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Due to their potential applications in spintronics, as well as their ferroelectric, magnetocaloric, and
lasing properties, rare-earth orthoferrites (RFeO3) have recently seen a renewed surge of scientific
interest. In line with this trend, the present work provides an overview of research on magnetic phase
transitions in dysprosium orthoferrite (DyFeOgs). Both spontaneous and field-induced transitions are
investigated based on the evolution of the magnetic domain structure, induced by temperature variations
and external magnetic fields applied in various configurations with respect to the crystallographic axes
of the sample. Phenomenological models of these transitions are presented and analyzed, leading to the
construction of phase diagrams that are compared with experimental results.
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1. Introduction

Rare-earth orthoferrites (RFeOs), which crys-
tallize in perovskite orthorhombic (space group
DI%-Pbnm), exhibit a rich variety of magnetic
phase transitions [1-4] that manifest as changes in
physical parameters measurable during the course
of these transitions. Given this, the observation of
the magnetic domain structure in materials un-
dergoing such transitions is a particularly suitable
approach for analyzing magnetic phenomena. The
existing domain structure reflects the current mag-
netic state of the sample, as it results from the in-
ternal magnetic interactions (dependent on the rela-
tion between the anisotropic Dzyaloshinskii-Moriya
antisymmetric exchange and isotropic exchange in-
teractions) present within the material. It is also
influenced by internal stress, defects, and external
factors such as temperature and applied magnetic
fields. These external parameters affect the mag-
netic interactions, and thus, by studying the domain
structure under their influence, one can probe and
analyze the mechanisms responsible for the result-
ing magnetic state of the sample.

The motivation for this study stems from a resur-
gence of interest in rare-earth orthoferrites RFeOg3
as a class of materials. This renewed attention is
driven by their diverse physical properties, includ-
ing ferroelectricity, magnetocaloric effects, lasing
capabilities, and magnetic phase transitions, as well
as their characteristic fast spin dynamics.
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DyFeOgs is a material with the Dzyaloshinskii—
Moriya interaction, which introduces noncollineari-
ties in the spin structure and offers intriguing oppor-
tunities for the investigation of such heavily debated
topics of condensed matter physics as the emer-
gence of helicoidal spin textures, skyrmions, and
multiferroicity. DyFeOs is treated as an archety-
pal antiferromagnet. Recent works [5-12] investi-
gating phase transitions in orthoferrites, including
DyFeQOgs, highlight their significance for advanc-
ing the understanding of magnetoelectric effects in
RFeOg3 systems. These findings point to the poten-
tial utility of field-controlled phase transitions in
spintronic devices.

A thorough understanding of magnetic phase
transitions and the corresponding phase diagrams
is essential for the strategic application of magnetic
materials in spintronics and related magnetic tech-
nologies.

2. Studies on the properties
of dysprosium orthoferrite

This paper presents a review and synthesis of
studies on magnetic phase transitions in dyspro-
sium orthoferrite (DyFeOg3). These transitions were
identified and interpreted through the visualization
and analysis of changes and reconstructions within
the magnetic domain structure, particularly in the
vicinity of the transition points and throughout
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The ferromagnetic F' and antiferromagnetic G vectors in the two-sublattice model shown in the basic

orthoferrite phases: (a) I''(Gy), (b) I'2(F»Gz), (¢) I'4(F:Gz). The F and G vectors shown in the I'4(F.G.)
phase in (d) I';” and (e) I'; domains. The F' and G vectors in the (f) I'4(F.G.G,), (g) IN2(F.G,G.),
(h) I'2a(FLF.G;G.) phases induced by the magnetic field (z, y, and z axis orientations correspond to crystal-

lographic a, b, and ¢ axes, respectively).
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Fig. 2. Schematically presented magnetic ranges,

related to Fe and Dy ordering, in DyFeOs ver-
sus temperature. Temperatures are Tn1 ~ 3.7 K,
Twm =~ 51.6 K, Tne =~ 645 K. Magnetic phase no-
tations are comnsistent with those introduced by
Bertaut [13], see also Fig. 1.

their progression. The classification of the observed
magnetic phases follows the notation introduced
by Bertaut [13]. In this classification, symmetry-
allowed spin configurations in orthoferrites are de-
scribed by the I; (i = 1,2,...8) irreducible rep-
resentations of a Pbnm (DY) space group. Spin
configurations in orthoferrites can be denoted by
the same symbols, i.e., I;. In this work, in the two
magnetic sublattices (M7, M>) approach, only the
components of the vectors F M, + M5 and
G = M; — M5 will be used to describe the configu-
ration [;. The canted configurations involving both
I'; and I'; are denoted by I5;. In the I;; configu-
ration basis, vector components of both irreducible
representations of I'; and I'; are nonzero.

The configurations of ferromagnetic F' and anti-
ferromagnetic G vectors in the two-sublattice model
in antiferromagnetic state Iy and weak ferromag-
netic states I'y and I'y for orthoferrites without an
external magnetic field are presented in Fig. 1.

Dysprosium orthoferrite (DyFeOs) was selected
to represent a particularly promising material
from the orthoferrite family for observing domain
structures under the influence of a magnetic field.
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This choice is supported by the presence of spon-
taneous magnetic phase transitions — transitions
driven solely by changes in temperature. These in-
clude three distinct transitions, listed here (and
schematically presented in Fig. 2) in order of de-
creasing temperature:

(i) The paramagnetic to weak ferromagnetic
transition occurring at the Néel tempera-
ture Tno;

(ii) The weak ferromagnetic to antiferromagnetic
transition at the so-called Morin tempera-
ture Th;

(iii) A second antiferromagnetic to weak ferromag-
netic transition observed at pumped helium
temperatures, associated with magnetic or-
dering of the dysprosium sublattice, T -

The most extensively studied magnetic phase
transition in DyFeQOjs is the spontaneous transi-
tion from the antiferromagnetic state Iy (G,) to the
weak ferromagnetic state I'y(F.G,), which can also
be induced by an external magnetic field applied
parallel to either the ¢ or b axis of the crystal. The
DyFeOg3 samples used in these studies were pre-
pared as thin plates of 35-40 pm thickness, with
the c axis oriented perpendicular to the surface.
All samples were etched in orthophosphoric acid
to remove the surface layer deformed by mechan-
ical processing. The experimental approach relied
on optical observation and photographic recording
of the domain structure evolution during the mag-
netic phase transition, utilizing the magneto—optical
Faraday effect. Linearly polarized light was directed
perpendicularly to the sample surface. Infrared fil-
ters were introduced into the optical path to mini-
mize local heating effects from the light beam.
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Magnetic domain structure during field-induced evolution of the magnetic ordering from I'1(G,) to

I'y(F.G.) phase in DyFeOs single crystal (cut perpendicular to crystallographic ¢ axis; measuring temperature
T = 7K; x, y, and z axis orientations correspond to crystallographic a, b, and c axes, respectively) in an external

magnetic field H || b (with H, =
(d) 7030, (e) 9500. Image adapted from [17].

Optical investigations of the domain structure
during the I'y +» I'y transition, induced by temper-
ature changes, have been reported in [14]. Studies
of the same transition, but triggered by a magnetic
field parallel to the ¢ axis, are presented in [15, 16].
Analysis of the domain behavior during the transi-
tion indicates that when an external magnetic field
is applied parallel to the b axis (but within a temper-
ature range where the antiferromagnetic I state is
stable), a spin-flop type phase transition should oc-
cur and be observable. A key experimental require-
ment is achieving a sufficiently strong external field
to initiate the transition. For this purpose, super-
conducting coils are particularly suitable, especially
if they are constructed to allow real-time observa-
tion and recording of the domain structure and its
evolution as a function of temperature and applied
magnetic field. The results of experimental investi-
gations into the spin-flop magnetic phase transition
have been reported in [17].

3. Studies of magnetic ordering changes
driven by an external magnetic field

3.1. Magnetic field applied along
the crystallographic b and ¢ axes

The measurements discussed here were conducted
at 7 K, i.e., the temperature at which the I (G,)
antiferromagnetic state is the spontaneous ground
state of DyFe03 The external magnetic field
(H || b) = H, was generated using a superconduct-
ing magnet whlle the magnetic field (H || ¢) = H,
was produced using air-cooled conventional coils.

The application of H || b and real-time observa-
tion (by using the Faraday effect sensitive to the
z component of the magnetization) enabled the de-
termination of the field-induced magnetic ordering
changes to the I';(F,G,) weak ferromagnetic state.
While increasing the magnetic field, the I'i(Gy)
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0). The values of the magnetic field H, [Oe] are: (a) 6520, (b) 6720, (c) 6810,

phase changes into the I'y(F.G,) phase consist-
ing of two magnetization configurations, i.e., do-
mains with magnetization in line with the z axis
or against it (they are I (F}G.) or Iy (F7G,),
respectively). At temperature 7'=7 K, at which
I''(Gy) — I'4(F,G,) occurs, this critical magnetic
field is approximately (H,)ss = 6.6 kOe [17].

Increasing the magnetic field H ||b beyond
(Hy)sy progressively expands the volume fraction of
the Iy weak ferromagnetic phase within the sample,
until it occupies the entire volume of the sample.
Nucleation sites for the Iy phase typically corre-
spond to defects, sample edges, or existing domain
walls within the I} antiferromagnetic phase. Due to
the rectangular plate geometry of the samples, the
spatial emergence of regions exhibiting phase coex-
istence (I'y + I'4) is not easily predictable. In the
case illustrated in Fig. 3, a scratch on the sample
served as the nucleation center. The experimentally
determined range of magnetic field values H || b over
which phase coexistence is observed spans approxi-
mately 500 Oe.

