of these calculations are in good agreement
with the experimentally observed domain configurations for
the different phases at the dislocation. The size of the micro-
scopic phase region realized at a dislocation under specified
conditions is governed by the difference in the value of € in
the neighboring phases; this energy difference is calculated
as a function of T"and H using formulas (2)—(4), depending on
the type of transition.

DISCUSSION OF RESULTS

We have set that the experimentally measured lines of
phase transitions agree well with the theoretical lines calcu-
lated with allowance for the induced anisotropy. In addition,
there is practically complete agreement between the ob-
served and calculated domain shapes for the different phases
in the internal stress field created by isolated dislocations.
This indicates that the induced magnetic anisotropy, espe-
cially the magnetoelastic anisotropy due to structural de-
fects, plays the governing role in shaping the anomalies of
the spin-flip processes in a real crystal in weak magnetic
fields. Furthermore, recognizing that the domain boundar-
ies between the corresponding phases at fixed values of 7"and
H are described by lines of constant ¢, one can measure the
induced anisotropy and study the inhomogenity of its distri-
bution in crystals by investigating the topology of the do-
main boundaries at the spin-flip phase transitions.

Generally speaking, it must be remembered that the cal-
culations reported above do not take into account the contri-
butions to the energy from the domain-boundary surface
tensions, the magnetic fringing fields, and the inhomogen-
eous intrinsic magnetostrictive strains, which can exert an
important infuence on an orientational phase transition. Let
us estimate the size of these effects for the case of a domain
rosette around a dislocation, assuming the characteristic di-
mension of the rosetteis R ~ 10 um. Ata distance R from the
dislocation the internal stress is o~ 107 erg/cm> and the
magnetoelastic-anisotropy energy density is 04 ,,, ~30 erg/
cm® (the magnetostriction constant is given in Ref. 8 as
Ay = —2.93 1079). For the elastic energy of the inhomo-
geneous magnetostrictive strains one can estimate an upper
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bound of GA 2,, ~7 erg/cm? (G = 7.6 10" erg/cm? is the
elastic shear modulus). Finally, the surface-tension contri-
bution is 7/R ~ 10 erg/cm? (the surface energy of the phase
boundary is 7~ 1072 erg/cm?). The saturation magnetiza-
tion at a temperature close to T, is small:

M,zA’X“MFg (T—Tc) /-Tc,

and the magnetostatic energy density (at 7 — T, =~1 K) can
be assumed approximately equal to

2nM 2=5-10"° Mp2~1 erg/cm?

(/1/'(1‘ ~ 1, MFc =22 CmU/g).9

These estimates show that the magnetoelastic interac-
tion is dominant, and in this sense one is justified in neglect-
ing the remaining contributions. Nevertheless, for an exact
quantitative calculation of the behavior of the domains of
different phases during the spin flip it is necessary to include
the energy of the intrinsic magnetostrictive strains and the
surface tension of the phase boundaries.

We note in conclusion that detection and analysis of the
domain rosettes arising around dislocations during spin-flip
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phase transitions is a convenient way to search for disloca-
tions in a crystal and to determine rather accurately their
characteristics.
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