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The magnetization of a ferromagnet (F) driven out of equilibrium injects pure spin current into an adjacent
conductor (N). Such F|N bilayers have become basic building blocks in a wide variety of spin-based devices.
We evaluate the shot noise of the spin current traversing the F|N interface when F is subjected to a coherent
microwave drive. We find that the noise spectrum is frequency independent up to the drive frequency,
and increases linearly with frequency thereafter. The low frequency noise indicates super-Poissonian spin
transfer, which results from quasiparticles with effective spin #* = A(1 + ). For typical ferromagnetic thin
films, 6 ~ 1 is related to the dipolar interaction-mediated squeezing of F eigenmodes.
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Introduction.—The fluctuations of a macroscopic observ-
able, often called noise, constitute a fundamental manifes-
tation of the underlying microscopic dynamics. While the
thermal equilibrium noise is directly related to the linear
response coefficients via the fluctuation-dissipation theorem
[1], nonequilibrium shot noise provides novel information
not accessible via the observable average [2—4]. Shot noise
has been extremely useful in a wide range of phenomena.
The optics community has been exploiting intensity shot
noise in, among several phenomena [5], observing non-
classical photon states [6]. Charge current shot noise has
proven to be an effective probe of many-body effects in
electronic systems [3,4]. It has also been employed to
ascertain the unconventional quanta of charge transfer in
the fractional quantum Hall phase [7-10] and superconduc-
tor-normal metal hybrids [11-14]. Noise has furthermore
been proposed as a means to observe quantum spin [15] or
mode [16] entanglement in electronic circuits.

Spin current forms an observable of interest in a wide
range of systems, such as topological insulators [17], triplet
superconductors [18], magnetic insulators [19,20] and so
on, in which the spin degree of freedom plays an active role.
While spin-dependent charge current noise has been dis-
cussed [21-23], the potential of spin current noise has
remained largely untamed. Foros et al. have considered the
applied voltage driven, and thus conduction electrons
mediated, spin current shot noise in metallic magnetic
nanostructures [24]. The recent experimental observations
of pure spin current thermal noise [25] and nonequilibrium
spin accumulation driven charge current shot noise [26]
indicate the feasibility of and bring us closer to exploiting
this potential. In semiconductor physics, spin noise spec-
troscopy has already become an established experimental
technique [27,28].

Heterostructures formed by interfacing a nonmagnetic
conductor (N) with a ferromagnet (F), typically an insu-
lator (FI), are of particular interest since they allow transfer
of pure spin current carried by the collective magnetization
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dynamics in F to electrons in N. This spin transfer
phenomenon has come to be known as spin pumping
[29]. FI|N bilayers have been the playground for a plethora
of newly discovered and proposed effects [20,30] making a
microscopic understanding of the spin transfer process
highly desirable. In this Letter, we investigate spin transfer
between the collective magnetization modes in F and
electrons in N by examining the zero-temperature spin
current shot noise when F is driven by a coherent micro-
wave magnetic field (Fig. 1). Within the commonly used
terminology [29,31], this may be called coherently driven
spin pumping shot noise.

The three key findings of this Letter are spontaneous
squeezing [5] of F eigenmodes, the super-Poissonian
nature of spin transport, and a nontrivial frequency
dependence of the spin current noise power spectral density
S(Q) [Fig. 1(b)]:
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FIG. 1. (a) Schematic of the ferromagnet () and nonmagnetic

