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ABSTRACT

In this work, we show that a magnon spin capacitor can be realized at a junction between two exchange coupled ferromagnets. In this
junction, the buildup of magnon spin over the junction is coupled to the difference in magnon chemical potential, realizing the magnon spin
analogue of an electrical capacitor. The relation between magnon spin and magnon chemical potential difference directly follows from
considering the magnon density—density interaction between the two ferromagnets. We analyze the junction in detail by considering spin
injection and detection from normal metal leads, the tunneling current across the junction, and magnon decay within the ferromagnet,
showing that such a structure realizes a magnon spin capacitor in series with a spin resistor. Choosing yttrium iron garnet as the
ferromagnet, we numerically calculate the magnon spin capacitance which ranges from picofarad to microfarad, depending on the area of the

junction. We therefore conclude that the magnon spin capacitor could directly be of use in applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0201442

Spintronics aims to replace charge with the spin degree of free-
dom, in particular targeting the replacement of conventional CMOS
technology. A number of spintronics circuit elements have to date been
implemented, such as spin transistors' and methods for efficient spin
transport.”” Less attention has been paid to designing a spin capacitor,
a spintronic analogue of the electrical capacitor. Analogous to electrical
capacitors,’ spin capacitors are important for the fast manipulation of
spin systems, because of their frequency-dependent response.
Previously, proposals for a spin capacitor have either employed conven-

5-7

tional electrical capacitors combined with spin polarization”’ or
magnetic tunneling junctions,” ' having to deal with short spin deco-
herence times, or were only concerned with the storage of spin over
long timescales,'* neglecting the important frequency response.

In this work, we theoretically propose how to realize a magnon
spin capacitor, employing magnons, or spin waves, as spin carriers.' '*
Because magnons have fast-response times and are long lived, the
magnon spin capacitor functions over a wide frequency range, proving
its usefulness in spintronics.

We consider a ferromagnetic junction with a general XXZ type
coupling as shown in Fig. 1(a) and obtain the fundamental magnon
spin capacitor relation,

dQ,, = CpdV,,, (1)

where Q,, = li(n;, — ng) is the relative magnon spin, defined as the
buildup in the magnon number n; /r over the junction, and V,, = pif,
—uR is the magnon spin accumulation bias, defined as the difference in
magnon chemical potentials ,ufn/ R Left (L) and right (R) indicate the left
and right ferromagnet. Finally, C,, is a coefficient relating the two quanti-
ties, which we identify as the magnon spin capacitance. Importantly, this
is the direct result of considering the density—density interaction, cou-
pling the $° components of the spins in the left and right ferromagnet—
in analogy with the Coulomb interaction in the electrical capacitor.

Our proposal realizes a magnon spin capacitor in a ferromagnetic
junction similar to those used in magnon spin valve experiments.'”
We consider both a parallel and antiparallel configuration of the mag-
netization and show that the magnon capacitance can be tuned by the
alignment. To connect to a possible experimental setup, we include the
injection and detection of spin through normal metal leads—creating
the magnonic circuit as shown in Fig. 1(b). Finally, we show that the
quantum magnon capacitance plays a role at low temperatures and
discuss how it is related to the instability of the antiparallel configura-
tion of the magnetization.

We consider a junction of two ferromagnetic insulators, as
depicted in Fig. 1(a). The dynamics of the spins S; with length S in the
bulk of each ferromagnet are modeled by the Hamiltonian,
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FIG. 1. (a) The ferromagnetic (FM) junction with attached normal metal (NM) leads
considered in this work. (b) The circuit representation of the junction. A spin bias is
applied through the spin accumulation xi; IR in the left/right normal metal lead, driv-
L/R

ing the magnon chemical potentials ;. The left and right ferromagnet with width
w and surface area A are coupled through an XXZ coupling with strengths U+ and
7, giving rise to a tunneling current (represented by the resistance Ry) and a mag-
non capacitance, represented by two capacitors in series, related to the quantum
magnon capacitance Cq and to the mutual interaction Cy,. The resistors R, repre-
sent the interfacial resistance of the NM|FM interface and the resistors Rg the mag-
non decay. The spin current injected in the right normal metal lead, /s, can be
measured through the inverse spin Hall effect.

