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A visual study of the polarization gave information on two-phase domain structures formed as a
result of the first-order phase transition I',, (F,G, G, )«<T, (F,G, ) in a dysprosium orthoferrite
plate cut at right-angles to the ¢ axis and subjected to a field H = (0,H ,»H,). The dependence of
the orientation of the phase boundaries on the direction of the antiferromagnetic vector in
coexisting magnetic phases was investigated. The orientations of the phase boundaries were
governed by magnetostriction stresses that appeared in the crystal in the two-phase state.

Elastic stresses appear in a magnetic material split into
domains with walls which are not of the 180° type."> This is
due to the difference between the magnetostrictive strains
coexisting in magnetic states. The magnetostrictive stresses
that appear in a magnetically inhomogeneous state may in-
fluence the orientation of domain walls in a crystal.>* In the
case of a two-phase domain structure formed in the course of
field-induced spin-orientation phase transitions in ferro-
magnets the phase boundaries (domain walls) are not of the
180° type. Moreover, the field-induced first-order phase
transitions in antiferromagnets are usually accompanied by
a large abrupt change in magnetostrictive strains. We can
therefore expect the magnetoelastic interactions to have a
considerable influence on the formation of an equilibrium
two-phase domain structure.

The influence of the magnetostriction on the domain
structure of a crystal depends on the relationship between
the magnetoelastic energy and the energies of the demagnet-
ization fields. In the case of many-sublattice magnetics the
magnetoelastic interactions may play a major role in the for-
mation of a domain structure, since the magnetic moment of
a sublattice, whose magnitude determines the magnetostric-
tion energy, is usually much greater than the net magnetic
moment governing the energy of the magnetizing fields.’

In contrast to the uniaxial ferromagnets, for which the
influence of the magnetostrictive stresses on the orientation
of domain walls in a magnetic field had been studied in Refs.
3 and 4, in the case of a two-phase structure in antiferromag-
nets the magnetostriction linear in respect of the field can
have a considerable influence on the orientation of domain
walls. This linear magnetostriction may give rise to a depen-
dence of the orientation of phase boundaries on the direction
of the antiferromagnetic vectors in the coexisting phases. In
the case of dysprosium orthoferrite the linear magnetostric-
tion is comparable in magnitude with the quadratic magne-
tostriction in the field inducing the I',,<>I", phase transi-
tion® and we found that the orientation of phase boundaries
changed as a result of a change in the direction of the antifer-
romagnetic vector in the antiferromagnetic (AFM) or
weakly ferromagnetic (WFM) phases.7

We employed visual magnetooptic observations of two-
phase domain structures formed as a result of the I' ), < T,
phase transition in a field H = (0,H,,H,), to study the ori-
entation of phase boundaries in a DyFeO; plate, cut at right-
angles to the c axis, as a function of the direction of the AFM
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vectors in the coexisting phases. We analyzed the magneto-
strictive stresses which appeared as a result of formation of a
magnetically inhomogeneous AFM + WFM state and de-
termined the influence of these stresses on the orientations of
phase boundaries. The results of our analysis were compared
with the results of visual observations of two-phase domain
structures.

1. VISUAL POLARIZED-LIGHT INVESTIGATION OF TWO-
PHASE DOMAIN BOUNDARIES

A magnetic field H = (0,H,,H,) induces a first-order
phase transition from the AFM to the WFM state in
DyFeO; at temperatures below the Morin point. The transi-
tion-inducing field H, is a function of the temperature of a
crystal and of the orientation of the external field relative to
the crystallographic axes. Figure 1 shows the H-T phase
diagrams obtained by visual observations of the coexisting
phases of DyFeO; for different directions of H in the bc
plane of a crystal. The curves in this diagram represent lines
of the first-order phase transition
[, (F,G.G,))ol (F,G,) (I' (G,))«T,(F,G,) if H|b)
and they separate regions of existence of the AFM and WFM
phases in the H-T plane.