Figure 3 clearly shows that the field-induced I’
phase consists of weakly ferromagnetic domains,
further subdividing into subphases — in the fig-
ure, the subphases are represented as alternating
bright and dark stripes. Once the transition is com-
plete, the domain structure within the I'y phase
remains largely unchanged up to fields of about
H || b =~ 10 kOe. However, full magnetic saturation
of the sample can be readily achieved by applying
an additional magnetic field along the ¢ axis, with
saturation occurring at H || ¢ =~ 260 Oe.

The observed Iy — Iy transition is reversible.
Upon decreasing the field H || b, the system under-
goes a reverse phase transition, i.e., I'y — I7.

Detailed studies of the I} < Iy transition in-
duced by an external magnetic field composed of
two vector components H ||b and H || ¢ enabled
the construction of the phase diagram at 7 K,
shown in Fig. 4. The domain evolution presented
in Fig. 3 corresponds to the specific case of H, =0



K. Piotrowski

(H,)., [kOe] @

r(F,G,G,)
M,(H,)
M

0
/@el

-
H, [Oe]
50 100 150 200 250

H, [kOe]

0.5

1.0

(b)

0 " 1
0,0 0,5

Fig. 4. The critical field (Hy).r versus H || ¢ for
the phase transition Ia(F.GzGy) < [4(F.G).
(a) Solid lines 1 and 2 represent theoretical calcu-
lations, while filled and open circles correspond to
experimental points marking the onset and comple-
tion of the phase transition, respectively. The exper-
iment was performed at 7' = 7 K. Figure adapted
from [17]. In the inset, the normalized magnetiza-
tion M(H.) is shown, given by the relation of the
difference between the I';” and I'; domain widths
divided by the sum of the I';” and I;” widths in the
I'y phase. The saturation field H, was estimated to
be ~ 246 Oe. (b) Diagram plotted using (2) in the
full range of magnetic field corresponds to line 1 in
panel (a).

(a simple transformation Iy — I'y). When both
fields H, and H are applied, the situation becomes
more complicated for the transitions Iy to I'14 and
finally to I}y.

When both magnetic fields H || ¢ and H || b are
simultaneously applied to the sample (at T = 7 K),
the field H || ¢ induces a rotation of the magneti-
zation of the Fe3t sublattice from the crystallo-
graphic b axis toward the a axis (phase I'(Gy) is
transformed to I'14(F,G,G,) phase). In this case,
the magnetic phase transition induced by a strong
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field H || b corresponds to a transition from phase
I'y(F,G;Gy) to phase I'y(F,G,) (schematically
written as I'1y — I) in the next step. The na-
ture of this transition differs depending on whether
the value of H || ¢ is below or above the saturation
field H, of the domain structure in phase I'y. There-
fore, the behavior of the magnetic domain structure
should be analyzed and examined for both H, field
regimes.

Magnetic ordering was discussed considering
the thermodynamic potential expression for phase
I'a(F.G,Gy) [17], given by the following formula
2
y

¢ =
24

sin® (i) — M. H. cos(),
(1)

KQ(ab)+(1+77y)2

where:

K éab) — anisotropy constant in the crystallo-
graphic ab plane,

n, — enhancement coefficient (reflecting the
influence of Dy37 ions),

A — exchange constant,

M, — magnetization of DyFeOgs in the 4
phase,

0 — angle between the antiferromagnetic vec-
tor and the crystallographic a axis.

The critical field (Hy)cr, determined from the
above expression for the thermodynamic potential,
at which the phase transition Ity — Iy occurs, is
described by the following relation

M,H,
(Hy)er = (Hy)SfH L+ W’

where (H, ),y is the value of the magnetic field H, at
which the spin-flop transition occurs when H, = 0,
and (Hy)sy is related to the material parameters by
the following expression

! \/2|KS8| A

T+, (3)

Line 1 presented in Fig. 4 was determined based
on (2) for the ratio of magnetization to anisotropy
constant Mz/(QKQ(ab)) =—42x107% Oe L.

The relation 2K\"”/M., having a value of
—2381 Oe, defines the anisotropy field.

Line 2 was constructed using (2) adding 500 Oe
estimated from experiment. Furthermore, (2) was
also used to construct the phase diagram in Fig. 4b.

(2)

(Hy)é'f =

3.1.1. Case H, < H,

Let us consider the H, < H, case (where Hy is
the saturation field for the domain types I';” (F} G.)
and I'y (F; G,) in phase I'1). In this case, phase
I'y(G,F}) appears within the I'yy phase upon
the application of the magnetic field H,, form-
ing a striped domain structure inclined at 16° to
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Fig. 5. Magnetic domain structure evolution induced by a magnetic field H || b (where H, = 100 Oe; cut
perpendicular to the crystallographic ¢ axis; and z, y, and z axis orientations correspond to crystallographic
a, b, and c axes, respectively) at 7' = 7 K in a DyFeOs single crystal in the antiferromagnetic state. The values
of the magnetic field H, [Oe] are: (a) 6450, (b) 6580, (c) 6660, (d) 6850, (e) 6570, (f) 6490, (g) 6450, (h) 6430.

Image adapted from [17].

(h).t ‘ Q) ‘ 0)
| 0.2 mm

Fig. 6.

Magnetic domain structure evolution induced by a magnetic field H ||b (where H, = 450 Oe; cut

perpendicular to the crystallographic ¢ axis; and z, y, and z axis orientations correspond to crystallographic
a, b, and c axes, respectively) at T'= 7 K in a DyFeOs single crystal in the antiferromagnetic state. The values
of the magnetic field H, [Oe] are: (a) 5980, (b) 6110, (c) 6170, (d) 6220, (e) 6280, (f) 6330, (g) 6250, (h) 6190,

(i) 6150, (j) 6100, (k) 6040, (1) 5990. Image adapted from [17].

the crystallographic a axis. Further increase of the
field H, leads to the emergence of a third mag-
netic phase I'4(G,F; ). The resulting weakly fer-
romagnetic Iy region is then subdivided into stripe
domains consisting of I} (FfG,) and Iy (F;G.),
with domain walls aligned parallel to the crystallo-
graphic a axis. This scenario of the magnetic phase
transition is illustrated in Fig. 5.

An interesting observation from the experiments
on the magnetic phase transition I — Iy induced
by the magnetic field H,, is that within the emerging
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weakly ferromagnetic I’y phase, no changes were ob-
served in the period of the weakly ferromagnetic
domains as a function of the applied H, field. This
behavior of the domain structure provides insights
into the configuration of domain walls in the result-
ing domain pattern. The only plausible explanation
for the absence of period changes in the domain
structure of phase Iy is that the magnetization ro-
tation within the domain wall occurs in the crys-
tallographic ac plane at the temperatures used in
the experiments. When compared with theoretical
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predictions [18], this experimental result indicates
that the magnetic field H, does not influence mag-
netization rotation occurring in the ac plane. It also
suggests that this type of magnetization change can-
not occur in a 90° domain wall, since in such walls,
as opposed to 180° walls, the magnetization rotates
within the crystallographic ab plane.

3.1.2. Case H, > H,

In the H, > H, case, the sample enters a mixed
state composed of phase domains representing 174
and I'y(FG,), where the ‘+’ sign indicates mag-
netization aligned with the direction of the field H,.
The observed magnetic domains exhibit regular
shapes, and their domain walls form an angle of ap-
proximately 16° with respect to the crystallographic
a axis. This behavior of the magnetic phase transi-
tion is illustrated in Fig. 6. The figure presents im-
ages of the domain structure evolution during the
transition induced by the external magnetic field H,
(from phase I'14 to the saturated I’y phase, and the
reverse transition from Iy back to I4) under the
condition H, > H,.

A separate body of research on magnetic phase
transitions induced by external magnetic fields
H || b in DyFeQOj3 orthoferrite concerns studies con-
ducted at the lowest temperature ranges, start-
ing from 1.6 K. Investigations of the domain
structure [19] have shown that in the tempera-
ture range 1.6 < T < 6 K, and in a magnetic field
H || b, phase transitions Iy — I'234 — Iy occur.
First, from the antiferromagnetic phase (present
in zero field) to a field-induced spatially modu-
lated phase Fl(Gy) — F1234(FwaFZGwaGZ), in
which the ferromagnetic and antiferromagnetic vec-
tors are oriented in three-dimensional space — this
is a second-order phase transition. Second, the tran-
sition [I7234 — [y from this spatially modulated
phase to the weak ferromagnetic phase Iy is a first-
order phase transition.

In [19], an H-T phase diagram of the investigated
transitions is presented, along with a discussion of
the obtained results. That work is further devel-
oped in [20, 21], which provide detailed results of
domain structure observations and measurements
of the magnetic moment during transitions at the
lowest temperatures, enabling a complete charac-
terization of the magnetic phases present.

3.2. Magnetic field applied along
the crystallographic a axis.
Weak ferromagnet-weak ferromagnet phase
transition near Morin temperature (Ty)

According to the results presented in [3], the ap-
plication of a magnetic field H ||a to an ortho-
ferrite sample induces a magnetic phase transition
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I'y(F.G,) — I3(F,G.). In the weakly ferromag-
netic state I'x(F,G,) (Fig. 1b), the vectors G and
F are oriented along the crystallographic ¢ and a
axes, respectively. The observed spin reorientation
proceeds via a continuous rotation of the G and F'
vectors within the crystallographic ac plane, pass-
ing through an intermediate phase I'o4(F, F.G.G,),
and is completed as a second-order phase transition
F24(F$FZG$GZ) — FQ(FIGZ) [3]

This interpretation of the phase transition, based
on known experimental data, remained valid until
the publication of direct experimental observations
of the transition in DyFeQOgs orthoferrite, reported
in [22]. The results presented there confirmed the-
oretical predictions [23, 24] that the transition
may proceed through a sequence of transitions:
F4(FZGI) — F24(FIFZGIGZ) — Flg(FmGsz) —
I'b(F,G.), where phase I'j5 represents a spin con-
figuration in which the F' vector is parallel to the
crystallographic a axis, while the antiferromagnetic
vector G lies within the crystallographic bc plane.
Within this sequence, the 54 — I'j5 transition is a
first-order phase transition.