1 Z
Hyr=— EIZjIL/R,ijSL/R,i “Sp/rj — hr/r Z SL/R.,' ) (2)

where i and j label the lattice sites, J;/z; is the exchange coupling,
which we take to be nearest neighbor with strength J; /g ;; = Jp/r > 0
and hpr = hypjpitoHr g is the Zeeman energy, with y;; the gyro-
magnetic ratio and y,Hy/ the magnetic field in the left or right ferro-
magnet, which can be positive or negative, allowing for a parallel or
antiparallel alignment of the spins with the z-axis.
We apply the Holstein-Primakoff transformation, S; /R1

~ V/28by g ; + O(S7/?) and Si’/TRJ. =S bZ/R,ibL/Rl or Si/Rl
—O—bz /R,ibL /R,,z.l(“ Here, T and | refer to the parallel and antlpara]lel
alignment of the spins with the z-axis. The spin Hamiltonian (2) is
then diagonalized through the Fourier transformation by/g; =1/
VNLr Yk e* by jp i to obtain Hyp = th/R,kbz/R,kbL/R,k' In
what follows, we work in the long-wavelength limit, such that
hoprk = Arr + ]L/R’Skz, where Apjr = FypjpptoHyyr is the magnon
gap and Jpjps = ]L/RSL/Rai/R is the spin stiffness, with a; /5 the lattice
constant. The coupling between two isotropic ferromagnetic insulators
can typically be described as an effective XXZ type coupling, H.
=Hi +H,, where Hi =~ Uy (SiSk;+ S;.Sk;) and H,

=2 UiSi Sk j» with Ui]* and Uj; the transverse and longitudinal
exchange coupling, respectively. For the relative parallel (P) and anti-
parallel (AP) configurations of the magnetization, we obtain, after
applying the Holstein-Primakoff transformation,
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S.S
HE =, /NI]:I\};R > Ui (bubl,, +He), 3)

kK
7-(5 =-U; Z RL kMR K (4)
kK
7_{AP _ SLSR Z , b‘r ,+ bLkbRk’) (5)
1 N Ng kk Lk Rk » KT
HE' = +U5 D nimes ©)
kK

where np /g = bz /R,kbL /rk is the magnon number operator Ul
=2 ¢ krigiKn Ui]* is the scattering rate, and U5 = > % NR is the
density-density interaction strength. We have performed the usual
expansion in large S, but have kept the magnon density-density inter-
action, o< np gnp ', that couples the magnon densities of the two sub-
systems. We disregard constant energy shifts, which do not play a role
in the dynamics. The density-density interaction strength U§ is
directly related to the classical energy of the system and can thus be
experimentally determined, which we discuss in more detail in the
supplementary material. Finally, we note that in the antiparallel config-
uration there is no tunneling allowed between the left and right subsys-
tem, since the magnon excitations are orthogonal to each other.

Central to our work is the magnon density—density interaction,
described by Egs. (4) and (6). This interaction is quartic in magnon
operators and can therefore not be brought to a diagonalized form.
However, if the coupling energy scale, set by Uf, is small compared to
the bulk energy scales, we can employ a mean-field approach. The left/
right magnon distribution function is then

hoyr + Urr — L/R>’ (7)

m/rk = fo ( kpTy/r

where fz(x) =1/(e* — 1) is the Bose function and U/ = *Uj
X Dy ngyLx is the energy as a result of the density—density interac-
tion with the second ferromagnet, thus coupling the magnon distribu-
tion of the left ferromagnet with the right ferromagnet as a shift of the
right magnon band and vice versa. Here, + indicates the parallel (-)
and antiparallel (4) configuration. We have introduced the magnon
chemical potential u%/® for the left/right ferromagnet to parametrize a
long-living nonequilibrium magnon state, which is justified on time
scales longer than the number-conserving exchange driven magnon-
magnon scattering time.”

