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Double magnetic reorientation transition in thin garnet films
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Thin garnet films with perpendicular anisotropy are enjoying renewed attention in the context of research on
heavy metal/ferromagnetic insulator bilayer devices with tunable electric and magnetic properties. We show
that two temperature-induced magnetic orientation transitions observed in such films have different origins. One
transition occurs between the uniform, in-plane magnetized state and the stripe domain state, and is governed
by the bulk material properties. The other occurs between the domain state and the perpendicular magnetized
uniform state, and is governed by the physics of domain nucleation.
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I. INTRODUCTION

Thin garnets films currently enjoy a resurgence of interest
within the field of “insulator spintronics” that studies the inter-
conversion of electronic and magnonic forms of spin currents
[1-7]. Garnets, with their low magnetic damping constants,
are prime materials in this field. Substantial efforts are de-
voted to the studies of garnet/heavy metal bilayers, where the
magnetism of garnet insulators is interacting with the electron
transport in conductors with strong spin orbit interactions
[8-14]. While many studies use perpendicular magnetized
films [15-23], recent experiments also investigated the con-
sequences of magnetization rotations at orientation transitions
[24] and magnetization vanishing at the garnet’s magnetic
compensation temperature [9,21].

In view of the importance of the role played by the garnet
film magnetic orientation transitions, a detailed investigation
of their nature appears useful and desirable. In the present
work, we perform an experimental investigation of the tran-
sition between perpendicular and in-plane states that is driven
by the change of magnetization’s absolute value with temper-
ature. We discuss the deficiencies of the previous theoretical
explanation of two sequential reorientation transitions ob-
served in experiments and suggest a better physical picture
of the phenomenon.

Thin magnetic films with perpendicular anisotropy exhibit
orientation phase transitions driven by a competition between
the anisotropy energy and the dipole-dipole interaction (de-
magnetization) energy. We will assume that the thickness
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of the film is much larger than the lattice constant and it
is possible to describe it as a continuous three-dimensional
magnetic material characterized by certain magnetization and
anisotropy energy density. The simplest model exhibiting an
orientation transition assumes a uniformly magnetized film
with magnetization vector M = Mn of constant magnitude M
and direction given by a unit vector n. The film is assumed
to have a perpendicular crystalline anisotropy, so that in the
absence of external field its energy equals

E=—

lKn +277M2 eﬁnf , (1

where z is the axis perpendicular to the film plane, K > 0 is
the anisotropy constant, 271M§ represents the demagnetiza-
tion energy of an infinite film, and K.y = K — 47 M 2 In this
model, the magnetization points perpendicular to the plane
of the film for K. > O and lies in plane otherwise. A first-
order orientation transition between the two states happens at
Koy = 0.

In reality, magnetization M(r) may be spatially nonuni-
form and vary both in-plane and along z, forming magnetic
domains. The anisotropy constant can be space dependent as
well, e.g., when it is produced by the surface anisotropy that
acts only at the top and bottom interfaces of the film. In this
case, the energy has to be expressed in an integral form

K(r) n? on;
fdxdy[ dz[ <r>+2(8rk)

—-H- M(I‘)] + Eaip{M(r)} , @)

where d is the film thickness, A is the spin stiffness, H is the
applied magnetic field, and Eg;p, is the dipole-dipole interac-
tion energy

Ey — d1vM(r)d1VM(1‘) Br d3r
P v
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FIG. 1. Qualitative sketch of the energies of various magnetic
states of a film with perpendicular magnetic anisotropy. Solid lines
give the energies of the uniform states: £, =0 for M in-plane,
E, = —K./2 for M perpendicular to the film’s plane. Dashed lines
give the energies of stripe-domain states for several film thicknesses
d] < d2 < d3‘

with integrations performed over the volume of the film. The
quantity —divM is known as the “magnetic charge” and in-
cludes the “surface magnetic charge” term (M - v)dg, where
v is the outward normal and &g is the & function on the
film surface. In the case of a uniform magnetization, all de-
magnetization energy is due to the latter term. With spatial
dependencies being allowed, the problem acquires two addi-
tional parameters: spin stiffness A and film thickness d.