conductor (N) bilayer analyzed in the text. The coordinate system
is depicted in blue. A static magnetic field H,Z saturates F'
magnetization along Z while a coherent microwave field
hq cos wtx creates magnonic excitations in F. The latter annihi-
late at the interface creating excitations and injecting z-polarized
spin current in N. (b) Schematic plot of S(Q)/2I,. versus Q
[Eq. (1)]. S(Q) and I are, respectively, the noise power spectral
density and the dc value of the interfacial spin current.
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with @ the drive frequency, I4 the dc spin current,
n* = h(1 + 5), and the expression for § is derived below.
If dipolar interaction is disregarded, spin 7 quasiparticles—
magnons [32,33]—constitute the collective magnetization
eigenmodes in F. Hence, the spin transfer to N is often
assumed to take place in lumps of 7 [34-36]. However, due
to the dipolar interaction, the actual F eigenmodes turn out
to be squeezed-magnon (s-magnon) states. Here, the term
squeezing refers to reduction of quantum uncertainty in one
quadrature at the expense of increased uncertainty in the
other [5]. Thus, the super-Poissonian statistic of spin
transfer reflects the super-Poissonian distribution [5] of
the magnon number in the coherent squeezed-magnon state
of F generated by the coherent microwave drive. The same
shot noise is interpreted in the F eigenbasis as being a result
of Poissonian spin transfer via the squeezed-magnon
quasiparticles which have spin #* [Fig. 1(a)].

Hamiltonian.—The Hamiltonian for the system of inter-
est, depicted in Fig. 1(a), is composed of magnetic (Hp),
electronic (7:[1\;), interaction between F' and N (7:(im), and
microwave drive (ﬂdme) contributions:

7:( = jz{F + 7:[N + ﬂint + 7:[drive7 (2)

where the tilde is used to denote operators. We first evaluate
Hp by quantizing the classical magnetic Hamiltonian Hp,
which includes contributions from Zeeman, anisotropy,
exchange, and dipolar interactions [33,37]: Hp =
Jy, @r(Hz 4 Haniso + Hex + Happ), With Vi the volume
of the ferromagnet. An applied static magnetic field HyZ
saturates the ' magnetization M along the z direction such
that M, (<« M, ~ M) become the field variables describ-
ing the excitations. M is the saturation magnetization. We
retain terms up to second order in M, . Employing the
relation M? + M3 + M? = M? and dropping the constant
terms, the Zeeman and anisotropy contributions are
obtained as [38,39] Hy+H yiso=(w0/2]y|M,) (M2 +M?3),
with wy = |y|[poHo + 2(K; + K,) /M|, where y = —|y| is
the typically negative gyromagnetic ratio of F, y is the
permeability of free space, and K,(>0) and K,(> 0),
respectively, parametrize uniaxial and cubic magnetocrys-
talline anisotropies [40]. The exchange contribution is
[33,39] Hex = (A/M?)[(VM,)* + (VM,)?], with A the
exchange constant [41]. The dipolar interaction is treated
within a mean field approximation via the so-called
demagnetization field H,, produced by the magnetization:
Hg, = —(1/2)uoH,, - M. For spatially constant M,
H, = —-(NM %+ N,My + N_M %), with N, , . the ele-
ments of the demagnetization tensor, which is diagonal in
the chosen coordinate system [37].

The classical magnetic Hamiltonian is quantized by
defining the magnetization operator M = —|y|Sy [33,37],
with § r the F spin density operator. The magnetization is
expressed in terms of bosonic excitations by the Holstein-

Primakoff transformations [32,33]: M, = \/2|y|aM,[1 —
(1l /2M.)a @, B = /AT (1~ (7|h/2M,)a ",
and M, = M, — |y|ha’a, where M. = M, +i(y/|y|)M,
The operator @' = a'(r) creates a magnon at position 7,

satisfies the bosonic commutation relation, [a(r), a' ()] =
S(r—r'), and is expressed in terms of the Fourier space

magnon creation operators l;; via a'(r) = > q®y(r) l;;
with plane wave eigenstates ¢, (r)=(1//Vr)exp(iq-r).
Following the quantization procedure [33,37], the magnetic
Hamiltonian simplifies to