Such two-phase AFM + WFM domain structures
formed as a result of the I';, «<»I", phase transition were ob-
served visually in polarized light incident on a DyFeQ, plate
cut at right-angles to the ¢ axis. The thickness of this plate
was about 40 um. The Morin temperature of the sample was
T,, = 51.6 K. The contrast between the domains in DyFeQ,
observed in polarized light was governed by the angle of ro-
tation @ of the polarization ellipse, which depended on the
Faraday rotation and on the linear birefringence. When the
plane of polarization of the incident light coincided with the
principal plane of the optical indicatrix of the crystal, the
angle of rotation of the polarization ellipse could be deter-
mined from the relationship®

¢=0(F, G) (1—cos 8)+2p (F, G) sin /6, (1)

where @is the angle of rotation of the optical indicatrix about
the direction of propagation of light and is governed by the
linear magnetooptic effect; p is the Faraday rotation; § is the
shift between the optical phases due to the linear birefrin-
gence; F and G are the ferromagnetic and antiferromagnetic
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FIG. 1. Phase (H-T) diagrams of DyFeO, obtained for different orienta-
tions of H in the bc plane of the crystal.

vectors. In the k||c geometry the angle 6 could be found from
the relationship

(2)

where ¢, and g, are the magnetooptic constants. This angle
was @ = Ofor the I'; and I, states. Thesignof I', in the G,
state was a function of the sign of the projection of G, so that
a contrast appeared between the AFM states
MG (FGFGF)yand T (F,F GG 7)), and it was pos-
sible to observe visually the AFM domains in polarized light.
The contrast between the AFM and WFM domains, and also
between the WFM domains [ (F,*G.) and
'y (F,; G ;) was created by the Faraday effect. Allowing
for the ferromagnetic and antiferromagnetic contributions
to the Faraday effect,”'! we could express in the k||c case the
dependence of p on the orientations of the magnetic vectors
F and G in the form

p=fF.+4G,,

6=q.F.G,*+q,G.G,,

(3)

where f'and g are the magnetooptic constants. The optical
phase shift 6§ was governed primarily by the natural birefrin-
gence, which was much stronger than the magnetic birefrin-
gence. We could therefore ignore the dependence of § on the
magnetic order and assume it to be constant.
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The experimental method used in the observation of
two-phase domain structures in DyFeO, using oblique fields
was described in Refs. 12 and 13. An important part of the
apparatus used to study these structures in fields
H = (0,H,,H,), was a system of two solenoids, which were
employed to rotate a field in a plane perpendicular to the
surface of the investigated plate. Moreover, equilibrium do-
main structures were induced by a ‘“‘magnetic jolt” with an
alternating magnetic field, which was gradually reduced
from a value close to the saturation field down to zero.

Figures 2—4 reproduce photographs of two-phase do-
main structures formed as a result of the I'), I, phase
transition in a field H= (0,H,,H,). In the case of the
I', T, transition in a field H||b and the I',, T, transition
in a field H = (0,H,,,H,) when H, < H }*, where H ;" is the
saturation field of the WFM phase, the demagnetizing fields
in the plate were insufficient to form a periodic two-phase
domain structure. It was found that in this case
H% ~47N,,m¥™ ~200 Oe, where N,, and m) "™ are the z
components of the tensor of the demagnetization factors N
and of the magnetic moment of the WFM phase. It is clear
from Fig. 2 that the transition induced an incoherent two-
phase domain structure consisting of separate AFM and
WFM phases. The demagnetizing fields split the WFM
phase into WFM * and WFM ~ phases. Inside the WFM
region there was a clear stripe domain structure. In the fields
close to the saturation field of the WFM phase (H, S H*) a
sample could contain separate regions with periodic
AFM + WFM * and WFM * + WFM ~ phases (Fig. 4b).

When such an incoherent two-phase domain structure
was formed, the range of its existence in terms of the field or
temperature was governed not so much by the demagnetiz-
ing fields as by the internal inhomogeneities in a crystal. The
field and temperature ranges of existence of the incoherent
structure formed as a result of the phase transition in the
investigated part of the sample were 0.4-0.7 kOe and 0.3-0.5
K, respectively. The line of the I'; «&I", phase transition in
the field H||b, plotted in Fig. 1, corresponds to the midpoints
of these ranges.