When magnetic structures with spatially varying M(r) are
taken into account, orientation transitions are no longer re-
stricted to those between uniform states. Transitions between
uniform and nonuniform states are also possible and well
documented. One example is the transition induced by the
change of d: The film has a stripe domain configuration above
the critical thickness, d > d., and is magnetized in-plane for
d < d. [25-32]. Figure 1 sketches the energy of the film as a
function of K. for uniform and nonuniform states. The latter
are assumed to be stripe-domain structures with alternating
up- and down-magnetized domains. At K. < 0, the increase
of d makes the energy of a stripe-domain state lower than
that of a uniform in-plane state. At d > d., one observes a
“strong” stripe phase, where the domain sizes are much larger
than the widths of the walls separating them, so that both the
domains and the walls between them are well defined. At d
just a little larger than d., the film may go into a “weak”
stripe phase, where the wall width becomes comparable to
the domain size. In that regime, there is no clear separation
between the domains and the walls, and the magnetization
smoothly meanders inside the film.

Alternatively, an orientation transition can be observed in
a film of constant thickness if parameters K, M, or A are tem-
perature dependent. In this case, transition will be induced by
a temperature change. Such transition was thoroughly inves-
tigated in ultrathin films with perpendicular anisotropy [33],
where K. (T) is positive at low temperatures and changes
sign at high temperatures [34]. Then, according to Fig. 1, the
domain structure state is the energy minimum at low temper-
atures, while the in-plane uniform state is realized at high
temperatures [35-37]. The nature of the transition between
the two states (first or second order) depends on the system
parameters and was a subject of many studies [37—41].

In the present paper, we study the relatively thick films with
substantial temperature dependence of magnetization M (T).
A bismuth substituted thulium iron garnet film was used in our
experiments. We have been motivated by earlier work on films
with the same nominal composition [42,43], where it was con-
cluded that the temperature-driven reorientation proceeds in a
series of two second-order phase transitions at temperatures
Ty and T, (T; > T;). The film was found to be magnetized in
plane at T < T; and perpendicular to plane for 7, < T < T..
References [42,43] offered an explanation for this sequence
of transitions based on the known temperature dependence
of magnetization. They assumed spatially uniform M at all
temperatures and added a quartic term to the perpendicular
anisotropy energy expression (1)

_Keff(T) 2

K
n? + —2n?
2 74

n; . 3)

E =

Temperature dependence of magnetization M(T) was as-
sumed to be the sole reason for the K.(7) dependence.
Magnetization is large at low temperatures, leading to
K (0) < 0. As the temperature is raised, M(T) decreases
continuously until reaching zero at the magnetic compen-
sation point 7, > T,. Accordingly, K¢ (T) increases from a
negative K5 (0) to a positive Ker(T:) = K > 0, i.e., evolves
in the opposite direction as compared to the case of ultrathin
films. It is well known from the classic studies of orthofer-
rites [44,45] that a quartic term in the energy expression (3)
produces the required sequence of two second-order transi-
tions with 77 given by the condition K.¢(77) = 0 and 7, by
Kot (T2) = K.

While Refs. [42,43] succeeded in giving a qualitative
explanation of the reorientation transitions, some problems
were still present. First, the values of 7} and 7, strongly
depended on the type of experiment (magnetization versus
ferromagnetic resonance measurements). Second, in external
magnetic field H the induced shift of the second transition
point 7> (H) was much larger than that of 77 (H). Third, mea-
surements inside the [77, T>] interval, where a tilted phase
is predicted by minimization of the energy function (3), did
not show partial magnetization either in the in-plane or in
the out-of-plane directions. We have performed a new series
of experiments to look into these issues and check whether
experimental findings can be better explained by taking into
account nonuniform magnetic states.