For simplicity, we assume the left and right ferromagnets to be
identical, ie, wrx = wpkx = Wk and consider equal temperatures,
T, = Tg = T. To determine the non-equilibrium response, we expand
the magnon distribution as ny/px = 1y + ong g where nf is the
equilibrium magnon distribution and 67k the non-equilibrium
response. The potential energy is now written as an effective energy
shift, Uy = F UG Y ny + dngp - Assuming that both R < A
and U/ < A, we expand the magnon distribution function, Eq. (7),
in ,ufn/ Rand U; /r to find

on?
onpp = ——* | b xU? O + Sngy 8
nrk Do I:.“m 0 g(”k + ong i ):|7 (8)
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on?
Snpg = — 8—a)’;‘( {uﬁ;i U > () + (511“‘«)} ; 9)
k/

where we used n) = fz(fiwy/kgT). These coupled equations describe
the response of the system to a change in the magnon number through
one of two ways: (1) changing the chemical potential and (2) shifting
the bottom of the band.'” The bottom of the band is set by the mutual
density—-density interaction, thus coupling the two equations.
Equations (8) and (9) are now solved for én; g to find the relative
magnon spin,

8n2
% 8hwk

Qu=—h (VT U Qu/h), (10)

where Q,, = kY, (npx — nrx) and V,, = puk — uR. Now, we solve
Eq. (10) to obtain Q,, and take the derivative with respect to V,, to
obtain the central result of this work: the fundamental magnon spin
capacitor equation (1). Explicitly, we find the capacitance as

= (11)

where

Co =

hwk
(i)
—h(VJ Pk ksT (12)

(271)3 Ohaoy

is the quantum magnon capacitance (converted to an integral in the
thermodynamic limit) and

Cy=-7A (13)

is the mutual magnon capacitance. Here, we used the fact that, for suf-
ficiently large systems, the interaction UF; is local and translationally
invariant, such that we can write U] = U* /A, where A is the interfa-
cial surface area of the ferromagnet and U~ is the interfacial coupling
energy. We refer the reader to the supplementary material for more
details regarding the area scaling.

The Hamiltonian 4, vyields a tunneling current I, = o‘T(,ufn
— i), between the two magnon subsystems, if Uy, is small compared
to the bulk energy scales.'® We give ¢ in the supplementary material.
Note that in the antiparallel configuration 61 = 0 [cf. Eq. (5)].

From Eq. (1), we obtain the relation of the magnon current
through the system, I, = Q,» in response to the rate of change in
magnon spin accumulation, V', as I,(t) = C,,V ,,(t). In the parallel
configuration, there will be a leakage current flowing between the left
and right ferromagnet, acting as an additional resistor in parallel to the
capacitor with resistance R;' = gr. We therefore represent the mag-
nonic capacitor with the circuit representation in Fig. 1(b), consisting
of a mutual and quantum capacitor in series, parallel to a resistor.

The magnon capacitor offers an additional engineering degree of
freedom: the choice between a parallel and antiparallel configuration,
which switches the sign of the mutual magnon capacitance Cy,; and
changes the leakage current I from finite to zero. The switching of the
sign of the mutual magnon capacitance is the effect of the interfacial
exchange coupling, which energetically prefers a parallel alignment for
U§ > 0. The buildup of relative magnon spin Q,, thus increases the

ARTICLE pubs.aip.org/aip/apl

total energy of the system in the parallel alignment, whereas in the
antiparallel alignment, the total energy is decreased. Increasing the
magnon number also incurs an energetic cost due to the Bose-Einstein
statistics, described by the quantum magnon capacitance. In the anti-
parallel configuration, there thus exists an energetic instability if
CiP > Cq, beyond which the linear spin-wave theory employed here
is no longer valid.

We next consider the magnon capacitor in a structure with nor-
mal metal leads attached, demonstrating a simple magnonic circuit
that can be realized with the magnon capacitor. An attached normal
metal (NM) lead to a ferromagnet (FM) will drive a spin current across
the NM|FM interface given by I/r = or(u /5 — HE/R), where o is
given in the supplementary material. The resistance of the NM|FM
interface is then R; ! = o7.