For H, > H{ it was found that the I';,«>I", phase
transition in the investigated DyFeO, plate produced a co-
herent two-phase domain structure of an intermediate mag-
netic state (Fig. 3). The field range of existence of this inter-

FIG. 2. Two-phase (AFM + WFM) domain structures formed in
a DyFeO, plate cut at right-angles to the ¢ axis and undergoing the
' (G,)-T,(F,G,) phase transition in a field H|/b and the
I'4(G.G,G,)~T,(F,G,) phase transition in a field
H = (0,H,,H,) when H, < H3". The scales are the same for a, b
and c, d, respectively. a) T=~16 K, H,=11.6 kOe, H, =0,
[ =90°. Here the coexisting phases are the AFM* phase
['* (G ) (shown black) and the WFM phases I';' (FF + G )
andI'; (G, G [ ) (whiteand gray).b) T=~51K, H, = 12.8 kOe,
H_, =50 Oe, f~89.8°. The coexisting phases are the AFM * phase
T} (F;G;G}) (gray) and the WFM phases I';" (F;* G ;¥ ) and
I'; (F;7G ;) (white and gray). ¢), d) T=8 K, H, =17.6 kOe,
H, =110 Oe, f=89.2°. The coexisting phases are the AFM phases
T4 (F;"G G, ) (black)and T (F;"G G, ) (gray), and the
WFMphasesI',;* (F,* G} )and T, (F; G ) (white and black).
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mediate state was AH = H, — H, and it was governed by
the demagnetizing fields related to the abrupt change
(jump) in the magnetic moment at the phase transition. The
fields H, and H, could be found from the relationships'*

H,=H, + 47Nm,p,, H, =H, + 47Nmypy . (4)

It should be pointed out that in oblique fields the different
orientations of m and H altered not only the inten/s\ity, but
also the direction of the internal field H;, = H — 47N (m) as
the concentration of the coexisting phases varied. Since the
transition field depended on the orientation of the magnetic
field relative to the crystal axes, the range of existence of the
intermediate state depended also on the change AH, in the
transition field, i.e., AH =4 7N(mypy — Mupy ) + AH,.

0.3 mm

FIG. 4. Two-phase (AFM + WFM) domain structures formed in a
DyFeO, plate as a result of the I',, (F,G,G, T, (F,G,) transition in a
field H= (0,H,,H,) at T=51 K: a), b) AFM phase I',(F,G,G,)
(black) and WFM phases [,V (F;* G ;') and ', (F; G ;) (white and
gray); c)-f) AFM (black) and WFM * (white) phases. The photographs
were obtained for the following values of H and 3: a) H = 13.6 kOe,
B=90°(H||b);b) H=12.8kO0e, B = 89.6°c) H=11.2kOe, B = 89.1°
d) H=8 kQOe, S =188.8% ¢) H=06.9 kOe, B =88’ f) H=0.28 kOe,
B=0.
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FIG. 3. Two-phase (AFM + WFM) domain structures formed in
aDyFeO; plateas aresult of the ', (F,G,G,) T, (F,G,) phase
transition in a field H = (0,H,,H,) when H, > H3*. The scales are
the same for a, b, and c, d, respectively. a) T=~50 K, H, = 16kOe,
H, =260 Oe, B=~89°. The coexisting phases are the AFM * phase
L4 (FYGrG,") (black) and the WFM * phase I';f (F*G )
(white). b) T=50K, H, =16 kOe, H, = — 260 Oe, B~91°. The
coexisting phases are the AFM * phase ')} (F,” G 7 G ,") (gray)
and the WFM ~ phase ['; (F,” G ) (white). ¢), d) T~18 K,
H, = 12.5 kOe, H, = 200 Oe, B=89.1°. The coexisting phases are
the AFM  phases T} (F; GSG,)) (black)  and
FL(F; G/ G, ) (gray) and the WFM * phase I';' (F*G )
(white).

Throughout the investigated temperature range the range of
existence of the intermediate state in DyFeO, did not exceed
an absolute value 300 Oe. The field-induced moment m2F™
was small, so that in the case of formation of a periodic two-
phase domain structure as aresult of the I, <>, transition,
we could assume that H, =~ H,.