The emergence of this transition results from
competing interactions among anisotropy, anti-
symmetric Dzyaloshinskii-Moriya interaction, and
isotropic exchange interactions. The existence of
this magnetic phase transition (I — I'12) in or-
thoferrites was experimentally demonstrated for the
first time in [22].

Figure 7 presents representative images of
magnetic phases configuration during the
Iy (FuF,G,G,) [transformed from Iy (F.G,)]
— I2(FpGyG;) transition (at T > Tyr) induced
by an external magnetic field applied along the
crystallographic a axis (H ||a) (without the field,
the sample is in the I'y(F,G,) phase). From images,
one can deduce:

e The opposite direction of ferromagnetic vec-
tor component at neighboring stripe do-
mains in the I%; phase, more precisely,
LLWF.FXYG,.G.) + I, (F.F;G,G,) from
Iy(FFGy) + Tu(F7Gy);

The lack of z component of magnetization
in I'i2, which is expected from I'2(F,G,G>,).
The corresponding experimental phase dia-
gram in the H-T plane is shown in Fig. 8. Ex-
perimental points in the diagram correspond
to the condition in which both I54 and s
phases coexist within the field of view of the
domain structure and occupy equal surface
areas.

In [22], an expression for the thermodynamic po-
tential was presented, which served as the basis for
analyzing the observed sequence of magnetic phase
transitions. This analysis allowed the determina-
tion of the trajectory of the G vector during the
transition, as well as the derivation of formulas de-
scribing the critical magnetic fields of individual
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Representative images of the domain structure in a DyFeOg sample (cut perpendicular to the crys-

tallographic ¢ axis; z, y, and z axis orientations correspond to crystallographic axes a, b, and c, respectively)
during the I'24(Fy, F, G, G) [transformed from 4 (F.G;)] — I2(FGyG:) transition. Values of the external
magnetic field H || @ correspond to the phase coexistence range [22]. Here, (T'—T\u) = 0.6 K, Ty = 51.6 K,
(a) Hy = 6.3 kOe, (b) H, = 6.7 kOe. Image adapted from [22].
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Fig. 8. Experimentally determined phase diagram

in the H-T plane for the transition 24 — [12 in
DyFeQOs. The orientations of the ferromagnetic and
antiferromagnetic vectors relative to the crystallo-
graphic directions are shown for both phases [22]
(z, y, and z axis orientations correspond to crys-
tallographic a, b, and c axes, respectively). Figure
adapted from [22].

transitions in the sequence, with relation to the
magnetic parameters of DyFeQs.

The conclusion of the study, based on both ex-
perimental data and theoretical considerations, was
that the I'y4 < I'yo transition in DyFeOgs at tem-
peratures T' > Ty is a first-order phase transition,
during which the spin system undergoes a dis-
continuous reorientation from the crystallographic
ac plane to the bc plane. The analysis presented
in [12] further indicates that the phase transi-
tion line Iy <> I'o from the transition sequence
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Fig. 9. Phase diagram H-T of DyFeOs show-
ing the magnetic phases I2(F:G.), I'2(FxGyGz),
>4 (Fo F.GyG) and the tricritical point (Hep, Ter)
distinguished by a large dashed circle. The magnetic
field was applied along the a axis. Figure adapted
from [26].

I'y — I'oy — I'ns — I'; merges with the phase
transition line I'15 <> I at a critical point with
coordinates (H.,,T..) on the H-T phase diagram
(see Fig. 9).

Reference [22]| provides the experimental values
of H.. and T,... It was also shown that for tem-
peratures T > T,,., spin reorientation occurs as a
continuous rotation within the crystallographic ac
plane, ending with a second-order phase transition
I'sy — I consistent with the interpretation ac-
cepted prior to the publication of [22].

Studies of the magnetic phase transition in
DyFeO3 near the Morin point were presented
in [17]. There, the authors introduced a phenomeno-
logical model and reported magneto-optical ob-
servations of a new type of magnetic transition
between magnetic phases Iy, — |5y, Occurring
at temperatures close to Tyr. This transition is a
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first-order magnetic phase transition induced by an
external magnetic field applied within the crystallo-
graphic ab plane of the DyFeOg3 crystal. In the I'jo4
phase, the vector G is not localized in one of the
ab, ac, or bc planes, and all its components G, Gy,
and G, are non-zero. The canted configuration for
this phase is denoted by I'os(F,F.G,G,G.).

In [25], the H-T phase diagram for this tran-
sition, obtained for various orientations of the
magnetic field H within the ab plane of the
studied samples, was presented. Excellent agree-
ment between the experimental data and the cal-
culated transition curves based on the proposed
model validated the adopted theoretical descrip-
tion. Magneto—optical measurements of a sample
with the a axis perpendicular to the surface addi-
tionally enabled determination of the critical point
parameters (H.. = 35 kOe, T, = 54.5 K) for the
I'yy — I'yo transition described in [22].

The study [25] was also the first in a series of
works focusing on domain structure investigations
in oblique magnetic fields.

The magnetic phase diagram at larger tempera-
ture and field ranges was studied in [26], see Fig. 9.

The results obtained in [22] inspired further ex-
ploration of the discussed sequence of magnetic
transitions across a broader temperature range,
with special attention to the I'sy — I'1o transition.
Magneto—optical measurements of Faraday rotation
and birefringence, along with direct observation and
imaging of the domain structure, allowed for the
construction of a phase diagram presented in Fig. 9,
as reported in [26]. This diagram clearly reveals
the existence of a tricritical point. Reference [26]
presents detailed information about the experimen-
tal setup, along with a comprehensive theoretical
analysis of the studied transitions. A precise ex-
amination of the phase diagram near the tricritical
point, as well as the specifics of the measurement
technique, are discussed in [27].

4. Magnetic phase transitions in DyFeO3
in oblique magnetic fields
(fields with orientations deviated from
crystallographic axes)

The analysis of magnetic phase transitions in
rare-earth orthoferrites in oblique magnetic fields
has been the subject of numerous studies, includ-
ing [25, 28-31]. However, it is important to note
that investigations of phase transitions in oblique
fields were practically nonexistent until the publica-
tion of [25]. The justification for undertaking such
studies lies in the fact that oblique magnetic fields
(i.e., those deviating from the symmetry axes of the
crystal) lead to the emergence of new low-symmetry
magnetic phases, alterations in the nature of phase
transitions, and the appearance of critical points in
magnetic phase diagrams.
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Studying phase transitions in oblique fields
through the observation of domain structures en-
ables the analysis of the transition process from a
non-periodic two-phase state to a periodic one, de-
pending on the orientation of the external magnetic
field. Dysprosium orthoferrite (DyFeQ3) is an espe-
cially suitable material for such investigations due
to the presence of first-order magnetic phase transi-
tions within specific temperature ranges and for cer-
tain magnetic field orientations. These transitions
occur when magnetic fields are applied along the
rhombic axes of the crystal.

Magnetic phase transitions involving spin reori-
entation and magnetically inhomogeneous states
in DyFeO3 have been studied in oblique magnetic
fields oriented within the crystallographic ab, ac,
and bc planes. These studies were conducted across
a wide range of magnetic field orientation angles
relative to the crystallographic directions within the
specified planes. As a result, they have revealed con-
sistent patterns in the formation and reconstruc-
tion of the two-phase domain structure that arises
during first-order phase transitions in oblique fields.
A significant outcome of these investigations is the
identification of the influence of magnetostrictive
stresses (emerging in the magnetically inhomoge-
neous state) on the two-phase domain structure,
particularly on the orientation of thelinebreak in-
terphase boundaries.

Phase transition fields as a function of tem-
perature for selected field orientations were de-
termined by observing the domain structure us-
ing optical microscopy and the Faraday ef-
fect. The experimentally determined phase dia-
grams were then validated by comparison with
theoretical diagrams obtained using the phe-
nomenological model described in the following
section.

The first part of the analysis will address changes
in the magnetic domain structure near the Morin
temperature in relation to the observed magnetic
phase transitions, along with a phenomenological
model of these transitions for oblique magnetic
fields oriented within the ab, ac, and bc planes of
the crystal.

4.1. Phenomenological model of the spin
reorientation magnetic phase transition
in oblique magnetic fields

The theory of spin reorientation phase transi-
tions induced by oblique magnetic fields in magnetic
orthorhombic crystals with Dzyaloshinskii-Moriya
interaction has been discussed in works [32-36].
An analytical solution describing the spin reori-
entation magnetic phase transition induced by an
oblique field is generally attainable in orthoferrites
only for small angles of deviation between the mag-
netic field and the crystallographic axes. For this
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reason, to enable comparison with experimental
results obtained over a wide range of field orien-
tations and temperatures, it becomes necessary to
employ numerical methods based on a phenomeno-
logical model.

J

(0, ¢)

i=2,y,2

+ K4 sin?(26) cos?(p) +

CE

y
& H,H,sin?(0) sin(2¢p

)+

The analysis of the spin reorientation transi-
tion in dysprosium orthoferrite (DyFeO3) in oblique
magnetic fields can be performed using the thermo-
dynamic potential expressed (in spherical coordi-
nates 6 and ¢ for antiferromagnetic vector G) as

Z (XL +xk)H? + K5 cos?(0) + K5° sin () cos? () + K5 cos*(0) + K{P sin*(0) cos* ()

Tz

X”z
TH$HZ sin(26) cos(p) +

HyH, sin(26) sin(¢)

—mOH, cos(§) — m2H, Sin(e) cos(y), (4)
where
~bc be ny 2 XZZ 2 rab ab me 2 ny 2
K = Ky = S-Hj + *-H2, Kb = Kg® 4 - H -~ ),

X7 =xL () (1), ford,j = (2,y,2).

