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Anisotropy-assisted magnon condensation in ferromagnetic thin films
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We theoretically demonstrate that adding an easy-axis magnetic anisotropy facilitates magnon condensation in
thin yttrium iron garnet (YIG) films. Dipolar interactions in a quasi-equilibrium state stabilize room-temperature
magnon condensation in YIG. Even though the out-of-plane easy-axis anisotropy generally competes with
the dipolar interactions, we show that adding such magnetic anisotropy may even assist the generation of the
magnon condensate electrically via the spin-transfer torque mechanism. We use analytical calculations and
micromagnetic simulations to illustrate this effect. Our results may explain the recent experiment on Bi-doped
YIG and open a pathway toward applying current-driven magnon condensation in quantum spintronics.
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Introduction. Magnon condensate with nonzero momen-
tum at room temperature is a fascinating phenomenon first
observed in 2006 [1]. Condensed magnons were observed at
two degenerate magnon band minima of high-quality yttrium
iron garnet (YIG), an easy-plane ferrimagnetic insulator with
a very low magnetic dissipation [2—4], as the spontaneous
formation of a quasi-equilibrium and coherent magnetization
dynamics in momentum space [5-8]. To generate magnon
condensate, nonequilibrium magnons must be pumped into
the system by an incoherent stimulus such as parametric
pumping [1,9-18], rapid cooling of thermal magnons [19-21],
and spin-transfer torque [22-29]. Above a critical nonequilib-
rium magnon density, magnons may finally (quasi)thermalize
to form a quasi-equilibrium magnon condensate at the bottom
of magnon bands.

The study of magnon condensation is not only interesting
from an academic point of view but also of great importance
in various areas of emerging quantum technology and ap-
plied spintronics [15,30-33]. Therefore, it is crucial to clarify
the intricate microscopic mechanisms at play and to present
theoretical proposals to electrically control the generation of
magnon condensate.

At low magnon densities, the interaction between magnons
is weak, and they behave as free quasiparticles. But when
the magnon population increases, as in magnon condensa-
tion experiments, the interactions between magnons become
stronger and more crucial. Moreover, nonlinear magnon
interactions facilitate the quasi-thermalization process of
injected nonequilibrium magnons. A stable and steady

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2643-1564/2024/6(1)/L012011(7) L012011-1

quasi-equilibrium magnon condensation requires an effective
repulsive interaction between injected magnon quasiparticles.
It is known that in a system mainly influenced by Heisenberg
exchange interactions, interaction between magnons is attrac-
tive. However, it was shown that dipolar interactions may
assist in the generation of a metastable double-degenerate
magnon condensate in YIG [12-14,34-42].

Recently, it was theoretically shown that the quasi-
thermalization time of magnon condensation is reduced in
confined nanoscopic systems [43]. It was also demonstrated
that the lateral confinement in YIG thin films enhances
the dipolar interaction along the propagation direction of
magnons and causes a deeper band depth, i.e., the difference
between the ferromagnetic resonance (FMR) and magnon
band minima. Increasing the lifetime of the magnon conden-
sate was attributed to this enhancement of the band depth [43].

In another recent achievement in magnon condensation
experiments, Divinsky et al. [22] found evidence of conden-
sation of magnons by the spin-transfer torque mechanism.
They introduced a small perpendicular magnetocrystalline
anisotropy (PMA) through bismuth doping in the thin film of
YIG, while the magnetic ground state still resides within the
plane. This discovery opens a route toward electrical control
of magnon condensation.

However, the interplay between the dipolar interactions,
which was previously shown to be essential for the sta-
bility and thermalization of magnon condensation, and the
counteracting out-of-plane easy-axis magnetic anisotropy is
so far uncharted. In this Letter, we analyze the stabil-
ity of condensate magnons in the presence of a PMA in
YIG. We present simulations within the Landau-Lifshitz-
Gilbert framework [44-46] that support our analytical
calculations.