Tty = S MAgbiby + B, + By @)
q

where A, =A_;= h(wo +Dq2 + |7 [M pao (N +Nyz)/2) +
hw,(q) and B, = B_, = hly|MuoN /4 + hog(q). Here,
D =2Aly|/M,N,, = N, — N,, and so on, w, g(q) are the
dipolar interaction contributions for magnons with g # 0
[33,37], and wg(q) is complex in general. The Hamiltonian
Eq. (3) is diagonalized by a Bogoliubov transformation
[32,33] to new bosonic excitations defined by [}q =

7 *
igby — qb—q’

7:[F = Zhwqﬁgﬁq ’ (4)
q

with transformation parameters fw, = \/A7 —4|B,|*,

vy = =2B,/\[(Aq + hog)? —41B,P,  vy/u, = =2B,/
(A, + hw,), and u} = 1 + |v,|*. Here, u, has been chosen
to be real positive while v, is in general complex, with
vy real. o
If the dipolar interaction is disregarded, B, = 0, #, = by,
and magnon modes are the eigenstates of F. To gain insight
into the effect of the dipolar interaction on the eigenmodes,
we note that the vacuum corresponding to the new
excitations |0); is defined by (u, by —vib’,) 10); =0
Employing the Baker-Hausdorff lemma and relegating
detailed derivations to the Supplemental Material [42],

this becomes S,(&)b,S3(&,)0), =0, with & =
(1Jq,/|vq,|)tanh‘1 (|vgl/uy), where S(&,) = exp(&;byb_g—
rfq 7 _q) is the two-mode squeeze operator [5], considering
g # 0. This leads to |0); = Sz(fq)\O)b showing that the ﬁq
vacuum is obtained by squeezing the magnon vacuum, two

modes (l;iq) at a time. In other words, f3, excitations are

obtained by squeezing l;iq, and are thus called squeezed
magnons (s magnons). Instead of deriving a similar relation
for the ¢ =0 mode, we demonstrate its squeezing by
-/\N/tx,v =

evaluating the vacuum fluctuations of
Jy, Moy dr o (b + by):
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(68,2 =P ep(agy).  (5)
where (), denotes expectation value in the ground state,
Moy = M,V is the total magnetic moment, and &, =
—tanh~!(vg/uy) is real. The sign of &, and thus the
direction (x or y) of squeezing, is determined by the sign
of —vy/uy « By  N,,. Hence, we find reduced quantum
noise in one component of the total magnetic moment while
the noise is increased in the other component. Owing to
dipolar interactions, the F' ground state exhibits sponta-
neous squeezing.

The electronic Hamiltonian for N can be written as

Hy = Zk_sziha)ké,tsékw, where E,T” are fermionic oper-

ators that create electrons with spin s#/2 along the z
direction in orbitals with wave functions yy(r). We con-
sider that F and N couple via an interfacial exchange
interaction parametrized by J [34,35]:

Pl == [ eGr0)-Sve). 6

where A denotes the interfacial area and ¢ is the interfacial
2D position vector. Sy = (h/Z)Z‘Y,S/\IJIaS,S/\IIS/ is the N

spin density operator, where W, (r) = > wwi(r)cy ; annihi-
lates electrons with spin s#/2 at r, and the components of &
are the Pauli matrices. In terms of the normal mode
operators [43],

Hin = ZhWklkquZ|+5kz—[’q +Hc, (7)
kykagq

with b = uqﬂq + vqﬁ_q, and AWy g = T/ M/2]y|h x
N dzgy/k (@)wk,(@)d,(e). The microwave drives the sys-
tem via Zeeman coupling between its magnetic field
ho cos(wt)x and the F total magnetic moment M:

Harive = —#Hoho COS(G”)B(,BO + B(T)) (8)

with B = (uy + )/ |y|A M,/ 2.

Since the magnonic excitations possess spin along the z
direction, we are interested in z-polarized spin current
injected into N by F. The corresponding spin current
operator is given by

[S Hint} = Z lh‘Wk kquk Ckz—b +H C.,
kikyq

1
=

with § = [, & rSy(r), where Vy denotes the volume
of N.