The orientations of the magnetic field H should
be considered in the crystallographic ab, ac, and be
planes. Among these, the case of an external field
applied in the bc plane is the simplest to solve and
analyze the spin reorientation phase transition in
DyFeO3.

4.1.1. Magnetic field H in the crystallographic
be plane

For H = (0,H,, H,), the thermodynamic poten-
tial takes the form

B0, p) = K& cos?(0) + K5°sin?(6) cos?(p)
+ K% cos*(0) + K$°sin®(A) cos* (¢)

+ K4 sin?(26) cos?(p) + XTHyHZ sin(26) sin(y)

(6)
The equilibrium states in the crystal can be deter-
mined by minimizing the thermodynamic potential
with respect to the angles 6 and ¢. The values of

these angles in equilibrium are obtained by solving
the following system of equations

00(0,¢) _
00
+ 2K cos?(0) — 2K sin?(6) cos? ()

—m2 H, sin(6) cos(y).

— sin(20) [K’SC — K$° cos®(y)

X(yZ)

— 4K, cos(26) COSZ((p)} S—HyH, cos(26)

x sin(p) — mYH, cos() cos(cp) =0, (7

090, ¢

9% ) = —sin(2yp) {f(;‘b sin?(0)+ K4 sin?(26)

X(yZ)

2K sin(9) cos2(<,0)} HyH_ sin(26)

x cos(yp) +mYH, sin(0) Sin(<p) =0, (8)
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(5)

(

taking into account the conditions for the mini-

mum of the thermodynamic potential, i.e., %Z)Tf >0

and %20‘5 g; (g;a‘i)Q > 0. Solving the system

of equations (7)—(8), after substituting the rele-
vant material constants, leads to the determina-
tion of two stable equilibrium states of the type
I'934(Fu FyF.G,GyG,), in which both vectors F
and G have all three nonzero components. Due to
the presence of a term proportional to H,H, in the
expression for the thermodynamic potential, a solu-
tion with 6 = 7/2 does not exist. However, in dys-
prosium orthoferrite, this term is small, and the de-
viation of € from 7 /2 in the I'1234 equilibrium states
does not exceed 1°. This provides sufficient justifi-
cation for neglecting the H, I, term in the potential
expression. Under this approximation, the equilib-
rium states in an external field H = (0, Hy, H,) are
as follows:

(i) phase I'y(F.G), for which 6 = 7, ¢ =0,
(ii) phase I'4(F.G.G,), for which § = 7, ¢ = ¢q.

Near the Morin temperature (7Ty), for small values
of the magnetic field H., the angle ¢ is close to 7/2
— phase Iy (G,). The stability regions of phases I'14
and Iy overlap in the phase diagram. Specifically,
for temperatures T < Ty and an external magnetic
field H = (0, Hy, H,), a first-order phase transition
occurs from state I'j4 to state I4. From the con-
dition of equal thermodynamic potentials for these
two states, @(w/2,0) = &(7/2,¢0), at the phase
transition point, the value of the transition field H,
can be determined as

HP(F14 < F4) =

o 1o \/1— (1+5k

2 cos(B) Ty ®)

where x = 2x1 K5" tan®(8) (1+1,)?/(m2)?, and 3
is the angle between the applied external magnetic
field H and the ¢ axis of the crystal.

Kab

)(1 X)

)
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4.1.2. Magnetic field H in the crystallographic
ab plane

In the case where the external magnetic field H
is oriented within the crystallographic ab plane, the
thermodynamic potential (see (4)) can be written
in the form

B(0,p) = K& cos?(0) + K$° sin?(0) cos? ()
+ K35¢ cos*(0) + K sin® () cos* ()

(zy)

+ Ky sin?(26) cos?(¢)+ H,H,sin*(0)

x sin(2p) — m2 H, COS(9)~ (10)

To determine the equilibrium states, the thermo-
dynamic potential is minimized with respect to the
variables 6 and ¢ by solving the resulting system of
equations

% = 25sin(0) cos(0) [ff{gc + K$° cos® (i)

— 2K cos?(0) + 2K$° sin?(0) cos ()
@Y
4

+ 4K, cos(20) cos®(p) + H,H,sin(2y)

}

(11)
= —sin(2¢p) sin?(6) {Kgb +2K4" sin®(6)

+m2 H, sin(0)
99 (0. )
dp
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x cos?(p) + 4K, 0052(9)}

X(»Ly)

H,H, cos(2¢) sin*() = 0.

(12)
Taking into account the conditions for the mini-
mum of the potential, it can be shown that in a
magnetic field H = (H,, H,,0), two stable phases
of the type INasa(FoFyF,G,GyG ) may exist, with
spatial orientation of both vectors F' and G. At the
same time, it should be noted that in this case, a
stable I'z(F,.G,) phase may also occur, for which
0 =0.

Thus, in dysprosium orthoferrite (DyFeO3) in ex-
ternal magnetic fields H = (H,, H,,0), three mag-
netic phases may be present:

(i) phase [I"y1234(FF,F.G,G,G.), for which

0= 617 Y = P1,
(i) phase I"1234(FpFyF.G,GyG;), for which
0= 927 Y = ¥2,

(iii) phase I'>(FyGy), for which § = 0.

In the case of an external magnetic field applied
in the crystallographic ab plane, the spatial orien-
tation of the F' and G vectors arises due to the
presence of a term proportional to H,H, in the ex-
pression for the thermodynamic potential. By solv-
ing the system of equations, one can determine the
values of the angles 8 and ¢ for the equilibrium
phases I'1234 and I'”1234. The calculated values of
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these angles lead to the conclusion that, for the spin
reorientation process, it is not valid to approximate
the rotation of the magnetic vectors F' and G as
occurring within a single crystallographic plane, as
was possible in the case of the field H = (0, Hy, H.),
i.e., in the bc plane.

Near the Morin point, for small magnetic fields
H < 2K%/m?, the angles § and ¢ in the phases
[”1234 and F”1234 can be determined.

For the phase I''1234, these angles are

1 =g H
2 arcsin (XKZZjCy) ; (13)
VA,
01 ~ arcsin (mx b:) . (14)
2K3

For the phase I'1234, one has ¢y =~ §—¢1 and
0> ~ 60,. Under these conditions, it is also possi-
ble to derive an expression describing the magnetic
field of the first-order phase transition between the
F/1234 and [W1234 phases, i.e.,

Hy, (I 1934 <> T 1234) =

2 (K$P+Kg)
L [(1+77y)2 sin®(a) — (141, cos?(uﬂ

(15)

In this relationship, the angle « is defined as the an-
gle between the external magnetic field H and the
crystallographic a axis of the DyFeQOg crystal. It is
worth noting that the expression appearing in (15)
does not include the term f(gb + K$b because this
term is approximately equal to zero at the phase
transition point.

When an external magnetic field H is applied
in the crystallographic ab plane, there is a spe-
cific angle « a*, for which the transition
1934 — I'""1234 occurs exactly at the Morin tem-
perature T' = Ty, regardless of the magnitude of
the field. In the phase diagram, this is represented
by a vertical line. The critical angle a* can be de-
termined from the following relation

“ j[<1+m).

1+,
4.1.8. Magnetic field H in the crystallographic
ac plane

tan(a™) = (16)

In the case where the external magnetic field
H is oriented within the crystallographic ac plane,
the thermodynamic potential can be written in the
form

(0, %)
+ K5¢ cos*(0) + K2 sin* () cos* (p)+ K4 sin?(26)

= K% cos?(0) + K$°sin’(0) cos? ()

X(zz)

x cos?(p) + H, H, sin(20) cos(y)

-m2 H, cos(@) —m2H, sin(f) cos(p). (17)



Following the same approach as in the case of the (0, )

graphic ab and bc planes, we find the minimum
of the thermodynamic potential with respect to 6

ues for which this minimum occurs, i.e., for which +
the stable state is realized. The partial derivatives
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Fig. 10. Magnetic phase domain structure in a DyFeOgs sample (thin plate ~ 40 pm thick, Morin transition
temperature Ty = 51.6 K; crystallographic c axis perpendicular to the surface; z, y, and z axis orientations
corresponding to crystallographic a, b, and ¢ axes, respectively) during the phase transition: (a) I'1(Gy) +
I's(F.Gy) and (b—f) I'4(F.G2Gy) < I's(F.G,) in an external magnetic field H = (0, Hy, H.) at temperature
T =51 K; § is the angle of deviation of the magnetic field H from the c axis in the crystallographic bc plane.
The values of H [kOe] and (3 used are: (a) 13.6 and 90° (H || b), (b) 12.8 and 89.6°, (c) 11.2 and 89.1°,
(d) 8.0 and 88.8°, (e) 6.9 and 88.0°, (f) 0.28 and 0 (H || c), respectively.

= —sin(p) [2K$° sin’(0) cos (i)

external magnetic field oriented in the crystallo- D
+ 4K sin® (0) cos®(p) + 2K, sin®(26) cos()

and ¢, and subsequently determine the angle val- y(@2)

H,H. sin(20) — m°H. sin(@)] =0, 19)

of the potential with respect to these angles form while also taking into account the conditions for the
the following system of equations, which must be  minimum of the potential.

solved to determine the angles corresponding to the One of the solutions to the system of equations
stable magnetic phases (18)-(19) is ¢ = 0, 8 = 61, which corresponds to
9% (0 the phase I'yy(F,F.G,G.), in which the magnetic
M = —sin(26) [ f(gc — [(gb cos? () vectors F' and G are oriented within the crystallo-
29 graphic ac plane. Solving the system of equations

4 2[(}1’0 cos?(6) — QKZI’ sin2(9) cos4(<p) — 4K, (18)—(19) allows us to determine that in the mag-
netic fields H = (H,,0, H,), two stable magnetic

X(TZ) Hsz COS(29) COS((p) states can exist, namely F24 and F1234.