Model. We consider a thin ferromagnetic film in the y—z
plane to model YIG. The magnetic moments are directed
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along the z direction by an in-plane external magnetic field
of strength Hy. The magnetic potential energy of the film
contains contributions from the isotropic exchange interaction
Hex, Zeeman interaction ‘Hz, dipolar interaction Hgip, and
additionally a PMA energy H,, in the x direction, normal to
the film plane. YIG has a weak in-plane easy axis that can be
neglected compared to the other energy scales in the system.
The total spin Hamiltonian of the system reads

H = Hex+HZ+Hdip+Han~ (1)

The PMA energy is given by

Han = —Kun Y _(S; -2, )
J

where K,, > 0 is the easy-axis energy, /iS; is the vector of
spin operator at site j, and / is the reduced Planck constant.
Details of the Hamiltonian can be found in the Supplemental
Material (SM) [47].

The Holstein-Primakoff spin-boson transformation [48] al-
lows us to express the spin Hamiltonian in terms of magnon
creation and annihilation operators. The amplitude of the ef-
fective spin per unit cell in YIG at room temperature is large
S~ 14.3 > 1, [39,49,50], and thus we can expand the spin
Hamiltonian in the inverse powers of the spin S, which is
equivalent to the semiclassical regime. Up to the lowest order
in nonlinear terms, the magnon Hamiltonian H of a YIG thin
film can be expressed as the sum of two components: H, and
‘Ha. The former represents a noninteracting magnon gas com-
prising quadratic magnon operators. The latter, on the other
hand, constitutes nonlinear magnon interactions characterized
by quartic magnon operators; see SM for details [47]. Note
that three-magnon interactions are forbidden in our geometry
by the conservation laws [51].

Magnon dispersion of YIG with a finite PMA. The magnon
dispersion in YIG is well known and has been studied exten-
sively in both experimental and theoretical works [2,52,53].
Magnons traveling in the direction of the external magnetic
field have the lowest energy. These so-called backward vol-
ume magnetostatic (BVM) magnons have a dispersion with
double degenerate minima at finite wave vectors ¢, = £Q.
When pumping magnons into the thin film, the magnons may
thermalize and eventually form a condensate state in these two
degenerate minima with opposite wave vectors.

The noninteracting magnon Hamiltonian and the disper-
sion of BVM magnons, along the z direction, in the presence
of a finite PMA reads

Moo= hoyth &y (3a)

A2 — B2, (3b)

where EZ (¢4,) are magnon creation (annihilation) operators,
which are Bogoliubov bosons [47], and

Ay = Dex@: + v (Ho + 2 Ms f;) — KanS, (4a)

B, = 2nMsf, — KunS. (4b)
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FIG. 1. The analytical dispersion of noninteracting BVM
magnons in a YIG thin film for various PMA strengths, Eq. (3b). The
inset shows the depth of the magnon band minima as a function of
the PMA strength. We set the thickness L, = 50 nm and the magnetic
field in the z direction Hy = 1k Oe.

Here, Dex = JoxSa? is the exchange constant, J. is the Heisen-
berg exchange coupling and Mg = y/iS/a® is the saturation
magnetization, where y = 1.2 x 107> Oe™! is the gyromag-
netic ratio and a = 12.376 A is the lattice constant of YIG.
The form factor f, = (1 — e~ 1%:Lx) /(|q.|L,) stems from dipo-
lar interactions in a thin magnetic film with thickness L,
[54,55].

Figure 1 shows the effect of PMA on the magnon disper-
sion of YIG. PMA decreases the FMR frequency w, —o, in
addition to a more significant decrease in the magnon band
minima w, —+p. Therefore, the band depth Aw = w, —o —
g, —+¢ 18 increased. The position of the band minima at g, =
+Q is also shifted to larger momenta. In addition, the curva-
ture of the minima increases as a function of the anisotropy
strength. Above a critical PMA, K2, the magnetic ground
state is destabilized and the in-plane magnetic state becomes
out of plane. We are interested in the regime in which the
magnetic ground state remains in the plane, and thus the
effective saturation magnetization is positive Mg = Mg —
2Kan/(1oMs) > 0.

