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Quasiparticles in a ferromagnet
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C. Kittel, Introduction to Solid State Physics (John Wiley & Sons, New York, 1953)



Quasiparticles in a ferromagnet
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C. Kittel, Introduction to Solid State Physics (John Wiley & Sons, New York, 1953)



Magnon
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C. Kittel, Introduction to Solid State Physics (John Wiley & Sons, New York, 1953)



Magnon
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Delocalized wave
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Considering only exchange interaction and Zeeman energy!

C. Kittel, Introduction to Solid State Physics (John Wiley & Sons, New York, 1953)



Quasiparticles in a ferromagnet

With magnon operators b; and b; (“bosons”)

/\
Hp =) Agblbg
q ~
Effect of dipolar interactions!
Quasiparticles: squeezed magnons

Bogoliubov transformation - x5t

to new quasi-particles ) o
He =)  hweB] B,
q

Ground state: squeezed vacuum
EﬁllpG)Ej =0 =2 [|Yglz # 10)



Classical Hamiltonian

HF = / d37“ (HZ =+ Haniso + Hex + Hdip)
Vk

Linearization around equilibrium magnetization (M,):
Magnetization saturated along z direction

E
H; + Hypiso = 1\;; (M,% + M)zf)
S

A

e = 2z (P + (71,

S

C. Kittel, Quantum Theory of Solids (John Wiley & Sons, London 1963).



Classical Hamiltonian

Simplification for dipolar interaction:
« Homogeneous demagnetization field

« Demagnetization tensor:

N = diag(N,, N, N;)=diag(1,0,0)

C. Kittel, Quantum Theory of Solids (John Wiley & Sons, London 1963).



Quantization: HP transformations

Magnon field operators in real space: b(#), b™ (#)

Ladder operators: My = M, + iM, ([M,,M,] = iAM,)

i, =MS\/1—E+B/SE

M, = M, b
M_=MSE+J1—B+E/S ~  M_o=Mgbt
_ - M, =M, — hb*h
M, =M, —hb*b/S

> 112 ~(b¢ + by)" = 2b¢ by + bt b + boby

T. Holstein and H. Primakoff (HP), Field Dependence of the Intrinsic
Domain Magnetization of a Ferromagnet, Phys. Rev. 58, 1098 (1940).

C. Kittel, Quantum Theory of Solids (John Wiley & Sons, London 1963).



Quantum Hamiltonian

Magnon annihilation operators in momentum space: Ea

Hp = Hy+ X.0hg with Hy = Agbg by + Bobg by + Bobobg
Ag = hw,y + hwg /2
B, = hw,/4 -> Squeezing Hamitonian
hw,, = Anisotropy and external fields

hw, = ugugM, -2 Energy of a moment in the dipole field!

* Finite momentum Hamiltonian has similar form with Aﬁ, Bﬁ
* Hamiltonian can be diagonalized by a Bogolubov
transformation (for each (g, —q) seperately)
* Non-trivial ground state and excitations
- squeezed vacuum and squeezed magnons



Squeezed-magnons

Bogoliubov transformation to new quasi-particles

5 7 %7 T E.g.forg =0
By = tighg — u2b' 2
* Wo = \/a)za T WyqWs
q e p2 — w§ /4w
0 WotwWzqt+ws/2

Squeezed Vacuum

Ground state defined by

3 .
Bilve)g =0 € [Pg)z~10); +u_; 2); +



Ground state: Squeezed Vacuum
Heisenberg uncertainty, viz. (AMZ){AM2) > AMg

(AM2) = (AM7) = AMGe*é  tanh§ = =

Iy

A Kamra and W. Belzig, Super-Poissonian shot noise of squeezed-magnon mediated
spin transport, Phys. Rev. Lett. 116, 146601 (2016).




Squeezed magnons

|nﬁ = 1) = EJ|¢G>
= (u05+ — UOEO)WJG)
~ 1)+ - |3)+ - |5) + ---
- Complex superposition of
elementary magnons

Spin of squeezed magnon?

~

(ng = 1|S,|ng = 1) — (Y¢S, |Ye) = A + 2v§) =" = h

Note: Bogolubov trafo depends in generalon g : hA* - h%

A Kamra and W. Belzig, Super-Poissonian shot noise of squeezed-magnon mediated
spin transport, Phys. Rev. Lett. 116, 146601 (2016).