II. EXPERIMENT

Measurements were performed on the substi-
tuted thulium iron garnet film with the composition
Tm2_14Bi0,8Pb0,06Fe3_1Ga1_9012. The thickness of the film
was d ~ 5 pum. It was grown on [111] oriented gadolinium
gallium garnet by the liquid-phase epitaxy method and
annealed at 1050 C in oxygen for approximately 50 min. The
magnetic moment M was measured using a superconducting
quantum interference device magnetometer Quantum Design
MPMS-5 (temperature range 1.7-400 K, magnetic field range
0-50 kQOe). In all measurements, the magnetometer recorded
the component of M along the direction of the applied field.
Measurements were performed with the field perpendicular
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FIG. 2. In-plane M (T') at different values of applied field H;,.
The transition at 7} ~ 120 K gradually moves to higher temperatures
as the field is increased.

to the film plane, H||z, and in-plane, H | z. We use H, and
H) to denote the field magnitudes in those two orientations.

First, the temperature dependencies M (T) (Fig. 2) and
M, (T) (Fig. 3) were obtained. Measurements were started
at room temperature and large fields H), H, ~ 1 kOe that
saturated the film magnetization in the applied field direction.
Then the field was lowered to a small value, and a temperature
sweep was conducted at constant H or H..

We start our discussion from the H), H, = 0 sweeps. In
agreement with the literature data [42,43], in zero external
field the M(T') dependence shows two orientation transitions
(for our film 77 & 120 K and 75 = 220 K). Almost no hys-
teresis of either M, (T') or M,(T') curves was observed near
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FIG. 3. Out-of-plane M, (T') at different values of applied field
H.. Downward magnetization jump at 7, ~ 220 K moves to lower
temperatures as H, is increased. The curves exhibits a characteris-
tic “triangular hysteresis” pattern above 7,. The lower transition is
reflected as a small jump at 7; &~ 120 K and subsequent increase of
M, (see the discussion section).

the 7) transition. At the 7, transition, we found hysteresis
loops of M_(T) with characteristic “triangular” shapes in all
of the applied fields H, (Fig. 3). Magnetic moment of the film
clearly points in plane at T < Tj. At T > T, the moment is
perpendicular to the plane on the upper branch of the trian-
gular hysteresis loop and equals zero on the lower branch.
In between the two transition temperatures, both components
of the moment vanish. Except for the range between 7; and
T,, the absolute value of M is found to be continuously
increasing as the temperature is decreased. A compensation
point was not observed, presumably because in our film it
was above room temperature. The increase of magnetization
produces the decrease of effective anisotropy constant Keg(7)
with lowering temperature. This is consistent with the sign
change of K¢ from positive to negative near 7;. The energy
expression (3) used in Refs. [42,43] then indeed predicts an
out-of-plane phase at high temperatures and an in-plane phase
at low temperatures, in agreement with the experimental re-
sults for T < T} and T > T5. In the [T}, T3] interval, Eq. (3)
predicts a canted phase and nonzero values of both M, and
M, components [44,45], showing a disagreement with the
experimental findings.

At finite values of H, the M(T") curves look qualitatively
the same but change quantitatively. First, the transition points
are shifted, so that 7} = 7T;(H,}) and T, = T,(H;). Second, the
measured M, and M, components acquire finite values in
the regions where they were previously equal to zero. Third,
at finite H, the M,(T) curves (Fig. 3) exhibit two jumps:
a large one at the 7, transition and a small one at the T;
transition.

The triangular temperature hysteresis observed near 7
looks identical to the hysteresis pattern observed in bulk
single-crystal orthoferrites [46—49], where it was caused by
the domain structure formation in the sample. The analogy
with the case of bulk orthoferrites goes further. Near 75,
the field hysteresis loops M (H;) exhibit one of the two
characteristic shapes with jumps: A “double triangle” shape
[Fig. 4(a)] or a “triangular tail” shape [Fig. 4(b)]. Similar to
the case of orthoferrites [46,47], one finds that the jumps on
the M,(T) and M, (H;) hysteresis curves reflect the same
underlying phenomenon since both happen upon crossing
the same, experimentally measurable line on the (7', H,) pa-
rameter plane. Moreover, the connection between the double
triangle shape of the field hysteresis loops and the domain
structure formation in thin magnetic films is well documented
in the literature [27]. All of the above suggests that the 7,
transition may be related to the physics of magnetic domains
and domain walls, rather than determined by the bulk mag-
netic energy (3). Proving this conjecture is the main goal of
the present paper.