The two-phase domain structures that formed in the
field H= (0, H,, H,) when the angle Sbetween H and the
¢ axis was close to 90° exhibited a clear regularity of the
orientations of the phase boundaries. We reproduced in Fig.
2 photographs of the two-phase structures observed for H||b
(a) and also using a field H= (0, H,, H,) on condition
that H, < H*" (Figs. 2b-2d). It is worth noting the saw-
tooth configuration of the boundary between the AFM and
(WFM* 4+ WFM ) states. The domain walls between the
WFMdomainsI';f (F,*G ) and I, (F,;” G werein the
ac plane of the crystal. The phase boundaries were also in a
plane perpendicular to the surface of the plate, but reorient-
ed at some angle ¢ to the ac plane. The orientation of the
phase boundaries depended on the nature of the adjacent
domains: the phase boundaries between the
FTHFFGHG,)) [T/ (G, ) ifH|b] and T')f (FFG )
domains were oriented at an angle + 3, whereas the phase
boundaries between I';f (F*G G ) and 'y (F,7G )
domains were oriented at an angle —  to the ac plane (Figs.
2a and 2b). The direction of the tilt of the phase boundary
from the ac plane also changed to opposite when the AFM
state L (FG}G,”) was replaced with the
T (F.F GG, ) state. Itis clear from Figs. 2c and 2d that
the phase boundaries between the I'j; (F,*G G ") and
L (F;FG}) domains, as well as between the
L (F}G}G,)andI'y (F,; G, ) domains were orient-
ed at an angle + ¥, whereas the phase boundaries between
thel'; (F,;*G G, )andI,)f (F,;* G )domains,andalso
betweenthe '} (F,*G,FG,")and ', (F, G ) domains
were oriented at an angle — ¥ to the ac plane of the crystal.

The angle ¢ was difficult to determine accurately for the
domain structures in Fig. 2 because the rectilinear sections
of the phase boundary were short. Rough measurements in-
dicated that the absolute values of the tilt of the phase boun-
daries in one or the other direction from the ac plane were
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the same. In the case of the domain structures shown in Fig.
2a the absolute values of the angle ¢ were within 30-40°,
whereas for the domain structures in Figs. 2b-2d they were
within the range 40-50°. It should be noted that the phase
boundaries between the individual WFM * domains of the
resultant intermediate state (Fig. 2b) made an angle of
about 20° with the ac plane of the crystal.

The relationships governing the orientations of the
phase boundaries in the coherent two-phase domain struc-
ture of the intermediate magnetic state (Fig. 3) were the
same as in the above case of the incoherent structure. How-
ever, the absolute values of the angle ¥ for the coherent two-
phase structure were between 13 and 19°. The value of ¥ for
the resultant coherent structure was determined more accu-
rately.

" A reduction of the field component H, or of the angle 5
(Fig. 4) increased the influence of the elastic stresses asso-
ciated with the inhomogeneity of a crystal on the orienta-
tions of the phase boundaries (Figs. 4d and 4e). In the field
H]|c (Fig. 4f) the phase boundary orientation was no longer
a function of the directions of the magnetic vectors F and G
of the coexisting phases.

2. ANALYSIS OF THE INFLUENCE OF THE
MAGNETOSTRICTIVE STRESSES ON THE PHASE-
BOUNDARY ORIENTATIONS

The experimentally observed dependence of the phase
boundary orientations on the direction of the AFM vectors
in the coexisting magnetic phases was attributed by us to the
magnetostrictive stresses that appeared in the magnetically
inhomogeneous state because of the linear magnetostriction.
We shall now analyze the influence of these stresses on the
phase boundary orientations. We shall consider a two-phase
stripe domain structure with the phase boundaries perpen-
dicular to the surface of the plate and oriented in a plane
making an angle 3 with the ac plane of the crystal. We shall
consider only the case when the concentrations of the coex-
isting phases are the same. The equilibrium magnetostrictive
strains are different in the homogeneous AFM and WFM
states. Therefore in the magnetically inhomogeneous state,
as a result of the elastic interactions between the domains,
the strains of the coexisting phases deviate from the equilib-
rium in the homogeneous state. Magnetostrictive stresses
appear then in a crystal and the energy of the crystal rises.
This increase in the energy of the crystal in the two-phase
state as a result of the elastic stresses can be found from the
relationship

) ) , @ (2
Aq)z‘/z(oij €;; TOi &y )v (5)

where o} represents the magnetostrictive stresses and
e = £ —uf represents the deviations of the strains
from the equilibrium values; £ {* are the strains in the AFM
and WFM phases in the magnetically inhomogeneous states;
u” are the equilibrium strains in the homogeneous state.
The AFM phase corresponds to k = 1 and the WFM phase
tok=2.