X 20 2 }
cos(20) cos™() |+ In dysprosium orthoferrite, these are the mag-

netic phases observed in external magnetic fields

+m2H, sin(0) — mYH, cos(# =0,
myHz sin(6) —m cos(6) cos() (18) applied in the crystallographic ac plane, i.e., for
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Magnetic phase domain structure in a DyFeOs sample (thin plate ~ 40 pum thick; Morin transition

temperature Ty = 51.6 K; crystallographic ¢ axis perpendicular to the surface; z, y, and z axis orientations
correspond to crystallographic a, b, and ¢ axes, respectively) during the I'4(F.G.Gy) < I'1(F.G.) phase
transition in an external magnetic field H = (0,Hy,H.) at T ~ 7 K; ( is the angle of deviation of the
magnetic field H from the ¢ axis in the crystallographic bc plane. The values of H [kOe| and § used are:
(a) 6.9 and 90° (H || b), (b) 6.7 and 88°, (c) 6.4 and 86°, (d) 6.1 and 84°, respectively.

H = (H;,0,H,). In this configuration, the corre-
sponding angle values # and ¢ for the emerging
phases are as follows:

(i) 8 = 01, ¢ = 0 for phase Iy (F,F.G,G.),

(i) ¢ = 0o, Y=o
D3 (FoF,F.G.G,G.).

for phase

An external magnetic field H = (H,,0,H,) in-
duces a first-order phase transition in dysprosium
orthoferrite (DyFeOs) between the phases 1234 and
I54. The case of external fields with this orientation
(in the ac plane) is significantly more complex than
that of the field orientations in the crystallographic
ab and bc planes. For this configuration, it is not
possible to derive approximate expressions for de-
termining the angles 61, 62, and g, or for the tran-
sition fields associated with the I'234 <> 54 phase
transition.

4.2. Two-phase magnetic domain structures formed
during first-order phase transitions in oblique fields

Images of the domain structure observed dur-
ing phase transitions in a DyFeOs; sample (a
plate of 40 pum thickness with the crystallographic
¢ axis perpendicular to the sample surface) in ex-
ternal magnetic fields H oriented in one of the
crystallographic ab, ac, or bc planes, are shown
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in Figs. 10-15. In the case when the external mag-
netic field lies in the sample plane, i.e., in the
ab plane, no periodic (striped) domain structure
of interwoven antiferromagnetic and weakly fer-
romagnetic domains is formed. Instead, a disor-
dered two-phase structure appears, consisting of an-
tiferromagnetic and weakly ferromagnetic phases
with two opposite orientations along the c axis.
Such structures are shown in Figs. 10a, 11a, 12a—c,
and 13a.

Images clearly demonstrate the influence of de-
magnetizing fields within the weakly ferromagnetic
phase, resulting in the formation of a domain struc-
ture. The origins of this disordered mixed-phases
state (comprising antiferromagnetic and weakly fer-
romagnetic phases) in a thin DyFeO3 plate with the
¢ axis perpendicular to the surface have been thor-
oughly discussed in [22, 25, 26], especially the cases
involving the presence of external magnetic fields
H ||a and H || b. These studies indicate that such
a disordered domain configuration is energetically
favorable in the presence of external fields H =
(Hy,Hy,0) during the phase transition I"i234 ¢
FH1234 (see Fig. ].2).

A periodic domain structure representing the co-
existing magnetic state of weakly ferromagnetic and
antiferromagnetic phases is formed when the exter-
nal magnetic field is tilted out of the crystal plane,
ie., for H = (H,,H,, H,). This situation is il-
lustrated in Figs. 10b—f, 11c—d, 13c—d, and 14a-b.
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250 um

Fig. 12. Magnetic phase domain structure in
a DyFeOs sample (thin plate ~ 40 pm thick,
Morin transition temperature Ty = 51.6 K; crys-
tallographic ¢ axis perpendicular to the sur-
face; x, y, and z axis orientations correspond to
crystallographic a, b, and c¢ axes, respectively)
in an external magnetic field H = (H,, Hy,0)
and for the angle o (between the H direc-
tion and the a axis in the sample plane) dur-
ing the phase transition: (a) I24(FrF.G.G.)
I'2(FrGyGy) for H ||a (the coexisting phases are
I'12 and I4 registered at T~ 52.2 K, H = 6.3 kOe,
a=0° (H || a)), (b) I'23a(FoFyF.G,GyG.)
I'1234(Fy FyF.G;GyG.) in an external magnetic
field H = (H,, Hy,0) (image taken at T~ 52.2 K,
H = 8.0 kOe, a = 35°), (c) I(Gy) < I'1(F.Gz)
(image taken at 7'~ 51 K, H = 13.6 kOe, a = 90°
(H |[b)).

The images show the magnetization process in the
weakly ferromagnetic state, revealed by the disap-
pearance of one type of domain in this phase.
Figures 10 and 12 present images of the do-
main structure formed during the phase transi-
tion Iy < Iy, induced by an external magnetic
field H = (0,H,, H,). In the field H || b, as shown
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in Figs. 10a and 1la, two phases I} and Iy coex-
ist, with the weakly ferromagnetic phase I’y consist-
ing of domains with orientations I')(F;*G¥) and
I'y (F;G,). As the external magnetic field is ro-
tated away from the b axis toward the ¢ axis (i.e.,
out of the sample plane), the domain I'; (F, G})
shrinks and vanishes. A periodic two-phase struc-
ture (I'y + I'y) is then formed.

There exists a field range 0 < |H,| < |HZ|, within
which two types of coexisting structures are ob-
served, namely antiferromagnetic phase coexisting
with a weakly ferromagnetic phase containing only
one domain orientation (I} + I'; or It + I';) and
I} + Iy, depending on the sign of the c-axis com-
ponent of the external magnetic field. This scenario
is depicted in Figs 10b and 11b.

In this context, the field H: refers to the value of
the c-axis magnetic field component at which one
type of domain in phase I'y disappears, depending
on the field’s direction.

Observation of the domain walls between the I')”
and Iy domains in the Iy phase indicates that
these walls lie within the crystallographic ac plane
of the sample (Figs. 10a and 11a).

The boundaries separating the weakly ferromag-
netic domains from the antiferromagnetic ones lie
in a plane perpendicular to the surface of the
sample and form an angle with the crystallo-
graphic ac plane of the studied sample. Depend-
ing on the direction of the external magnetic field
H = (0,H,, H,), changes in the orientation of these
boundaries are observed, as shown in Fig. 10.

The  coexistence  of  magnetic  phases
I'1534 <> I'"'1234 during a phase transition in-
duced by a magnetic field H = (H,, H,,0) is
illustrated in the domain images in Fig. 12. In the
limiting cases, for H ||a, the coexisting phases
are I'1o and Iy, while for H || b, they are I
and I'y. The domain structure images in Fig. 12b
were taken in a magnetic field oriented within the
sample plane ab, but not aligned with the a or b
axes of the crystal. With such a field orientation, a
disordered I'1234-magnetic phase domain structure
is observed.

The weakly ferromagnetic phase appears to be in-
homogeneous and is divided into domains with op-
posite ferromagnetic vector directions (') (FGF)
and I'y (F, G;)) but equal widths. In this case,
during the rotation of the external magnetic field
H within the crystallographic ab plane, a significant
reconstruction of the structure of the weakly ferro-
magnetic domain structure occurs. This reconstruc-
tion begins as a labyrinthine structure for H || a
(Fig. 12a), which gradually evolves into a striped
structure (Fig. 12a and b) as the angle between
H and the a axis increases. During the formation
of the striped structure in the weakly ferromag-
netic phase, the orientation of the domain walls
depends on the orientation (specifically, the direc-
tion) of the external magnetic field H within the
ab plane.
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Fig. 13.
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Magnetic phase domain structure in a DyFeOs sample (thin plate ~ 40 pum thick; Morin transition

temperature Ty = 51.6 K; crystallographic ¢ axis perpendicular to the surface; z, y, and z axis orientations
correspond to crystallographic a, b, and ¢ axes, respectively) during the 1234 <> [24 phase transition in an
external magnetic field H = (H;,0, H.) at T = 52.2 K; v is the angle between H direction and the ¢ axis in
the crystallographic ac plane of the sample. The values of H [kOe| and  used are: (a) 6.3 and 90° (H || a),
(b) 6.7 and 89°, (c) 9.6 and 88.6°, (d) 16.0 and 88.3°, respectively.

250 pm

X

Fig. 14. Magnetic phase domain structure in a DyFeOs sample (thin plate ~ 40 um thick; Morin transition
temperature Ty = 51.6 K; crystallographic ¢ axis perpendicular to the surface; x, y, and z axis orientations
correspond to crystallographic a, b, and ¢ axes, respectively) during the I'1234 <> [24 phase transition in an
external magnetic field H = (H,,0, H.) at T ~ 47 K; ~ is the angle between the H direction and the ¢ axis
in the crystallographic ac plane of the sample. The values of H [kOe| and  used are: (a) 0.32 and 45°, (b) 16

and 88°, respectively.

However, in the crystallographic ac plane under
the condition H || b (see Fig. 12¢), the weakly ferro-
magnetic domain structure is perpendicular to the
sample surface. As the field is tilted away from the
b axis (see Fig. 12b), the structure becomes inclined
accordingly.