We have additionally performed the M, (T ) measurements
in fixed negative fields H, < 0 (Fig. 5). This meant initially
saturating the magnetization in the up direction by H, =~ +1
kOe at room temperature and then lowering the field to a
small negative value between —10 Oe and —100 Oe. Negative
fields were weak enough not to switch the film from the up-
saturated state. After the initial field drop, a temperature scan
was performed in a fixed negative H,. One can observe how
the shapes of the M, (T') curves continuously evolve from the
H, > 0 case (Fig. 3) to the H, < 0 case (Fig. 5). Regardless
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FIG. 4. Hysteresis loops M (H,) of the film in a perpendicular
magnetic field. (a) “Double-triangle” loop. (b) “Triangular tail” loop.

of the sign of H, they exhibit a larger jump at 7, and a smaller
one at 77.

The field-induced shift of the 7, transition temperature
can be fitted by an approximate formula 7,(H;) = T>(0) +
(dT>/dH;)H, with dT,/dH, ~ —0.5 K/Oe, which works for
both positive and negative fields. The field-induced shift of the
T) transition temperature is much smaller and has an opposite
sign. From Fig. 2 we get dT1/dH) ~ 0.1 K/Oe.
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FIG. 5. Out-of-plane M, (T) at negative values of applied field,
H, < 0. Decreasing temperature scans.

Another qualitative difference between the positive and
negative fields is an additional small upward jump that devel-
ops on the M (T') curves between 7, and 7; at larger negative
fields—see the H, = —50, —100 Oe curves in Fig. 5.

III. THEORY

Our measurements reproduce all features that were previ-
ously observed in Refs. [42,43] but could not be accounted
for by the introduction of the quartic bulk anisotropy term
into the energy expression (3). The next goal is to show how
they can be consistently explained by the domain structure
formation between the 7} and 7 transitions. We will compare
our measurements with the model of Kooy and Enz [27],
which assumes a parallel stripe domain structure in the film
(see also Ref. [30], Sec. 3.7.3).

First, let us recall how the M_(H,) field hysteresis loops
in Fig. 4 are explained by the domain structure evolution.
When K (T') is positive, the lowest energy state at H, = 0 is
a periodic array of stripe domains [25-32]. Domains with al-
ternating up and down magnetizations lower the dipole-dipole
interaction energy. In the absence of an external field, the
equilibrium widths of the up and down domains are equal and
determined by the material parameters and film thickness. At
high temperatures, our films have the smallest magnetization
M(T) and largest anisotropy constant K¢ (7). Both factors
promote the strong stripe phase, which motivates our use of
the Kooy and Enz model [27] that applies to this regime.

If a positive field H, > 0 is applied to the film, the up
domains grow in size, the down domains shrink, and a
nonzero net moment M, is produced. Note that in a the-
oretical consideration of an infinite film one has to switch
from M, (which is infinite) to the average magnetization
(M) = limy_, oc(M./V), where V is the film volume. When
H, reaches the saturation field H;, the width of the up domains
diverges, the film assumes a uniformly magnetized state, and
(M) reaches its maximum value of M(T). The value of H;
depends on magnetization, magnetic anisotropy energy, and
film thickness. A general property of importance for us is the
proportionality

H(T)~ M(T), 4)

which is a consequence of the fact that the dipole-dipole
energy is proportional to M>(T), while Zeeman energy is
proportional to the first power of M(T).