Equations of motion.—We have thus expressed the total
Hamiltonian and the spin current operator in terms of the
creation and annihilation operators of F' (s magnons) and N
(electrons) eigenmodes. Working in the Heisenberg picture,

the time resolved expectation value of an observable can be
obtained by evaluating the time evolution of electron and s-
magnon operators. Since the microwave drives the ¢ = 0
magnetic mode coherently leaving all other modes essen-
tially unperturbed, we make the quasiclassical approxima-
tion replacing Bq by ¢ numbers f$6,4, and derive the
dynamical equation for p(r) = (By(r)) below. This
“approximation” is equivalent to disregarding the equilib-
rium noise and allows us to focus on the shot noise. The
contribution of thermal and vacuum noises shall be
considered elsewhere.

Cret =

The Heisenberg equations of motion
(1/in)[¢x.. H] simplify to
ék+ = —iCl)kE'k+ - iZWk,kz,quz—l;q’ (9)

k>.q

Similarly, equations of motion can be obtained for ¢;_ and
ﬁq. As detailed in the Supplemental Material [42], we
obtain solutions to these equations up to the lowest non-
vanishing order in J using the method employed by
Gardiner and Collett [44] in deriving the input-output
formalism [5]. Until some initial time ¢y, F and N do not
interact with each other and are in equilibrium so that the
density matrix of the system, which stays the same in the
Heisenberg picture, factors into the equilibrium density

matrices of F and N. The terms 7:{im and ﬂdrive are turned on
at t = ty. The steady state solution for any time ¢ > 1, is
obtained by taking the limit#, — —oo in the end. The general
solution to Eq. (9) for ¢ > 1, can then be written as [44]

Cps (1) = e l0)E (1)

—iY Wikq / e =g (¢)b,(¢)dr. (10)

kyq

Employing analogous expressions for ¢;_, the Heisenberg

equation of motion for BO, and retaining terms up to second
order in J, we obtain the dynamical equation for

B1) = (Bo(1)):

B == iwoB — (u + v3)Tnp + 2ugvel yf*
hoB
+ i”OTOcos(cot), (11)

where Iy = wd’ = wr|W,,__ o|*V3 7?5 (€permi) Tepresents
the magnetic dissipation caused by the electronic bath in N.
Here, g(€epemi) is the electronic density of states at the Fermi
€Nergy Epermi» and we assume that Wy 0= W, ¢
depends only on k;, magnitudes, and hence on €pey;.
Thus far, we have not considered any internal dissipation in
F.This can be done by including nonlinear interactions with
another bath [electrons, phonons, (s) magnons, etc.] in H F
[44]. The resulting dynamical equation for j is obtained by
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replacing I'y by I'=Ty+Ty in Eq. (11), where I'p
depends on the details of the nonlinear interaction consid-
ered in ‘H F-

Results and discussion.—Substituting the ansatz f =
B expliot) + p_exp(—iwt) in Eq. (11), we find that
p. < p_forI' < my, and hence g is disregarded making
the rotating wave approximation:

ﬂohoB 1 it
= (12
A1) 20 (wy— @) — il (uf + v}) ¢ (12)

Thus, we obtain resonant excitation of the ¢ = 0 s-magnon
mode at w = w,y. The analysis leading to Eq. (12) is
employed to obtain the expectation value of the spin
current operator up to the order J?:

1.(1) =(I.(1)) = I = 2ha | . (13)

Thus, the spin current injection also exhibits resonant
behavior akin to magnetization dynamics [45].

The single-sided spectral density of spin current noise
S(Q) is obtained via the Wiener-Khintchine theorem for
nonstationary processes [46]: S(Q) =2 [®_R(t)e™¥d1,
with  R(t) = lim; _(1/279) [% (7,7 —1)dz, where

(1), 1y) = (1/2)(81,(1)01(tz) + 61 (1)1 (1,)) is the
expectation value of the symmetrized spin current fluctua-
tions [81, = I, — (I,)] correlator. Assuming zero temper-
ature and again retaining terms up to order 72, the spin
current shot noise simplifies to Eq. (1) with
h* = h(1 + 2v3), which is the main result of this Letter.