Figures 13 and 14 show domain structure images
of phase domains composed of two phases formed
during a magnetic phase transition Iy <> 1234,
induced by a field H (H.,0,H,), ie., in the
crystallographic ac plane. During such a transition,
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in a sample with the c axis perpendicular to
its surface, a periodic two-phase domain struc-
ture emerges, consisting of antiferromagnetic and
weakly ferromagnetic domains. An exception oc-
curs when the field orientation is close to the
a axis. For magnetic fields with the value H,
in the range 0< H, < H, the sample may
simultaneously contain regions with two differ-
ent types of domain structures — ]"123,4—+—F2Jf1
and I, + Iy,. This situation is illustrated
in Fig. 13b.
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As the field increases, the two-phase domain
structure becomes more complex (see Figs. 13d
and 14b). Boundaries appear between phases with
new orientations, which are no longer perpendicu-
lar to the sample surface. Simultaneously, there is
a tendency for the boundaries to align along direc-
tions close to the crystallographic axis a.

The occurrence of two-phase striped domain
structures is limited to a certain range of mag-
netic fields that can be associated with the de-
magnetizing fields. The formation and disappear-
ance of such a state can be generally expressed
as [37]

Hy = Hp, + 47N Moo,

Hy = Hp 4+ 47N Miytm, (20)
where N is the demagnetization factor tensor, mgm,
and Mmyf, are the magnetic moments in the anti-
ferromagnetic phase and in the weak ferromagnetic
phase, respectively.

In oblique magnetic fields, due to the differing
orientations of m and H, the internal field Hy,; is
given by H;,; = H — 47N (m). This internal field
therefore changes not only due to the variation of
coexisting phases, but also due to the changing di-
rection of H. As a result, in a DyFeOgs sample, the
value of the transition field varies depending on the
orientation of the external magnetic field H rela-
tive to the crystallographic axes. Thus, the transi-
tion fields H, in the expressions for H; and H» are
different.

Consequently, the field range in which the ob-
served phases coexist also depends on AH,, and it
can be expressed by the following formula

AH = 47N (Mwim — Magm) + AH),. (21)

In studies in oblique magnetic fields conducted on
dysprosium orthoferrite (DyFeO3) with the crystal-
lographic axis ¢ perpendicular to the sample surface,
the AH field range corresponding to the coexistence
of phases did not exceed 300 Oe.

In the case of the formation of a two-phase
AFM + WFM (antiferromagnetic + weakly ferro-
magnetic) structure with H oriented in the crys-
tallographic ab plane, the width of the coexistence
range (both in terms of magnetic field and temper-
ature) depends more strongly on the sample inho-
mogeneity than on the demagnetizing fields.

4.3. The influence of magnetostriction on the
two-phase domain structure

Detailed analysis of the two-phase domain struc-
ture images in disprosium orthoferrite (DyFeOs) —
in a sample with the crystallographic c axis perpen-
dicular to its surface and subjected to an oblique
external magnetic field H = (0, H,, H,) — reveals
clear patterns in the orientation of interphase

199

boundaries. These boundaries exhibit orientation
changes that depend on the direction of the ap-
plied magnetic field (Fig. 10). Careful examination
of such two-phase structures in this sample and
magnetic field configuration allows one to determine
the relationship between the orientation of the inter-
phase boundaries and the directions and polarities
of the ferromagnetic and antiferromagnetic vectors
in the coexisting phases.

Similar regularities in the orientation of phase
(magnetic) boundaries have been observed in two-
phase domain structures in oblique magnetic fields
H = (H,,0, H,), although in this configuration the
patterns appear to be less sharply defined.

The observed regularities in boundary orienta-
tion for both of these external field configurations
(with respect to the crystallographic axes of the
sample) can be interpreted within a framework that
considers the influence of magnetostrictive stress
on boundary orientation. It is known that in mag-
netic materials subdivided into domains with non-
180° walls, elastic stresses can arise [38, 39]. These
stresses originate from differing magnetostrictive
deformations across the magnetic phases. Such
stresses may influence the orientation of the phase
boundaries [40-42].

In DyFeOg3, during a spin reorientation transition
induced by a magnetic field, the phase boundaries
between the antiferromagnetic and weakly ferro-
magnetic regions are not 180° walls. Moreover, the
field-induced phase transition is of the first order,
which in antiferromagnets typically involves a sig-
nificant jump in magnetostrictive deformation. It is
therefore reasonable to assume that magnetoelastic
interactions play a significant role in forming the
equilibrium two-phase domain structure.

Additionally, it can be concluded that the effect
of magnetostriction on the domain structure in a
crystal depends on the ratio of the magnetoelas-
tic energy to the energy of demagnetizing field. In
magnetic materials with multiple sublattices, the
influence of magnetoelastic interactions on domain
formation can be especially pronounced. This re-
sults from the fact that the sublattice magnetic
moment (used to describe magnetostrictive energy)
is usually much larger than the net magnetic mo-
ment, which determines the energy of demagnetiz-
ing fields [43].

Unlike the influence of magnetostrictive stress in
uniaxial ferromagnets discussed in [40-42], in an-
tiferromagnets under the influence of an external
magnetic field, the orientation of domain walls may
be dominantly affected by magnetostriction, which
is linearly dependent on the magnetic field strength.
In DyFeOQs, in the magnetic field region of the phase
transition I'y4 <> I4, the contribution of linear
magnetostriction is comparable to that of quadratic
magnetostriction [44]. Linear magnetostriction may
lead to a dependence of the interphase boundary
orientation on the directions of the F' and G vec-
tors in the coexisting phases.
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Fig. 15. Magnetic phase domain structure in DyFeOs (thin plate &~ 40 um thick, Morin transition temperature
Twm = 51.6 K| crystallographic ¢ axis perpendicular to the surface; x, y, and z axis orientations correspond to
crystallographic a, b, and c axes, respectively) during the I'1(F.G;) <> I'4(F.G.G,) phase transition in an
external magnetic field H = (0, Hy, H.); (8 is the angle between H and the ¢ axis in the crystallographic bc
plane of the sample. When H, < H:, the T [K|, Hy |kOe], H. [Oe], v values are, respectively: (a) 16, 11.6, 0,
90° (H || b), (b) 51, 12.8, 50, 89.8°, (¢, d) 8, 7.6, ~ 110, ~ 89.2°. Images (c, d) were registered at the same
conditions, but with different magnetic history. When H. > H;, the T [K], H, [kOe|, H. [Oe], v values are:
(e) 50, 16, 260, 89°, (f) 50, 16, —260, 91°, (g, h) 18, 12.5, 200, 89.1°. Images (g, h) were registered at the same
conditions, but with different magnetic history.

4.4. Dependence of the interphase boundary analysis of domain structures formed in an external
orientation on the orientation of the F' and G magnetic field. Such two-phase domain structures
vectors in coexisting phases during the transition are presented in Fig. 15a. The image in Fig. 15a
I'iy <> I'y in the field H = (0, H,, H..) shows the domain structure in the magnetic field

H || b, while the images in Fig. 15b—d show struc-
tures in the field H = (0,H,, H.), when H, < H?.

In Fig. 15, one can see a “sawtooth” configura-
tion of the boundaries separating the antiferromag-
netic phase from the weakly ferromagnetic phase

Identifying regularities in the orientation of the
interphase boundaries during a magnetic phase
transition involving coexisting phases requires an
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(subdivided into domains). The interphase bound-
ary lies perpendicular to the sample surface and is
tilted at an angle 9 relative to the crystallographic
ac plane of the sample. This tilt depends on the spe-
cific types of neighboring magnetic phases. When
the phase I'fy(F;", G5, G;) in oblique fields or the
phase I'1" (G) in the field H || b coexists with the

phase I';'(FFG}), the interphase boundaries are
oriented at +1 relative to the ac plane. However,
the boundaries between the phases I, (F;F G G})

and Iy (F, G, ) are oriented at — relative to the
ac plane.

The observed variations in the orientation of the
interphase boundaries with respect to the ac plane
reflect the dependence of their direction on the ori-
entation of the F' (ferromagnetic) and G (antifer-
romagnetic) vectors in the weakly ferromagnetic
phase I'y(F.G,). Reversing the orientation of F' and
G leads to a change in the angle ¥ to its nega-
tive counterpart with respect to the crystallographic
ac plane.

Furthermore, the interphase boundary orienta-
tion also depends on the direction of the G vec-
tor in the antiferromagnetic phase. This is evi-
dent in Fig. 15c¢ and d, where the antiferromag-
netic domains I'fy(FF Gy Gr) and I',(FFGFGy)
coexist in the sample. These results clearly
show that the boundaries between I'fy(FFGIGY)
and I'f (FFGT), as well as I'y(FFGFG,) and
I'y (F;G,), are inclined at 41, while the bound-
aries between I'y(FF Gy G,) and I'f (FFG}) and
between I, (FFGfGY) and Iy (F;G;) are in-
clined at — relative to the ac plane.

Although it is difficult to determine the an-
gle v precisely based solely on Fig. 15, measure-
ments indicate that the boundary tilt from the ac
plane is approximately symmetric in both direc-
tions. In Fig. 15a, the angle v is between 30° and
40°, and in Fig. 15b—d it is between 40° and 50°. No-
tably, in Fig. 15b the magnetic boundary between
weakly ferromagnetic domains of phase I'; (FFG)
under the same external conditions (field and tem-
perature) forms an angle of = 20° with the ac plane.

In the case of a striped two-phase do-
main structure (antiferromagnetic + weakly fer-
romagnetic) formed in an external magnetic
field H = (0, H,, H,) with a nonzero component
H, > H: (see Fig. 15¢ and h), the same regulari-
ties in the phase boundary orientation apply as in
the previously described scenario. Figure 15e and f
clearly shows a change in the interphase bound-
ary orientation depending on the direction of the F’
and G vectors in the weakly ferromagnetic domains.
Conversely, Fig. 15g and h illustrates how the inter-
phase boundary orientation changes depending on
the direction of the G vector in the antiferromag-
netic domains.