The effect of PMA on magnon dispersion resembles the
effect of confinement in the magnon spectra of YIG. In
Ref. [43], it was shown that transverse confinement in a YIG
thin film leads to an increase of the FMR frequency, the band
depth, as well as shifting the band minima to higher momenta
while the magnon band gap at the band minima is also in-
creased. It was shown that this change of the spectrum in
confined systems increases the magnon condensate lifetime.
Therefore, we expect PMA to increase the magnon condensate
lifetime and assist in the generation of magnon condensation.

Nonlinear magnon interactions in the presence of PMA.
To check the stability of condensate magnons at low energy,
we should show that the interactions do not destabilize and
destroy magnon condensation. To achieve this goal, we turn
on the magnon interaction between the condensate magnons
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at g; = =0. This magnon interaction consists of intra- and
interband contributions, H4 = H}™ + H}™®', where

M = A@hebeoto + &t pel pe_gl_g). (52)
MM = 2B(2}¢T ye0t_0)

+C(Ehe_gbol_ge" 4o_gt_gtg

+Hce) +D@Ehehel el +He).  (5b)

The intraband magnon interaction, parametrized by A, pre-
serves magnon number. However, the interband magnon
interaction includes both a magnon conserving contribu-
tion, parametrized by B, and nonconserving contributions,
parametrized by C and D, see SM [47]. The interaction am-
plitudes are given by

A= _VSN [(a1 +a3)fo — 2a2(1 — f29)]
Do ey Ko 4 (6a)
— - — a
X A TV A N
y27rM5
B = [(ar — a)(1 = fo0) — (a1 — a3) fp)]
DXQ K,
;S—N(al —20) + ﬁ(al + a3), (6b)
)/7TMS 8
c >SN [(30!1 + 3z + 4a3) fo 30l3( fzg)}
+De"Q2 +Ka“(3 + 3y + 4a3) (6¢)
3N BT gy O T T Re), ¢
D= VM5 {30y + 3 + das) fo — 200(1 — foo)]
= 55N o] o) o3)fo o) 20
D 0? Kan
+ 2SN Olz+ﬁ(30!2+053). (6d)

Here, N is the total number of spin sites. The dimensionless
parameters o, oy, and o3 are related to the Bogoliubov trans-
formation coefficients, listed in the SM [47].

An off-diagonal long-rage order characterizes the conden-
sation state. The condensate state is a macroscopic occupation
of the ground state and can be represented by a classi-
cal complex field. Therefore, to analyze the stability of
the magnon condensate, we perform Madelung’s transform
é+g — /Nige'®*, in which the macroscopic condensate
magnon state is described with a coherent phase ¢4 and a
population number Nyg [39,40]. The total number of con-
densed magnons is N, = Ny + N_g, while the distribution
difference is 6 = Nyg9 — N_g. N, is set in the system by an
external magnon pumping mechanism and is a constant. We
also define the total phase as ® = ¢o + ¢_o.

Finally, the macroscopic four-magnon interaction energy
of condensed magnons is expressed as

2

1 — —

NZ
Vi, ®) = —-|A+B+2C o
4(8, @) > [ + B + 2C cos N2

+ Dcos2d — (B—A+Dcos2d>)

82
IW} N
This expression is similar to the one recently obtained

without PMA [56], but the interaction amplitudes, Eq. (6),
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FIG. 2. The analytical nonlinear interaction energy of magnon
condensate state, Eq. (7), as a function of the PMA strength. N and
N_ are the total spins and condensate magnons, respectively. K;! rep-
resents the critical value of the PMA at which the sign of nonlinear
interaction energy is changed. On the other hand, K2 corresponds
to the critical value of PMA at which the in-plane magnetic ground
state becomes unstable. We set L, = 50 nm and Hy = 1k Oe. Kjr‘lm =
0.5 eV denotes the PMA used in our micromagnetic simulations.

depend on the PMA through the Bogoliubov coefficients, see
SM [47].