Spin of squeezed magnon
h* = h(1 + 2v?

w? /4w,
Wy + W, + wWg/2

2 _ 2 _
2vp = wo = \/(‘)za T WzqWs Wzq = UoYHzq
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—> Large h™ for realistic material parameters
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Spin current shot noise and quantum of transport



Quantum noise spectral density of a quantum point contact

Conductance (G = GQZTn
Fano factor F = ZTn (1 -T ) / ZTn Transmission probabilities T,

2 2
Conductance quantum G, = %

S(w) = | dre™ <{i(0),i(t)}> =2eG| F(eV —|0])0(eV —|0]) +|a| ]

2eG

S(@) A
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Quantum noise spectral density is
symmetric and has kinks for w=eV

Reveals the time scale of the
junction hw=eV (for a perfectly
linear current-voltage
characteristic!)

E.g. Lesovik (1997), Blanter and Biittiker Phys. Rep. (2000)



Spin detection via spin pumping

A Junneling“ Hamitonian
an" o
@ O Hing =Jd2P]1M(ﬁ)§N(,5)
- L
HO F2 _Z_’_’ b 7() Eli+h.C.
ho cos wt
— I—g’; 2"%—order perturbation in J for the

z-component of the spin current [,

R = h(1 + 2|vo|?)
I, = G:h*w|x|?

Spin conductance FMR-induced

o 72.,2 :
Gs = Ji vy amplitude

A Kamra and W. Belzig, Super-Poissonian shot noise of squeezed-magnon mediated
spin transport, Phys. Rev. Lett. 116, 146601 (2016).



Spin detection via spin current shot noise

Spin noise: uncorrelated transfer of bunches A

h*(Poissonian statistics) in time period ¢ @ Ty O

Statistic_s of number of events N: F

(N) =N =Tt, Hy 5

<AN2) = N =T, ho cos wt <1 j\j
Statistics of Spin S = A*N : A =h(1+ ng)

(AS?) = h**(AN?) = h* (S)
Full noise spectral density

S(Q) = 2 [ dte' (AL, (t)AL,)
= W2 Gglx | [lw — Q| + o + Q]

» Zero-frequency noise S(0) = 2h*1,,
* Analog electric current noise with w = eV'!

A Kamra and W. Belzig, Super-Poissonian shot noise of squeezed-magnon mediated

spin transport, Phys. Rev. Lett. 116, 146601 (2016).
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Quasiparticles in Ferrimagnets and Antiferromagnets



Two interpenetrating sublattices

AEERAREEEER

Sublattice A l h
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-+

Sublattice B T — h

Similar model as before, but generalized to two sublattices:

A/B

] _)]AA:]BB»]AB Eza — Eza MS - MAO/BO Ec_i — &67’ EC_f



Two-sublattice magnon Hamiltonian

~ Ak .+ . Br~i~ - ..
H = Z |:7a£ak + 71?,1 r + Crarb_x + Drara_g
k

+ Ekgkg_k + Fk&k[;]i] + H.c.

Ay, By, : intra-sublattice exchange and external field
Cr . inter-sublattice exchange

Dy, E, : dipolarinteraction-induced squeezing

Fy . dipolar interaction-induced hybridization



4-D Bogoliubov Transform

~

Ferromagnet: b, - f, ﬂq = uqbq — U; bT_q

. L o~ Dipolar interaction!
Ferrimagnet. a,,b, - &,,p,

Qg =UqQq + vqu + wqa_ a g+ :cqb

Dipolar interaction!

Magnon spin: A* —h(1+2‘w ‘ —2|x ‘ )

Squeezing 2> h* > 1 o
Hybridization 2 A* < 1

A. Kamra, U. Agrawal, and W Belzig, Noninteger-spin magnonic excitations in untextured
magnets, Phys. Rev. B, 96, 020411(R) (2017).



Magnons in Ferrimagnets

| * Two branches crossing

» Effect of dipolar interaction
~GHz (solid lines)
—> anticrossing

:
=
~  Frequency

A. Kamra, U. Agrawal, and W Belzig, Noninteger-spin magnonic excitations in untextured
magnets, Phys. Rev. B, 96, 020411(R) (2017).



Ferrimagnet oF————

MAO - SMBO 40

flIn

,squeezing”
(analog quasi-ferromagnet)
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A. Kamra, U. Agrawal, and W Belzig, Noninteger-spin magnonic excitations in untextured
magnets, Phys. Rev. B, 96, 020411(R) (2017).



Ferrimagnets

2 %
- éb
= o
S
9 Y /
= A //
E /
s U ///
,,Antiferromagn_(?’_t!?“ /
~THz b i

Wavenumber

A. Kamra, U. Agrawal, and W Belzig, Noninteger-spin magnonic excitations in untextured
magnets, Phys. Rev. B, 96, 020411(R) (2017).