The magnon number is not a conserved quantity, and magnons
will decay through several processes, such as magnon-phonon scatter-
ing. This effect can be modeled with a resistor to ground, with a resis-
tance Ral = Vo, where o is the spin-relaxation conductance,
which we obtain from experimental measurements.

The total work done will be dW,, = V,,dQ,,/h, such that the
total energy stored in the magnon capacitor is

71Q_$"71Cmvz

E== =_7 . 14
h2C, 2hHm " (14)

From this expression for the energy, it is clear that the energy is stored
in the buildup of relative magnon spin Q,, over the capacitor, mediated
by the mutual interaction, ie., the energy due to the interactions
between magnons in the left and right ferromagnet that results from
the density-density interaction. Since magnons have a finite lifetime,
this is not a perfect magnon spin battery and will drain over a time-
scale set by RgC,,.

Attaching normal metal leads to the ferromagnetic junction
corresponds to the magnonic circuit as shown in Fig. 1, where a spin-
accumulation bias V, = uf — pf is applied to the magnon capacitor,
consisting of two capacitors in series, representing the quantum mag-
non capacitance Cq and mutual interaction C,, with a parallel leakage
resistor. The finite magnon lifetime is parametrized with two resistors
to ground. This circuit can then be analyzed using conventional circuit
analysis. As we will show later, for typical parameters, the magnon
decay resistance R and tunneling resistance Ry are large, while the
resistance of the NM|FM interface is small, and they can thus be effec-
tively disregarded. The circuit can therefore be treated as a capacitor,
where the injected spin current in the right normal metal, I(¢) in
Fig. 1(b), can be measured (through the inverse spin Hall effect).
In addition, this capacitor can of course be embedded in a larger spin-
tronics circuit, disregarding the need for electrical injection and detec-
tion of spin altogether.

In this work, we propose the simplest RC-circuit, which can be
built with the magnon spin capacitor, where an additional resistor
with resistance R is placed in series with the spin capacitor to realize an
RC-circuit. We then obtain for the DC response, with the capacitor
initially uncharged and at t=0 an external spin bias is applied,
L(t) =% ¢!/", where t = RC is the time constant of this system, also
known as the RC time. Since the magnon capacitance can switch sign
between the parallel and antiparallel configuration, © can have
either sign and thus, the magnon current can increase exponentially—
reversing the magnetization, unless it is limited by non-linear

Appl. Phys. Lett. 124, 182404 (2024); doi: 10.1063/5.0201442
Published under an exclusive license by AIP Publishing

124, 182404-3

9€:0¢€'Z} 20T dunr G0


pubs.aip.org/aip/apl

Applied Physics Letters

interactions. The AC response is a high-pass filter, I ()
= 3752 Ve(w), with cutoff frequency @, =17"" and associated
frequency-dependent phase shift tan ¢ = (w1)

We now numerically calculate the capacitance and resistances,
considering both ferromagnetic insulators to be yttrium iron garnet
(YIG), such that S=142, J,=8.5x10"%Jm? and we take
AJkg = 1K."” Furthermore, we assume a rough interface with an iso-
tropic exchange coupling, such that scattering of the incident magnons
does not conserve momentum and we have a tunneling amplitude
U,j(, ~ U*. The normal metals we assume to be platinum (Pt), with
the spin-mixing conductance for the Pt|YIG interface given by
gt =1.6 x 10*S/m2.”"*" In what follows, we quote capacitances
and resistances in electrical units, by assigning magnons a charge e and
expressing the chemical potential V in voltage, i.e., Q,, — Q,, e/h and
Vin — Vpu /e, such that C — Ce?/liand R — RH/é*.

Motivated by recent magnon valve experiments,'>** we assume a
coupling strength U*/a* and tunneling amplitude U~ of 1-100 peV.
This interfacial coupling can originate from the Ruderman-Kittel-
Kasuya-Yosida (RKKY) coupling,” ** or from magnetostatic coupling
through the dipole-dipole interaction.”*””

For a device of 1 x 1 x 1 um and U*/a> = U+ = 10 eV at
room temperature, we find Cy; ~ 10nF and Cq ~ 50 nF. Therefore,
neither capacitance can be disregarded and remains relevant, in con-
trast to the electronic case, where the quantum capacitance can usually
be neglected for macroscopic devices. The Pt|YIG interfacial resistance
is Ry =~ 0.3 Q, and the tunneling resistance (in the parallel orientation)
between the two ferromagnets is Ry =~ 600 MQ. Furthermore, for YIG
at room temperature g = 5mS/um? and thus R ~ 200 Q.