We now look at the total interaction energy and amplitudes
of condensate magnons in more detail. Figure 2 shows the
effective interaction potential of condensate magnons as a
function of the PMA. In a critical PMA strength, K}, the
sign of the interaction changes. This means that below K| the
interaction reduces the total energy of condensate magnons,
while above K| the interaction increases its energy. This crit-
ical anisotropy is well below the critical magnetic anisotropy
strength K2 that destabilizes the in-plane magnetic ground
state. In the following, we consider a PMA strength below the
critical anisotropy K, < Kgl.

The interacting potential energy of the condensate
magnons, Eq. (7), has five extrema, dV,(§;, ;) = 0, at

5 =0, @& =0 (8a)
82 = 0, CI)2 =T, (Sb)
C
8 =0, &;=cos™ (— B); (8¢)
c \7
84 =N|1———— , @y =0; 8d
4 [ (B—A+D)] N (8d)
85 = 84’ (bs = TT. (86)

8; = 0 indicates condensate states with symmetric magnon
populations in the two magnon band minima, while §; 7% 0
represents states with nonsymmetrical magnon populations.
Whether any of these extrema represent the actual minimum
of the interacting potential energy, i.e., 3%V4(8;, ®;) > 0, de-
pends on the system parameters. Finding these minima allows
us to construct the phase diagram for magnon condensate.
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TABLE I. The material parameters used in the micromagnetic
simulations.

Parameter Symbol Value
Saturation magnetization 4w M 1.75k Oe
Effective spin S 14.3
Exchange constant Doy 0.64 eVA2
Gilbert damping parameter o 1073

Phase diagram for magnon condensate. Now, we theoret-
ically explore the (meta)stability of the magnon condensate
as a function of the film thickness L, and the magnetic field
strength Hy, applied along the z direction in the plane, us-
ing the YIG spin parameters, see Table I. We characterize
a (meta)stable state of a magnon condensate in the phase
diagram as one that minimizes the interaction potential Vs
while satisfying the condition V4 < 0, ensuring a reduction
in the total magnon condensate energy at g, = £Q through
interactions.

First, we present the phase diagram for magnon conden-
sation in YIG, in the absence of PMA, in Fig. 3(a). The
thinner films are expected to have a symmetric distribution
of magnons between the two magnon band minima, the state
with §; = 0, and only thicker films with larger applied mag-
netic fields tend to have nonsymmetric magnon populations,
the state with §4 # 0. This phase diagram is in agreement with
previous studies [39,56].

Next, we add a PMA, with strength K,, = 0.5ueV, and
plot the phase diagram of the magnon condensate in Fig. 3(b)
for different thicknesses. Compared to the case without PMA,
we see that the condensate magnons can only be stabilized
for thinner films, and within our material parameters, we do
not have any metastable condensation above 90 nm since
the sign of the total interaction energy becomes positive. In
addition, we have a richer phase diagram in the presence of
PMA. PMA tends to push the magnon condensate within our
material parameters toward a more nonsymmetric population
distribution between the two magnon band minima, states
with 84 # 0 and §5 # 0. Since both minima are degenerate,
there is an oscillation of magnon population between these
two minima. In very thin films, less than 30 nm, we may have
a symmetric condensate magnon state, §; = 0, in our system.

This phase diagram shows that in the presence of a PMA,
magnon condensate can be still survived as a metastable state.
In addition, as we discussed earlier, a PMA increases the band
depth and reduces the curvature of noninteracting magnon
dispersion, see Fig. 1, leading to an enhancement of the con-
densate magnon lifetime. Thus, we expect that introducing a
small PMA into a thin film of YIG facilitates the magnon con-
densation process. It is worth mentioning that the stabilizing
condensated magnons in thinner films with finite PMA is not
a real problematic issue since the injection of magnons into
the system by electrical means is more efficient in thin films.