In the Kooy and Enz model, the exact field dependence
(M,)(H.) is given by a complicated formula involving a sum-
mation of an infinite series. Instead of using it, we will employ
an approximate linear expression

H;
(M )(H, T) = 2-M(T) &)

that deviates from the exact formula only for H, close to the
saturation field (see Ref. [30], Sec. 3.7.3, Fig. 3.113).
Equation (5) holds when all domain walls can move freely,
allowing the magnetic domains to grow and shrink so as to
minimize the total energy. However, if one starts an exper-
iment in a saturated state at H, > H; and lowers the field,
there is an energy barrier [27,50] preventing the nucleation
of domains and making the saturated state metastable below
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FIG. 6. Qualitative sketch of the theoretical critical fields dia-
gram showing +H, (T') (solid line) and +H(T ) (dashed lines). Three
dotted trajectories A — B; — E; (i = 1, 2, 3) correspond to the tem-
perature scans M (T') at three different magnitudes of H.. If the film is
initially saturated in the up direction, temperature hysteresis occurs
in the gray region.

H;. As aresult, the film magnetization remains saturated until
H, is lowered to the domain nucleation field H,, where it
becomes possible for the new domains to appear in the bulk
of the film or for the new walls to enter at the film edges. At
this point, the domain structure is restored, causing a jump of
(M) from its saturated value +M (T') to a value characterizing
the domain structure state in external field. The value of H, is
always smaller than that of H;. How much smaller depends
on the nucleation mechanism. For a given mechanism and
variable M(T), the two fields are roughly related by H, =
H; — C/M(T) with a mechanism-dependent constant C. This
is because the magnetic field enters the total energy through
a linear in magnetization Zeeman term and has to overcome a
specific nucleation barrier. (Particular examples can be found
in Refs. [47,48].) The relation shows that H, is positive at
large M and negative at small M.

The presence of two characteristic fields H; and H, ac-
counts for the shapes of (M. )(H.,) hysteresis loops [47,49]. For
0 < H, < Hj, the field hysteresis loops exhibit the “double
triangle” shapes [Fig. 4(a)]. For —H; < H,, < 0, the loops
have the “triangular tails” shapes [Fig. 4(b)]. In the case of
H, < —Hj, the loops become rectangular.

Since M(T) is known from the experiment, the H; ,(M)
dependencies can be converted into H;, (7). This gives the
critical field lines shown in Fig. 6 on the (T, H,) parameter
plane. As the temperature and field are varied according to
a certain experimental sequence, the point representing them
moves along a trajectory in the (T, H,) plane. The sequences
used in our experiments are represented by the thin dashed
trajectories A — B; — E; (i = 1,2, 3) in Fig. 6. The common
origin of the trajectories, point A, corresponds to the initial

FIG. 7. Theoretical predictions for temperature hysteresis behav-
ior. Points on the curves corresponds to those in Fig. 6. Top panel,
sequence A — B; — E;; middle panel, sequence A — B, — E;;
bottom panel, sequence A — B; — Ej.

saturated state with magnetization pointing up. The field is
then dropped to one of the points B; and a temperature scan is
performed at H, = const.

We now proceed to describe how the existence of the two
critical fields Hy and H, explains the observed temperature
hysteresis.

A. Positive field: H, > 0

Theoretical predictions for (M,)(T) are shown in Fig. 7.
Consider first the H, > 0 experiment corresponding to the
trajectory A — By — Ej in Fig. 6. Prediction for (M,)(T') in
this case is given in the top panel of Fig. 7. At B; the inequality
H, > H, holds, so the domains are not yet nucleated and the
film stays in a saturated state with magnetization pointing up.
As the temperature is decreased at constant H,, the uniform
state remains stable with respect to the domain structure for-
mation until the H, line is crossed at the point D;. On the
By — Dy interval, (M_)(T) is equal to the full +M(T) value
and thus grows with decreasing temperature.

At Dy, the sample develops a domain structure, so (M,)
drops from +M(Tp;) to the equilibrium domain structure
value (M,)(Tp;) given by Eq. (5). This produces a downward
jump on the graph.
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Between D; and Ej, the film stays in the stripe do-
main state. Here (M) is given by (5) with a fixed H, and
temperature-dependent Hy(7') and M(T). Because of the
property (4), the theory predicts (M.)(T) = const on the
D, — E| interval.