Ferrimagnet |

Myo = 2Mp

74}

73}

Hybridization O

7.15 7.20 7.95
k/kn

A. Kamra, U. Agrawal, and W Belzig, Noninteger-spin magnonic excitations in untextured
magnets, Phys. Rev. B, 96, 020411(R) (2017).



Antiferromagnets
Mypo = 2Mpg
Magnon spin:

n=n(1+2|wg| - 2lxg|") =0
Zero-spin quasiparticles!

0.2

5f©/ fN
(y) uidg
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A. Kamra, U. Agrawal, and W Belzig, Noninteger-spin magnonic excitations in untextured

magnets, Phys. Rev. B, 96, 020411(R) (2017).



Antiferromagnets

Zero-spin quasiparticles!

Spin (h)

0

0 0.02 004  0.06
Ho /M 40

A. Kamra, U. Agrawal, and W Belzig, Noninteger-spin magnonic excitations in untextured
magnets, Phys. Rev. B, 96, 020411(R) (2017).
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Spin pumping in Ferrimagnets and Antiferromagnets



Spin pumping in ferrimagnets
s M | N

OO

Hy AA B

N\
2N
ho cos wt y I a:'

Bulk and Interfacial asymmetry!

A. Kamra and W Belzig, Phys. Rev. Lett. 119, 197201 (2017)
Spin pumping and shot noise in ferrimagnets: bridging ferro- and antiferromagnets



Interface (matters!)

Compensated Uncompensated Fully uncompensated

A/B sublattice

Yy 1 — - — - >
Hipe = T2 dsziAMA(p) + JisMp(p)]sn(p)

A. Kamra and W Belzig, Phys. Rev. Lett. 119, 197201 (2017)
Spin pumping and shot noise in ferrimagnets: bridging ferro- and antiferromagnets



Spin pumping in antiferromagnets
(previous work)

Different interface model and assumptions:

EIS:G,(nxihmen'z)

h
G,: real part of the mixing conductance
— 1 — —
m= (my + mg)
— 1 —> —>
n= 5 (my —mpg)

R. Cheng, J. Xiao, Q. Niu, and A. Brataas, Spin pumping and spin transfer torques in
Antiferromagnets, Phys. Rev. Lett. 113, 057601 (2014).



Spin pumping in ferrimagnets
I, = 2h|x|* [Taa (Ju]® = |w]®) + T (|v]° — |=[?)
—2T 4R (v v — wx™)],

With Tya~J7, e~/ Lap~Jialis
In terms of sublattice magnetizations:
+ GAB (FlA X?TiB + 7?13 XmA)Z
H B
GAA "’]ﬁMjV}%’, 0 AT l 2
ho cosw 1 -
* Under generic assumptions: G,,Ggp = Gip — L

* In general NO direct connection to "
* Shot noise = detailed information on
quasiparticles (provided G4 4,55 are known)

A. Kamra and W Belzig, Phys. Rev. Lett. 119, 197201 (2017)



Spin pumping in ferrimagnets

e _, M XN
%Isz = GAA(mAxmA.)Z t Gpp (nthxmB)z m = %(771,4 + i)
+GAB(7T)1AX7T{B + memA)z - 1 — —
s . n=§(mA_mB)
= Gmm(mxm)z + Gnn(nXTl)Z
G (MXT + TXT)
M| N
Gmm = GAA + GBB + ZGAB T O/‘NO

Gpn = Gag + Gpp — 2Gyp B
A A
Gmn — GAA _ GBB ho cos wt T l “Z aA':

Gap = \/ GaaGpp

A. Kamra and W Belzig, Phys. Rev. Lett. 119, 197201 (2017)
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Spin pumping in ferrlmagnetsT OO
Gmm = Gaa + Gpp + 2Gyp

Hy

B
AM i
hq cos wt

Gnn = Gpg + G — 2G4 Gyp \/ GaaGpp

Gmn = Gag — Gpp

* Compensated interface:

Gag = Ggg 2 G = 0 = G,y
* Fully uncompensated interface

Ggg =02 Gm = Gy = Gon
* Chenetal.:Gyy = Ggg,Gug =0

2> Gpm =Gnn, G =0

A. Kamra and W Belzig, Phys. Rev. Lett. 119, 197201 (2017)
Spin pumping and shot noise in ferrimagnets: bridging ferro- and antiferromagnets