Micromagnetic simulation of magnon condensate. To vali-
date our theoretical predictions and illustrate the facilitation
of magnon condensate formation by incorporating a PMA,
we conducted a series of micromagnetic simulations. Simula-
tions were performed using MUMAX> [57], which solves the
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FIG. 3. The theoretical phase diagram of the condensate
magnons in the absence (a) and presence (b) of PMA. We plot the
magnon interaction energy V;/N2, Eq. (7), as a function of the film
thickness L, and the magnetic field strength Hy, applied along the
z direction. Different states are labeled based on different extrema
listed in Eq. (8). The dashed black lines indicate the boundaries be-
tween the different condensate phases, Eq. (8). We set K, = 0.5 ueV
in (b).

semiclassical Landau-Lifshitz-Gilbert (LLG) equation that
describes magnetization’s precessional motion; see SM [47].
In the limit of large S, it is important to note that we enter
the semiclassical regime and hence the LLG equation may
effectively capture and accurately describe the spin dynam-
ics of the system. In our ferromagnetic thin-film simulation,
magnons are excited via spin-transfer torque at zero tem-
perature, eliminating thermal magnons. The nonequilibrium
magnons in the film are the result of injection of spin current
across the sample surface [22]. Optimal spin torque strength
ensures that the magnon population reaches the critical den-
sity required for forming condensed magnons; see SM for
simulation details [47]. By introducing spin torque into the
system, we excite magnons with varying wave vectors and
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FIG. 4. Micromagnetic simulation of nonequilibrium magnon
distribution injected by spin torque mechanism for a YIG thin film
with a thickness of L, = 50 nm and lateral sizes of L, = L, = 5um,
in the presence of an external magnetic field along the z direc-
tion Hy = 1kOe. (a) and (b) show magnon distributions of the
initial nonequilibrium injected magnons and final quasi-equilibrium
magnon condensate steady state, respectively, when K,, = 0. (c) and
(d) show magnon distributions of initial nonequilibrium excited
magnons and final quasi-equilibrium magnon condensate steady
state, respectively, when K, = 0.5 ueV. The dotted line indicates the
analytical dispersion relation of noninteracting magnons, Eq. (3b).
Because of magnon-magnon interactions, the simulated magnon dis-
persion has a nonlinear spectral shift compared to the analytical
noninteracting magnon dispersion. Although the duration of magnon
pumping by spin-transfer torque is the same in the absence or
presence of the PMA, the critical torque amplitude is lower in the
presence of PMA.

frequencies, as illustrated in Figs. 4(a) and 4(c). A portion
of these nonequilibrium magnons undergoes thermalization
through nonlinear magnon-magnon interactions, leading to
the establishment of a stable and quasi-equilibrium state of
condensed magnons located at the minima of the magnon

band spectra, £0Q, as depicted in Figs. 4(b) and 4(d). This
sharp peak in the number of magnons at the band minima is a
signature of magnon condensate.

The numerical simulations confirm the supportive role of
PMA in the condensation process. First, there is a reduction
in the threshold of spin-transfer torque necessary to inject the
critical magnon density into the system, enabling the system
to attain said critical magnon density even at lower torque
amplitudes. Second, the final condensate magnons in the pres-
ence of the PMA are more localized around the band minima
than in the absence of PMA. Simulations also indicate that
PMA shifts the population of condensate magnons from a
symmetric distribution between two band minima to a non-
symmetric distribution, Fig. 4. This agrees with the analytical
phase diagram in Fig. 3(b).

Summary and concluding remarks. Dipolar interactions
are assumed to be relevant to stabilizing the magnon con-
densate within YIG. The presence of a PMA is expected to
counteract dipolar interactions. In this Letter, we show that
even at intermediate strengths of the PMA field, a magnon
condensate state can exist as a metastable state. We note
that the anisotropy increases the band depth and curvature
of the magnon dispersion. These adjustments to the magnon
spectrum are expected to facilitate magnon condensate for-
mation. From the calculations of effective magnon-magnon
interactions and minimizing the interaction potential at the
band minima, we find the magnon condensate phase diagram.
We demonstrate that the inclusion of PMA results in a magnon
condensate with a more intricate phase diagram compared to
when PMA is absent. A finite PMA has the tendency to drive
the magnon condensate towards a nonsymmetric magnon pop-
ulation at band minima in thinner films and lower magnetic
fields, as compared to the absence of PMA. Micromagnetic
simulations within the LLG framework confirm our analytical
results and analyses.
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