We shall consider the components of the tensors ai‘j"’
and £ {* in a coordinate system linked to a phase boundary
and rotated by an angle ¢ about the ¢ axis relative to the
orthorhombic axes of the investigated crystal (Fig. 5). The

components of the tensor of the magnetostrictive stresses
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FIG. 5. Position of a phase boundary in a DyFeO; plate.

normal to the phase boundary plane vanish, because of the
equilibrium in an elastic body,' i.e.,
(k) (k) (k

Ops =0p; =0up )=O. (6)
The components of the strain tensor £; tangential to the
phase boundary are independent of the coordinate normal to
this plane, in accordance with the condition of continuity of
an elastic medium.! We can therefore write

1) (2) ) 2)

gaa =GCaa “‘_Eam Eu =Ezz =E,zu

Eor —Ea =
(7)

Using the relationships (6) and (7), we find that
e =&, —ufP fori,j=a,zand e =i = =0.
Weshall find the components of the strains (" and u{’
for the homogeneous AFM and WFM states. The depen-
dence of the magnetostrictive strains in a many-sublattice
magnetic crystal on the intensity of the magnetic field can be

represented in the form
Uiy=Uijo+PismH om0 Hi L (8)

The tensor u,;;, describes the spontaneous strains due to the
magnetic ordering in the absence of the field. The axial c-
tensor p;,, symmetric in / and j describes the inverse piezo-
magnetic effect or the linear magnetostriction, whereas the
polar i-tensor b,,,, symmetric in the pairs of indices ij and s
represents the quadratic magnetostriction. The tensor p,,, is
theinverse of the tensor of the magnetic piezoelectric moduli
the matrices of which are given in Ref. 15. It should also be
noted that the tensor p;;,, has exactly the same symmetry as
the magnetooptic tensor g;,, describing the linear magne-
tooptic effect. The matrices of the tensor g,,, are given in
Ref. 16 for all the magnetic classes that can be described by
the Shubnikov groups. Dysprosium orthoferrite in the AFM
state I'; is described by the magnetic point symmetry group
mmm, whereas in the WFM state T, it is described by the
point group m'm’'m. We shall use the following generally
accepted index contraction:

Then, the matrices of the tensor p;;,, for the I'; and I, states
can be represented respectively in the form

3

.o ) (2) v

p~pih~| o 1| pm~pim~| o
.o . ©® . .

9
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The nonzero components are identified by circles in the
above matrix. The matrix of the tensor b,,,, is the same for
the I'; and I, states:

ijm

00 .
866 . 1

RO TN B (10)
B O
. ®

A% (2)

yml ™ bzrml ~ buv -~

In addition to the dependence (8) of the magnetostric-
tive strains on the external field, we shall consider also their
dependence on the orientations of the magnetic vectors. In
the two-sublattice approximation, retaining only terms up to
the second order, this dependence can be represented by

uij=B:1(:leGl+B|‘j::FmGl+B{j’m’1FmF1+ oa ( 1 1)

The matrices of the tensors B j and B f,, symmetric in the

pairs of the indices i and m/ are the same and identical with
the matrix (10). The matrices of the tensor B gg, symmetric
only in the first pair of indices are given in Ref. 17. The
antiferromagnetic ordering of the iron ions in orthoferrites is
ofthe2,” 2 type.'® The matrix of the B [, tensor subjected
to the usual contraction of the indices ij = 4 and Im = v, in
accordance with the rules

lm zz yy 2z yz zz zy 2y 2z yz
v 1 2 3 4 5 6 1 8 9,
can be represented in the form
B m~BSu~Buw~| . .. 76 o] (2
EO® . .« . ..
N O B O
Using the above tensor matrices, we can find the compo-
nents of the tensor of the magnetostrictive strains in a field

H= (0, H,, H,). In the case of the I, state transforming
inafield H= (0, H,, H,) into I, we have

t_

229" u:z(::o) +b1-§1) Hy2+bl(si)sz=BSG ze
+B) G+By, F+Bi, F+BF.G,,
uy, =nlh +b H2+b H =B G2
+B;; G, +B,, F*+B, F2+BJ°F.G.,
u;y =uls +by H by H2 =B, °G.?