The zero frequency noise thus becomes S(0) = 2A(1 +
20§)14. [Eq. (1)]. Equations (12) and (13) show that S(0)
exhibits resonant behavior as a function of @. Under certain
conditions, the low frequency shot noise for a Poissonian
transport process with transport quantum ¢ and dc current
1, is known to be 2¢gl [3,5]. Thus, in the N eigenbasis, in
which electrons undergo spin flips by absorbing magnons,
our result for low frequency spin current shot noise can be
understood as due to correlated spin transfer in lumps of 7.
This interpretation is corroborated by the squeeze param-
eter £, dependent super-Poissonian distribution of the
particle (in this case, magnon) number in a coherent
squeezed state [5].

An alternate interpretation for the low frequency noise is
obtained in the F eigenbasis: spin transport takes place via
the coherent state driven Poissonian transfer [5] of S, s
magnons which have a spin of #* =#(1+5) with
5 = 2v}. This nonintegral spin of s magnons can also be
obtained directly by evaluating the expectation value of the

z component of the total spin in F: fVF(S‘}(r»aBr:
~Mo/Ir] + S a1+ 2|0 )l + 3 k||, where the
last term in this expression represents the vacuum noise
[32], and ng denotes the number of s magnons with wave
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FIG. 2. Processes contributing to spin current noise at fre-
quency Q. The blue, green, and gray circles, respectively, depict s
magnon, excitation created in N, and spin current analog of a
photon (see text). For Q < w (the drive frequency), only
processes (1) and (3) are allowed, while for Q > w, only
processes (1) and (2) take place.

vector ¢. Thus, we see that the s magnon with wave vector g
has spin 7(1 4 2|v,|?).

However, Vg is considerable only when the relative
contribution of the dipolar interaction to the total eigenmode
energy hw, is not negligible. In particular, with /27 =
1 GHz, § = 20§ ~ 0.4 for yttrium iron garnet (Jy| = 1.8x
10" Hz/T, M, = 1.4 x 10> A/m[40]) and § ~ 3.0 for iron
(|| = 1.8 x 10" Hz/T, M, = 1.7 x 10° A/m [40]) thin
films (N, =1,N,,=0). &(xN3,) vanishes when
N,, =0, and 6 - 0 when Hy/M; — co.

To discuss a physical understanding of the spin current
shot noise frequency dependence [Eq. (1)], we note that the
charge current noise at frequency  is due to absorption
and emission of photons at the same frequency [47]. We
make an analogous interpretation of spin current noise in
terms of absorption and emission of photonlike quasipar-
ticles, keeping in mind that the analogy is mathematical.
Thus, for Q < w, the only possible processes are absorption
of photonlike quasiparticle and s magnon while creating an
excitation in N [process (1) in Fig. 2] and absorption of s
magnon while creating a photonlike quasiparticle and an
excitation in N [process (3) in Fig. 2]. The rate of each
process is proportional to the number of states available for
creating an excitation in N, which, at zero temperature, is
proportional to the energy of the N excitation governed by
energy conservation in the process. Similar arguments can
be made when Q > @ (Fig. 2), thereby motivating the
frequency dependence in Eq. (1).

Summary.—We have evaluated the zero-temperature
shot noise of spin current injected into a nonmagnetic
conductor (N) by an adjacent ferromagnet (F) driven by a
coherent microwave drive. The low frequency shot noise
indicates spin transfer in quanta of #* = f(1 + &) asso-
ciated with the zero wave vector excitations in F. We
demonstrate that owing to dipolar interaction [48], the F
ground state exhibits spontaneous squeezing [5], and its
normal excitations are squeezed magnons with nonintegral
spin. Our work thus provides important new insights into
the magnetization mediated spin transfer mechanism in
F|N bilayers, and paves the way for exploiting the
spontaneously squeezed F ground state.
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