The images in Fig. 15e and f were taken in exter-
nal magnetic fields of opposite polarity, i.e., H, > 0
in panel e and H, < 0 in panel f. In the first case,
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the two-phase structure consists of the domains
I''y(FFGFG)) and I'f (FFGY), while in the sec-
ond it consists of I'Ty(F, G, G}) and I'; (F; G;).
The direction of the interphase boundary inclina-
tion relative to the ac plane is opposite for these
two field configurations.

The images in Fig. 15g and h show that in cer-
tain sample regions, I (F."GfG}) coexists with
LY (FFGY), and in others, I',(FGFG,) with
I (FFGY). These images clearly demonstrate the
difference in the boundary inclination depending
on whether the coexisting antiferromagnetic phase
is I (FFGEGY) or I'iy (FFGF G, ). The observed
tilt angle 1 in the striped two-phase structure
ranges between 13° and 19° in either direction from
the ac plane.

Reducing the H, component of the external mag-
netic field results in a change in the interphase
boundary orientation (Fig. 10). During this trans-
formation, elastic stresses associated with crystal
inhomogeneities play a significant role (Fig. 10a).

However, in an external magnetic field H || ¢, the
orientation of the interphase boundaries is not de-
pendent on differences in the orientation of the F'
and G vectors in the coexisting phases (Fig. 10f).

4.5. Magnetic phase diagrams for DyFeOs3
in oblique magnetic fields

Detailed analysis of archived photographic im-
ages of two-phase domain structures has made it
possible to determine the values of the magnetic
field and temperature at which first-order phase
transitions occur for various specified orientations of
the external magnetic field H. Based on this anal-
ysis, magnetic phase diagrams were constructed for
the investigated dysprosium orthoferrite DyFeOg3
across a wide temperature range and for many mag-
netic field orientations. This enables a comprehen-
sive examination of the evolution of these diagrams
as the magnetic field orientation changes within se-
lected crystallographic planes of the sample.

Experimental phase diagrams obtained for
DyFeQgs, depending on the external magnetic
field H oriented in the crystallographic planes
ab, ac, and bc, can be compared with diagrams
obtained from numerical calculations based on the
analysis of phenomenological model presented in
the first part of this chapter. Almost all of the
constants required to calculate the thermodynamic
potential (4) for DyFeOg were determined through
magneto—optical studies and direct visualization
(photographs of the structure during phase transi-
tions) of spin-reorientation transitions, as well as
from phase diagrams for external magnetic fields
aligned with the orthorhombic axes of the crystal.
The results of calculations of the equilibrium
magnetic parameters of the phases and their
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Fig. 16. The F14(FszGy) < F4(FZGZ) phase
transition field, Hp, plotted as a function of (a)
temperature T' and (b) 3, i.e., the angle between
the H direction and the crystallographic ¢ axis
in the crystallographic bc plane of the sample;
H = (0, Hy, H.). Measurements were performed for
dysprosium orthoferrite sample (a plate perpendic-
ular to the crystallographic ¢ axis). On the H-T di-
agram, the 8 angles are indicated along the curves.
On the H-f diagram, the T values are indicated
along the curves.

dependence on the external magnetic field are also
presented, which allow for a much more complete
picture of spin-reorientation phase transitions in
DyFeOg in oblique magnetic fields.

4.5.1. Magnetic phase diagrams obtained
experimentally in the H-T and H-angle planes
for magnetic fields oriented in the crystallographic
ab, ac, and be planes of the studied samples

The magnetic phase diagrams in the H-T and
H-angle (o, 8,~) planes for DyFeOs, obtained ex-
perimentally in external magnetic fields oriented in
the crystallographic planes ab, ac, and bc, are pre-
sented in Figs. 16, 17, and 18, respectively.
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H[koe] 702 4s° H"a
30 o°
20 F
H [kOe]
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J-T.=-2K
:0,4K
a(°]
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Fig. 17. Phase diagrams in the (a) H-T and

(b) H-« plane for DyFeQOs in an external magnetic
field H = (H., Hy,0); « is the angle between the
direction of H and the crystallographic a axis in
the crystallographic ab plane of the sample. On the
H-T diagram, the o angles are indicated along the
curves. On the H—« diagram, the T values are indi-
cated along the curves. The inset present the phase
transition diagram (based on [26]) for a = 0.

If the formation of a periodic structure was ob-
served in the sample during the phase transition
process, then the experimental determination of the
transition field was based on identifying the field
at which the striped domain structure of coexisting
phases nucleated within the homogeneous antiferro-
magnetic phase. Neglecting the small magnetic mo-
ment of the antiferromagnetic phase, and in accor-
dance with (20), it can be assumed that the external
magnetic field corresponds to the phase transition
field H, ~ H;.

If, during the phase transition in H within the
crystallographic ab plane, irregular regions with dif-
ferent magnetic orderings coexisted, the transition
field and transition temperature were defined as the
average values of those quantities at which coexis-
tence of magnetic phases was observed. Such obser-
vations were carried out over a representative sam-
ple area with a diameter of ~ 0.1 mm. The range of
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Fig. 18. Phase diagrams in the (a) H-T and

(b) H—y plane for DyFeQOs in an external magnetic
field H = (H,,0,H.); 7 is the angle between the
direction of H and the crystallographic ¢ axis in
the crystallographic ac plane of the sample. In the
H-T diagram, the v values are indicated along the
curves. In the H—y diagram, the 7" values are shown
along the curves.

magnetic fields, in which the weakly ferromagnetic
and antiferromagnetic phases (for a given tempera-
ture) coexist, did not exceed 300 Oe. Similarly, the
range of coexistence for temperature across differ-
ent magnetic fields did not exceed 0.2 K for all field
orientations within the ab plane.

As with fields oriented along the orthorhombic
crystal axis, practically no hysteresis phenomena
were observed in the case of oblique fields. The
maximum thermal hysteresis observed during heat-
ing and cooling in a constant magnetic field was
0.1-0.2 K. Therefore, it can be concluded that hys-
teresis phenomena did not affect the experimentally
obtained phase diagrams presented in the figures.

Figure 16a and b shows the H-T and H-f
phase diagrams, respectively, for DyFeO3 in the
external magnetic field H oriented in the crystal-
lographic plane be. The lines on these diagrams
represent first-order phase transitions and sepa-
rate the regions of the antiferromagnetic phase
I'iy (when H < H,,) and the weakly ferromagnetic
phase I'y (when H > H),). For H || b, the transition
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line separates the I} and I'y phases. These diagrams
clearly show a strong dependence of the transition
field H, on the orientation angle § of the exter-
nal field H near (= 90°, especially at tempera-
tures close to the Morin temperature Ty;. For angles
0° < B < 70°, the observed change in H,, is mini-
mal.

Figure 17a and b shows the H-T and H—o phase
diagrams, respectively, for DyFeO3 in the external
magnetic field H oriented in the crystallographic
ab plane. In this case, first-order phase transition
lines separate regions of different phases I1234
and I'"q334. For H || a, these are phases Iy and
I'yo; for H || b, phases Iy and I'y. A special fea-
ture of this field orientation is the angle o = o, at
which, at T' = T, the phases I 1234 and I'" 1234 are
energetically equivalent over the entire investigated
magnetic field range 0 < H < 30 kOe. The phase
transition from the antiferromagnetic I'”1234 to the
weakly ferromagnetic I 1234 is observed at T' < Ty
only for angles a in the range a* < a < 90°. Con-
versely, the transition from the weakly ferromag-
netic 11234 to the antiferromagnetic 1234 occurs
at T > Ty only for 0° < a < a*.

Figure 18a and b shows the H-T and H—y phase
diagrams, respectively, for DyFeOs in the external
magnetic field H in the crystallographic ac plane.
First-order phase transition lines separate the anti-
ferromagnetic 1234 and the weakly ferromagnetic
phases I'z4. For H || a, the phases are o and [ag;
for H || ¢, the phases are I'i4 and I'y. At T > Ty, in
a narrow range of angles v such that v* <~y < 90°
(v* &~ 89°), the transition I'yy <> I'a34 is observed.
At T < T, the reverse transition 934 <> 24 OC-
curs for 0° < v < v*. A strong dependence of the
transition field H,, on the orientation of the external
field in the bc plane is thus observed for v close to
90°, whereas near the c axis the value of H, changes
very little with variations in ~.

4.5.2. Determination of the temperature
dependence of magnetic constants in DyFeQOs

To perform the calculations necessary to con-
struct magnetic phase diagrams in the H-T plane
and the H-field orientation angle plane, it is essen-
tial to determine how the magnetic constants vary
with temperature.

Specifically, to determine the second-order mag-
netic anisotropy constant K$° for temperatures
T < Ty, one should use experimental data from the
observations of the domain structure during spin re-
orientation in an external magnetic field oriented
along the crystallographic ¢ axis (H || ¢). Under
these conditions, the anisotropy constant can be ex-
pressed by

mg Hp(F14 — F4)

Kab _
= T o)

: (22)



K. Piotrowski

| Ke100/m)
10 | N
°f T[K]
20 30 40 50 60
Fig. 19. Temperature dependence of the second-

order magnetic anisotropy constant K4° in DyFeOs.
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Fig. 20. Temperature dependence of the second-

order anisotropy constant K5¢ in DyFeOs.

where H,(Ih4 <+ I'y) and ¢, denote, respectively,
the phase transition field and the threshold de-
flection angle of the antiferromagnetic vector G
for the orientation of the external magnetic field
H along the crystallographic axis c¢. If the depen-
dencies H,(T) and ¢,(T), as well as m%(T), are
known, then using the presented formula (22), one
obtains the temperature dependence of the second-
order anisotropy constant K$°(T). The calculation
results are presented in Fig. 19. The determined de-
pendence K$°(T) allows for the calculation of the
fourth-order anisotropy constant K$°(T) for tem-
peratures T < Ty, because they are related by the

expression
ab mQ Hy(Thy > Ty)\
—-K5°(1- > .
2K§

The constant calculated on this basis is practi-
cally independent of temperature and amounts to
K§ = —7.2 x 10* erg/cm?.