When an increasing temperature scan is performed along
the E; — D; — C; — B trajectory, the same sequence of
events goes in the reverse order, except that at D; the film
is already in the lowest energy domain state and has no reason
to switch to a saturated state. The value of (M,) does not
jump at D; but remains constant. When the trajectory of the
system in the (T, H,) plane reaches the H; line at C}, the width
of up domains diverges and a saturated state of the film is
established. At this point, the upper and the lower branches of
the triangular hysteresis loop join each other.

B. Negative field: H, < 0

For the case of H, < 0, we will consider two typical trajec-
tories: A — B, — E; and A — B3 — Ej;in Fig. 6. They cross
different numbers of critical lines, and our theory predicts
qualitatively different (M.)(T ) dependencies for them.

For the A — B, — E, trajectory, the predicted (M,)(T) is
shown in the middle panel of Fig. 7. Although a negative H, is
applied, the domains cannot form at B, since H,(B;) < H, <
0. The film is in the state of uniform up magnetization. As the
downward temperature sweep begins, the magnetization of the
film stays uniform with (M,) = +M (T) until the trajectory
crosses the H, line at D,, where a jump into the domain
structure state occurs. In that state, the average magnetization
given by Eq. (5) is negative. It stays constant upon further
temperature decrease according to formulas (4) and (5). If an
increasing temperature scan £, — D, — B; is performed, no
change is expected at D, since the film is already in the lowest
energy domain state. The magnetization stays negative and
constant.

The situation is more complex on the A — B3 — Ej trajec-
tory, for which the predicted (M,)(T ) is shown in the bottom
panel of Fig. 7. Similar to the case above, at B; the film
is in a uniformly magnetized state with up magnetization.
At the point D3, domain formation becomes possible but, in
contrast with the situation at D,, here H, < —H, so now the
widths of the down domains diverge and the uniform down-
magnetized state of the film is established: A full reversal of
the magnetization from +M (Tp3) to —M (Tp3) takes place via
the domain wall motion mechanism [50]. As the temperature
is lowered further, the film remains saturated in the down
direction, and (M,) = —M(T) gets progressively more neg-
ative. For the down-magnetized film, the relevant nucleation
field is —H,(T), so the magnetization remains uniform on
the D3 — F; interval. At F3, the film transitions into a stripe
domain state with the average magnetization given by Eq. (5).
This produces an upward jump of (M,). After this jump, the
magnetization remains temperature-independent in the inter-
val F3 — Ej3 according to the formulas (4) and (5).

IV. DISCUSSION

We now compare the experimental data and the theory
predictions for (M. )(T) and argue that the experiment is well

explained by the theory, apart from some extrinsic factors and
minor inaccuracies of the approximations used in the analysis.

Experimental curves in Fig. 3 (H; > 0) should be com-
pared with the theoretical curve in the top panel of Fig. 7. Ex-
perimental curves in Fig. 5 measured at H, = —10, —20, —30
Oe should be compared with the theoretical curve in the
middle panel of Fig. 7. Finally, experimental curves for H, =
—50, —100 Oe in Fig. 5 should be compared with the the-
oretical curve in the bottom panel of Fig. 7. We see that in
all cases the shapes of the (M,)(T) loops in the temperature
range above 7| are well reproduced by the theory, apart from
a single apparent discrepancy: the progressive parallel shifts
of the experimental curves upward for H, > 0 and downward
for H, < 0. This discrepancy will be discussed later in this
section.

Importantly, in all experiments the film exhibits ap-
proximately temperature-independent value of (M) in the
temperature regions where our theory identifies its state as
multidomain. In the regions where the state of the film
is identified as uniformly magnetized, (M,)(T) = £+M(T) +
f(H;), where f is the parallel shift mentioned above. Apart
from the shift, both properties are in accord with our
theory.

The domain structure picture is also consistent with the
observation of a large difference between the field deriva-
tives dT1/dH, and dT,/dH,. In a theory based on the energy
function (3), those derivatives would be of the same order,
but in our approach, the value of d7,/dH, comes from the
H,(M(T)) dependence, i.e., from the physics of domain wall
nucleation, and does not have to be related to d7; /dH,|, which
is determined by the bulk parameters of the film.