The magnon chemical potential and thus the magnon capaci-
tance are only well defined on timescales slower than the magnon-
magnon scattering timescale, which is approximately 10 '* s in YIG at
room temperature.””® The magnon spin capacitor will additionally
discharge over a timescale set by C,,Rg, which is 107 s for the same
parameters. Therefore, the magnon spin capacitor functions over a
wide timescale. In addition, the magnon spin diffusion length, which is
10 um in YIG at room temperature,” sets the length scale over which
the chemical potential can be regarded as constant, beyond which
additional modifications of our theory are necessary.

We show the total capacitance in Fig. 2 as a function of the sur-
face area A. Here, the dashed line indicates the quantum capacitance
Cq» which serves as an upper limit [cf. Eq. (11)]. We observe that the
capacitance can be tuned over a wide range through the surface area,
similar to how surface area in electronics is used to obtain the desired
electrical capacitance.

We now consider the effect of temperature on the capacitance in
Fig. 3, where we show the ratio Cy;/Cq together with the total capaci-
tance C,, in the parallel and antiparallel configuration. For low temper-
atures, Cy < Cyy and thus C,, =~ Cp. At higher temperatures, the
quantum capacitance reduces and the mutual magnon capacitance
becomes relevant, and C,, = Cy in the high-temperature limit.

In the antiparallel orientation, the quantum and mutual magnon
capacitance compete [as can be seen from the minus sign in Eq. (11)],
and thus, the total capacitance diverges, which will result in a diver-
gence of the RC time—beyond which the antiparallel orientation is
unstable. This is due to the fact that the thermal magnons now have
sufficient energy to overcome the mutual interaction energy. The
divergence is thus related to a bosonic Stoner-like instability, i.e., the

ARTICLE pubs.aip.org/aip/apl
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FIG. 2. The total capacitance C, in the parallel orientation at room temperature
T = 290K, as a function of the surface area A, for varying interaction strength Z/*.
The dashed line indicates Cq, which provides as an upper limit for the total capaci-
tance [cf. Eq. (11)].

trade-off between kinetic and interaction energies.”””’ We note that
for our choice of parameters and materials this divergence occurs at
approximately 60 K, but this is strongly dependent on both the dimen-
sions of the device and the coupling strength.

In conclusion, we have shown that a ferromagnetic junction func-
tions as a magnon spin capacitor, thus providing a key element for
spintronic circuits. We have derived the fundamental capacitor
equation (1) coupling the relative magnon spin Q,, to the magnon
spin accumulation bias V,,, through a magnon spin capacitance C,,
with contributions from the mutual magnon capacitance and the
quantum magnon capacitance. When normal metal leads and an addi-
tional resistor are attached, this device can be readily used in an RC cir-
cuit. Finally, we showed that a wide parameter range is available. We
therefore also conclude that the magnon spin capacitor as considered
in this work could be directly of use in applications.

Cu/Co Cm (F)
T 7 107
H Cap,/ Cu
r N e -
10° A T ”’/
! == Cpt1o-°
1
10% A i
; - 101
i
10% ~ !
:A - 1013
1
1
T MR | !’ LR | T LR |
10—t 100 10! 102

T (K)

FIG. 3. The ratio between the mutual and quantum magnon capacitance (blue solid,
left axis) and the total capacitance C,, in the parallel orientation (red solid, right
axis) and antiparallel orientation (red dashed, right axis), as a function of tempera-
ture. Here, U*/a* = 10 ueV and device size is 1 x 1 x 1 um®. The horizontal
dashed line indicates Cy, which is independent of temperature and the vertical
dashed line indicates the magnon gap A = 1K.
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See the supplementary material for more details on the density—
density interaction and expressions for o1 and o, which includes Refs.
31-35.
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