The determined dependence K$°(T') for temper-
atures within the range Ty < T < Ty, has the form

1
—K§b - 3 H2 (I < I'y) |:XJ_ (141,)°
4K, —K§b }
Hg(Flg <> Fg)
and makes it possible to use the experimentally

determined temperature dependences of the tran-
sition fields Hp(F12 < [‘24) and Hp(Flg A d Fg),

ab
K4

(23)

ab
K2

(24)
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obtained under the conditions H || @ and presented
in [26], as well as the dependences 7, (T") and K4(T),
which will be presented later in this work. The value
XL = 6 x 107° is taken from [45]. The results of
the calculations are shown in Fig. 19 with a solid
line.

The dependence KS$°(T) is theoretically de-
scribed by two temperature-dependent terms that
alter the ground state. These are: a term that con-
tributes through quantum-mechanical excitations
(so-called van Vleck contributions [3, 46]) and a sec-
ond term that is proportional to T—!. The resulting
dependence K$°(T) then takes the form

£ X

2kBT> T

where kp is the Boltzmann constant. Very good
agreement with the dependence obtained from ex-
perimental data is achieved for the following con-
stants: Kg —0.25 x 10* erg/cm3, K&,
1.08 x 10° erg/cm?, x = 4.4 x 10* erg K/cm?,
E; = 525 cm™! taken from [47]. The results ob-
tained from the calculations are shown by a solid
line in Fig. 19.

It should be noted that the temperature depen-
dence of the magnetic moment is described by the

E1 + E

relation
2kBT> T

The values of the constants in this relation are as
follows: mo = 11 emu/cm?, myr = 3 emu/cm?,
¢ =130 emu K/cm?. In fact, (26) describes m{(T')
very well in dysprosium orthoferrite.

The temperature dependence of the second-order
anisotropy constant K$¢(T) can be calculated using
the formula

1
Kb + Kb = 5mg H,(I'y < Ty),

X

K$(T) = K38 + K, tanh ( (25)

0

my

(T) = mg + myr tanh ( (26)

(27)

which is obtained from relation (11) by assuming
¢ =72 and § = 0. To calculate K2°(T), the exper-
imentally determined dependence of the second-
order phase transition field between the I'js <> I
phases (determined for H || a) is also used, as well
as data from magnetic measurement of m0(T).
When performing calculations for DyFeOgs, one
should adopt the approximation K% > K% which
is very well satisfied in the case of this material,
since K¢ exceeds the fourth-order anisotropy con-
stants K¢ and K4 by an order of magnitude. The
resulting dependence K5¢(T) is shown in Fig. 18.

Based on the experimentally obtained depen-
dence of the phase transition field Hyp, ) (T) as
a function of temperature T for the case H || b, one
can determine the temperature dependence of the
enhancement factor 7, (T") for temperatures T' < Ty
using

Hp(Fl(—)F4)=




Magnetic Phase Transitions in Dysprosium Orthoferrite DyFeOs. . .

20 30 40 50 60
0 - : .
9t T[K]
Tk
2 F
3 F
4 F
5F
6N
Fig. 21. Temperature dependencies of the en-

hancement coefficients 7, and 7, in DyFeOs.
The plotted curves correspond to the relations
Ne = —24.9/T, ny = —74.6/T, respectively.
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Fig. 22. Temperature dependence of the fourth-

order anisotropy constant K4 in DyFeOs.

In the considered case, it is possible to determine
the dependence describing the instability fields for
the antiferromagnetic and ferromagnetic phases.
The dependence 7, (T") is presented in Fig. 21. Ac-
cording to the theory [4], the temperature depen-
dence of the enhancement coefficient 1,(7") is de-
scribed by the following relation

(4 1z ).

4T
a — exchange constant,

a

:MO

where:

Mo (29)

My — sublattice magnetization,

up — Bohr magneton,

go — component of the gyromagnetic ratio of
the Dy3* ion, and

XVvE — van Vleck contribution to the mag-
netic susceptibility.

The obtained dependence 7,(T") exhibits behav-

ior of the type n, = %, because the van Vleck con-
tribution is independent of temperature and small
compared to the temperature-dependent compo-
nent. The constant Cy corresponding to the curve
shown in Fig. 21 has the value C;, = —74.6. The
excellent agreement between the experimental and
theoretical dependencies allows one to conclude that
this description n, = % can be applied in the tem-
perature range Ty < T < T,.

Such good agreement between the 7,(T) course
determined from experimental data and the theo-
retical expression also permits the use of (29) to
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determine the enhancement coefficient 7,,(T). Ac-
cording to theretical calculations, the temperature-
dependent coefficients 7, and 7y, determined by
the paramagnetic susceptibility, yield a ratio that
is equal to the square of the ratio of the respective
components of the gyromagnetic factor,

2
T _ T2 (30)
"7y gy

Based on (30), one can obtain the value
C, =—-249 using the values of g, =10 and

gy =173 [4, 48]. To calculate the van Vleck
contribution to 7, one can use the condition
tan(a*) = £(1+n,)(1+mny) that holds at the
Morin temperature Ty, employing the experimen-
tally determined critical angle o* =~ 62° for dys-
prosium orthoferrite. Solving the resulting equation
leads to two possible values, namely C’fcé) =0.32

and C%) = —1.39. A comparison between the ex-
perimental phase diagrams in oblique fields and the
theoretical predictions indicates better agreement
for the value Cg(c%)) =0.32.

Figure 21 shows the temperature dependence of
1. (T) calculated from

Co

using the values C, = —24.9 and C¢ = 0.32.

The enhancement coefficient 7, can be assumed
to be zero, as the component g, is very small [49].
As shown previously for n,(T) and 7,(T), the van
Vleck contribution to 7, is also negligibly small.

In calculations of phase diagrams for DyFeQO3 in
oblique magnetic fields, the fourth-order anisotropy
constant K}¢ can also be assumed to be zero, con-
sidering the condition K% < K&¢. This approach
allows the use of a thermodynamic potential in the
form given by (4), where the only missing parame-
ter is the fourth-order anisotropy constant /4. This
constant can be determined by numerically fitting
experimental data on the temperature dependence
of the phase transition field Hp(F/1234 A d F”1234)
for the external magnetic field H oriented in the
crystallographic ab plane. The method involves ad-
justing K4 to achieve the best agreement between
the calculated and experimental values in the tem-
perature range T < Ty1, for various field orientation
angles o > a*. The determined values of K,(T') are
shown in Fig. 22. By extrapolating the obtained lin-
ear dependence of K4(7T) in the range T > Ty, one
can obtain results that can be used in calculation
in the range T\ < T < T,-

+ Cyo, (31)

4.5.8. Summary — phase diagram calculations
and equilibrium magnetic state parameters

Figures 16, 17, and 18 present phase dia-
grams for DyFeOs in oblique magnetic fields.
In these diagrams, points represent experimental
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data, while lines correspond to results obtained
from calculations based on previously determined
magnetic constants and phenomenological analysis.
These lines represent phase transition fields as func-
tions of temperature and the angle between the di-
rection of the external magnetic field and a chosen
crystallographic axis of the DyFeOg crystal.

The phase transition fields for the case
H = (0,H,, H.) can also be calculated using the
approximate formula (9). The results obtained with
this equation are in very good agreement with both
exact numerical results and experimental data.

As for the case H = (H,, H,,0), using the ap-
proximate formula (15) to determine the transi-
tion field dependence H,(I"1234 <> I'"1234)(T") also
yields good agreement with the exact calculations
for fields H < 20 kOe near the Morin point.

The calculated and experimentally obtained
phase diagrams (Figs. 20 and 21) show a high de-
gree of consistency in the field orientations within
the ac and bc planes of the DyFeOs crystal. How-
ever, slightly lower agreement is observed between
the experimental points and the calculated lines for
the field H = (H,,0,H,) at angles in the range
of 80° < v < 90°. This discrepancy may be due to
increased measurement uncertainty, as a strong de-
pendence of the transition field on the magnetic field
orientation is observed in this range.

Using and analyzing the recorded domain struc-
ture images as functions of external magnetic field
orientation and temperature, as well as constructing
phase diagrams, enables a more complete analysis
of spin reorientation in DyFeOs. Knowing the an-
gles o(H,T) and O(H,T) allows one to trace the
magnetic evolution of the crystal by analyzing the
position of the antiferromagnetic vector GG in space.

5. Conclusions

The main results presented in this work can
be summarized as follows. All phase transitions
described and analyzed are characterized by sig-
nificant reconstruction of the domain structure.
Antiferromagnetic, weak ferromagnetic, and mixed
oblique phases observed in dysprosium orthofer-
rite at various temperatures and external magnetic
fields can, in specific regions (defined by tempera-
ture, field strength, and orientation), coexist near
magnetic phase transitions, forming complex mag-
netic domain structures.

The observed transitions are of both first-
and second-order. For instance, the transition
Iy — I's34 is a second-order phase transition,
whereas the 1234 — [’y transition is of the first or-
der. The complex domain structure transformations
occurring during these transitions suggest possible
difficulties in utilizing such materials in devices that
exploit spin switching phenomena.

206

The presented phase diagrams, derived from do-
main structure changes during and near phase tran-
sitions, show very good agreement with the results
obtained from theoretical predictions.
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