+Bo% G, +By; F*+Bg, F+By F.G,, (13)

. =b\"HH,—B. F,F+B} F,G,

s =pss H,=Biy F,G,,
s =pss H,=Bgy G.G,+Bi F.G,,

whereas for the I', states we have
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2)y__ () 2) (2) (2) GG
Uxx =Uzxo +P13 H.+b,, Hyz+b13 H,2=B“ G2

+Bj, F*+B,, F +By F.G,,
yy =tye sy HoAb H +by HP=B;, G2

+BL F 4By F2+B, F.Ge (14)
w. =, +pi Hotbsd H b HA=By" G

+Bg F *+B,, F2+B,, F.G,,

2) 2) 2)

Uy =p& H+b$ H,H,=B., F,F,+Bi F,G.,

@ _ @ g

Xz xy

If the concentrations of the coexisting phases are equal,
the strain components £,,, &,,, and &,, in the magnetically
inhomogeneous state can be regarded as equal to the average
strains:?

4@

Euy="2(uy +uy ). (15)
Then, the nonzero components of the tensor 8,5-"’, namely
X e and £ are described by the relationship

n 2) W
27] =—8§j =1/z(uij —u,-,) =8&j. (16)

The tensor components £ in the coordinate systems a, 3, z
and x, y, z are described by the expressions

€a0=Ex COS2 PFesy sin 2te,, sin® P,

£q:=Eqx; COS P €y, Sin P, (17)
€11=8120
The stresses due to deviation of the magnetostrictive strains
from their equilibrium values are
2
Oi(ji)=_0i(j )=cijlm£lm=0ij~ (18)

Allowing for the orthorhombic symmetry of the investigated
crystal, we can write down the components of the tensor o;
for the coordinate system x, y, z:

0n=6“8u+0128w+cu€u,
UW=C“8,¢+CZZEW+0238“,

0;,=6318xx+0323w+0385n, ( 19)

Oyz=Cis€yzs
COxz=C55Exzy

Oxy=Ce8€xys

whereas the nonzero components o,,, 0,,, and o,, can be
found from relationships similar to those given by the system
of equations (17).

Allowing only for the nonzero components of the ten-
sors£; and o, and bearing in mind that the identical compo-
nents of these tensors in the domains of the coexisting phases
are equal in absolute magnitude and have opposite signs
when the condition (15) is satisfied, we can write Eq. (5) for
the increase in the magnetoelastic energy in the form
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A®=0a18a1+0aa8aa+ozzszz- (20)

It should be pointed out that in a ferromagnet with domain
walls which are not of the 180° type the components ¢,,, and
€,, and, consequently the strains o,, and o,,, vanish in the
domains.* These components do not vanish only in adomain
wall. However, in the case of a two-phase domain structure it
follows from the above analysis that €, , €,,, 0,,,and o,, are
all nonzero. Therefore, the problem of finding the orienta-
tions of phase boundaries becomes more complex.

The angle ¥ governing the orientation of a phase bound-
ary in a crystal can be found by minimizing Eq. (20). The
components o,, and ¢,, are independent of ¥ and the term
0,,€,, can be omitted when A® is minimized with respect to
¥. The experimental investigation of the magnetostriction of
DyFeO, reported in Ref. 6 indicates that the abrupt changes
in the strains u{) — 43’ and u{}’ — 4> as a result of the
I' ,—T ', phase transition have similar magnitudes. Bearing
this point in mind, we can assume that ¢, ~¢,,. Then, since
£,, =0 for H||b, the relationships in the system (17) give
Eoq TExx =Ey, 1.6, £,, is independent of 1. Assuming that
£,, and, consequently, o,, are quantities which are not
greatly affected by the phase boundary orientation in a field
H= (0, H,, H,), wecan also omit the term 0, ¢€,, in Eq.
(20) when A® is minimized. We thus find that the orienta-
tion of a phase boundary is in this case influenced primarily
by the shear component of the stress o,,. Consequently, re-
taining in Eq. (20) only the y-dependent term o,,¢,,, we
can reduce the expression for AP to

az?