Let us now return to the vertical parallel shift f(H,). We
attribute it to the paramagnetic contribution of the substrate,
which is indeed positive for H, > 0 and negative for H, < 0.
At H, = —100 Oe, this effect is so strong that the whole
(M_)(T) curve in Fig. 5 is shifted into the region of negative
average magnetization. However, apart from this overall shift,
its shape is in accord with the theoretical prediction shown in
the bottom panel of Fig. 7.

A less visible discrepancy between theory and experi-
ment manifests itself in the deviation of the lower branch
of the triangular hysteresis loop (M,)(T) in Fig. 3 from a
temperature-independent constant predicted in the top panel
of Fig. 7. This is a deficiency of our theoretical treatment
caused by the approximation (5). Exact (M,)(H,) depen-
dence becomes nonlinear whenever H, is close to Hy [27,30],
i.e., when the system is close to the point C; in the top
panel of Fig. 7. This is exactly where the largest discrep-
ancy is observed. We assume that the use of exact (M,)(H,)
expression would have reproduced the experimental results
better.

As the downward temperature sweep is continued, the
system eventually approaches the 7} transition. Surprisingly,
experimental (M,)(T) curves exhibit a signature at 7}: a small
jump and in the case of H, # 0 an increase of (M,) upon
further cooling. Are those features explained by the theory?
Consider the H, = 0 measurement. Here (M.) = 0 must hold
both above 7} in a multidomain state with equal sizes of up
and down domains, and below 7, where magnetization is
directed in plane. The T; transition should thus be invisible on
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an (M.)(T) curve. The actual presence of its signature can be
nevertheless explained by a small misalignment of the film.
When the z axis of the film is slightly tilted with respect to the
measurement axis 7' of the magnetometer, a purely in-plane
magnetization produces a small component along 7/, recorded
as of M,. In the present study, we do not concentrate on the
properties of the 7; transition, but from Fig. 2 one sees that
it has a first-order character. Therefore, a jump of M| at the
T transition produces a small parasitic jump of M, seen in
experiments. For H, # 0, one would need to know the type of
domain structure above 7} and have a theory of its response
to H, to explain the (M.)(T) dependence and the shift of
transition point produced by the applied field. The model of
strong stripe phase [27] that worked well for us near 75 is
not guaranteed to apply right above 7}: As mentioned in the
introduction, the theory of the 7; transition that happens close
to the K = 0 point may be nontrivial [37—41]. At this time,
there is not enough experimental information to suggest such
theory with certainty, and we leave this task for the future
research.

One may also ask why the stipulated misalignment of the
film plane does not produce a signature of the 75 transition on
the M| (H,) curves in Fig. 2. Our explanation is as follows.
As long as the misalignment is small enough, the parasitic
perpendicular component H, satisfies |H,| < Hy(T) for all
temperatures. As a result, the film never switches from a stripe
domain state to a uniform saturated state. Accordingly, the
jump at 7, never occurs, as it can only happen from a saturated
state to the multidomain state but not vice versa. In other
words, M,(T) stays on the lower branch of the triangular

temperature hysteresis loop and thus changes continuously
during the temperature sweep.

V. CONCLUSIONS

We have shown how the previously unexplained features
of the double orientation transition in thin garnet films can
be understood in terms of the stripe-domain structure forma-
tion and evolution. In our theoretical picture, both the low-
and the high-temperature transitions occur between a uniform
state and a multidomain state. The essential difference be-
tween them is that the high-temperature transition reflects the
physics of the domain nucleation, while the low-temperature
transition is governed by the bulk properties.

When garnet films are used as elements of heavy
metal /ferromagnetic insulator bilayer devices, the stripe-
domain state will influence the heavy metal conductivity
tensor and should allow one to study the contribution of do-
main walls to the interplay of electric and magnetic properties
in the device, possibly leading to novel types of tunability by
the applied magnetic field.
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