AD=0,.e., cos® P+0,.8,; sin? YP+'/,(0,:€2.40x.8,.) sin 2.

2n

Minimization of the energy A® () with respect to ¢ yields
the following expression for the angle y:

Uyzexz+oxzeuz _ (Cu+(255)8,,,8x,
zeexz—ovzevz

tg 29 = (22)

cssezzz_cueuzz

In the general case of a field H = (0, H,, H,), the compo-
nents £,, and ¢,, are given by

ey=""o{—p& H,+ (s —b3 YH,H,)
=1,{Bi (FOFO—FPF®)+Bs¢ (FV G —FP G2 )},
ex="/apss’ H,='/,Bs; F"G". (23)

Substituting €, and €, into Eq. (22), we can calculate the
angle of tilt ¢ of the phase boundary from the ac plane.

3. DISCUSSION OF RESULTS AND CONCLUSIONS

The above analysis demonstrates that the appearance of
the magnetostrictive stresses in a two-phase state may influ-
ence the orientation of phase boundaries in dysprosium orth-
oferrite. We shall now compare the results of this analysis
with the experimental data obtained in a field
H= (0, H,, H,) when H, > H;*. Figures 3a, 3b, and 3d
reproduce photographs of two-phase periodic stripe domain
structures in which the concentrations of the AFM and
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WFM phases were approximately the same. In this case the
domain structures agreed with the model adopted in our
analysis.

According to Eq. (23),inafield H= (0, H,, H,) the
sign of the component €,, depends on the nature of the AFM
state in a domain structure and is reversed when G "
changes to — G (V. This reversal of the sign of ¢,, follows
also from the fact that p$}’ has opposite signs for the AFM *
and AFM " states. The component ¢,, is independent of the
type of the AFM state in the domain structure, not only 4 §;’,
but also F{, F{", and G (" are the same for both AFM
domains. Reversal of the sign of the projection of H, of the
external field reverses the sign of the component ¢,,, since
this reverses the signs of the projections of the ferromagnetic
and antiferromagnetic vectors F, and G, in the two coexist-
ing magnetic phases I';, and T',. The components p{3’ have
opposite signs for the WFM * and WFM ~ states, whereas
b {2 are the same for both states. The component ¢,, is inde-
pendent of the nature of the WFM state in the domain struc-
ture. Therefore, replacement of one of the magnetic states
coexisting in a two-phase domain structure reverses the sign
of one of the two components: ¢, or £,,. It follows from Eq.
(22) that reversal of the sign of one of the components £, or
£,, reverses also the sign of ¥, i.e., it reverses the direction of
the tilt of a phase boundary from the ac plane of the crystal.

The experimental results indicated reversal of the sign
of 1 on reversal of the sign of the projection H, causing the
replacement of the state I',(F,"G /) with the state
I',(F,G ;) in the domain structure of the WFM state
(Figs. 3a and 3b). Moreover, the phase boundary orienta-
tion depended on the type of the AFM state (Fig. 3). It is
clear from this comparison that the experimentally observed
relationships governing the orientations of the phase boun-
daries are in good agreement with the results of our analysis.
It follows from Egs. (22) and (23) that reversal of the sign
of the projection H, of the external field, which reverses the
sign of F, of both coexisting phases, does not affect the sign
of ¢, because in this case the component ¢, as well as the
component £,, experiences reversal of the sign. This conclu-
sion is also in agreement with the experimental data.

Our experiments have failed to reveal a dependence of
the magnitude of the angle ¥ on the external field intensity.
In the range H, R H$" it was found that throughout the
range of temperatures where the visual observations were
made the value of 1 remained in the range 13-19° in spite of a
strong dependence H, (T) shown in Fig. 1. The small value
of ¢ is part of a considerable change in the transition field
and could also be explained in the case under consideration.
When the condition H, R H * was satisfied, the z projection
of the field did not vary greatly with temperature. On the
other hand the change in the projection H, due to a change
in H, (7") did not affect the value of the angle 1, because—
according to Egs. (22) and (23)— was independent of H,.
Therefore, in the case of a field H= (0, H, H,) if
H, X H ? the magnetostriction model accounted well for the
experimentally observed relationships governing the orien-
tations of the phase boundaries in DyFeO;.

In the H||b case the expressions from (23) for £, and
£,, become simplified and, using Eq. (22), we can obtain the
following expression for :
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(2) (1)
(C“"'Css)lhz Ds2

Cl.z.(Paz(z))z—caa(Pslzm)z
__ (ewte)By'F," G FyY (BAF +BGLY )
C(L(B,r,zFGFy“)Gy“))z"‘c,ﬁ(Fy(z))z(BLAFFFZ(Z)+349FGG;¢(2))2 :

tg 29 =

(24)

It follows from Eq. (24) that in a field H||b the sign of ¢ is
reversed on reversal of the sign of G, in the AFM state. The
same result is produced also by reversal of the sign of the
projection G, and, consequently, of the simultaneous rever-
sal of the sign of the projection F, in the WFM state. More-
over, it follows from Eq. (24) that the magnitude of the
angle ¢ is independent of the applied magnetic field.

A comparison of the results of our analysis with the
experimental data in the cases H||band H = (0, H, v H,)if
H, < H $*is not quite correct because under these conditions
we can expect incoherent two-phase domain structures in a
DyFeO, plate cut at right-angles to the ¢ axis. However, it
should be pointed out that in the case of an incoherent two-
phase structure with a toothed configuration of phase boun-
daries (Fig. 2) and in the case of a coherent stripe two-phase
structure (Fig. 3) the main relationships governing the ori-
entation of phase boundaries are the same, although there
are significant differences in the value of the angle . The
relationships governing the orientation of phase boundaries
in domain structures shown in Fig. 2 are in qualitative agree-
ment with the results of an analysis of Eq. (24).

In the field H||c it follows from Egs. (13) and (14) that
ul) =ul) =ul? =u? =0. Therefore, in this case the
magnetostrictive stresses do not influence the orientation of
phase boundaries, which is confirmed by the experimental
results. Therefore, in the H||c case an important role in the
orientation of phase boundaries is played by other factors,
particularly by the elastic stresses unrelated to the magnetic
ordering but present always in real crystals. Visual observa-
tions of two-phase domain structures in a field H||c obtained
for different samples suggest that in this case the phase
boundary orientation is governed by the directions of the
crystal growth bands. As H tilts away from the b axis and the
component H, decreases, the role of the nonmagnetic elastic
stresses in the orientation of the phase boundaries becomes
increasingly greater. It is clear from Figs. 4d and 4e that the
orientation of the phase boundaries changes as H, decreases.
The phase boundaries rotate to that orientation which is ex-
pected for H||c. Although the value of the angle ¥ is indepen-
dent of H, for an ideal crystal, the magnetostrictive stresses
and the associated increase in the magnetoelastic energy of a
crystal are determined by this particular projection of the
field. In the case of comparable values of the magnetostric-
tive and nonmagnetic elastic stresses the orientations of the
phase boundaries are set by a compromise between the ef-
fects of the two mechanisms.

The good agreement between the results of a theoretical
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analysis of the influence of the magnetostriction on the ori-

entation of the phase boundaries and the results of our ex-
perimental investigation of two-phase domain structures al-

lows us to draw the conclusion that the magnetostriction
mechanism is responsible for the orientation of the phase
boundaries in DyFeO; when the fields have directions paral-
lel to or close to the b axis of this crystal. The linear magneto-
striction associated with the field-induced projection of the
WFM moment F, = y, H, has the dominant influence on
the phase boundary orientation. The value of F, in a field
H||b can increase because of the magnetization of the subsys-
tem of the rare-earth ions in the applied magnetic field. This
rare-earth subsystem is in a paramagnetic state and the Ising
axis of the Dy** ions is inclined ~30°to the b axis in the ab
plane of the crystal."®
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