Role of asymmetry for spin pumping

Vanishes for compensated AF-N interface

Strongly enhanced for
AF with asymmetries

~i S ~ 1 O 0
107!
GAA / GB B

—
Mao/Mpo

E ISZ — GAA (mA XmA)Z + GBB (mB XmB)Z + GAB (mA XmB + mB XmA)Z
A. Kamra and W Belzig, Phys. Rev. Lett. 119, 197201 (2017)
Spin pumping and shot noise in ferrimagnets: bridging ferro- and antiferromagnets



Role of cross-sublattice terms

A. Kamra and W. Belzig, Phys. Rev. Lett. 119, 197201 (2017).
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Gilbert damping in Ferri- and Antiferromagnets



Simple dissipation model

_ _ 1 . 2 1 2
L="T L{—Qmaz 2ka:
|ajl
1 .5 B
Disspation: R = §FCE k L
doc oL  oR 1
dt 9 Oz = 0

mx + kx + ' =0.

Rayleigh dissipation function captures viscous damping



Dynamical equation for a Ferromagnet

d 6£[M M] 6£[M M] 4+ — 5R[M] — 0 Euler-Lagrange
dt — §M SM
R[M /M ( t) dr Rayleigh dissipation
OM(r, t) OM(r, t)

= yvM(r,t) X [H(r, t) —m

at o

Landau-Lifshitz-Gilbert equation

« Rigorous treatment of Kinetic Energy term is tricky, and require the equations to
reduce to Landau-Lifshitz equation in the absence of damping
* Note: Landau-Lifshitz equation M = yMxH — AMx(MxH) gives M — oo for 1 — oo

Cured by reduced gyromagnetic ratio y = ¥*/(1 + A?) reducing the precession.

Rayleigh dissipation functional captures viscous damping

T. L. Gilbert. A phenomenological theory of damping in ferromagnetic materials.
IEEE Transactions on Magnetics 40, 3443 (2004).



Two-sublattice magnet

d oL[] OL[]  OR[Ma, M)

dt 5MA,B B 5MA,B 5MA,B

1%

My =— |ya| (M4 x poH A) + |ya|n44 (MA X MA) @(MA x Mp

MB:_ ”/”B|(MBXM0HB)@(MBXMA VB|nBB (MBXMB)

OF (M 4, M g
OM 4

MOHA,B = —

A. Kamra, R. E. Troncoso, W. Belzig, and A. Brataas. Gilbert damping phenomenology
for two-sublattice magnets. Phys. Rev. B 98, 184402 (2018).



Two-sublattice magnet

my = — |ya| (M4 X poH 4) + aqn (mA X ﬁlA) + QAR (ﬁlA X ﬁlB)
’ﬁZB = — |’)”B| (’ﬁlB X /.I,UHB) + QA (ThB X ﬁzA) + QBB (T;’LB X ’T;ZB)
o [@aa aaB ) _ [valnaaMao |valnapMpo
pa QBB Ye|naMao |vBIMBEMBO

aAB 74| Mo
apa  |vB|Mao

Gilbert damping matrix

A. Kamra, R. E. Troncoso, W. Belzig, and A. Brataas. Gilbert damping phenomenology
for two-sublattice magnets. Phys. Rev. B 98, 184402 (2018).



Collinear Ground State

F[M 4, Mp| = / &*r [—poHo(Ma. + Mp.) — KaM3, — KgMp, + JM 4 - M g]
y

Resonance frequencies:

:t(Q.q — Q]}) -+ \/(Q4 -+ QB)Q — 4J2|’}”A||’)"’]3|."\]_,4(7)."\]]3()

f. —_
Wr+4 —

2
Line widths: B
Wi+ _(__l" (Q4 + QB) JNYB|IVI A0 A l
Wy4 N Wr4 + Wy — HO
a = (CMAA—I—OéBB>/2 Aa = (afAA—(l'BB)/Q ”‘.’L’“”:“"

Renormalization of resonance width by off-diagonal damping ayz > 0
Difference resonance widths due to different sublattice dampings a, 4 # agp

A. Kamra, R. E. Troncoso, W. Belzig, and A. Brataas. Gilbert damping phenomenology
for two-sublattice magnets. Phys. Rev. B 98, 184402 (2018).



Compensated Ferrimagnets

[~ T T T T T T T T T T U 120
2 I ‘ 100 |
= °¢";m; x-9 - —
N
6001~ 1 ® LMoo X571 - o= %
& A0 X9 Q/ 60 |
g \ ® SMpy X5t . CE
: ~
T § 40
) 20
= +
O n
\x\\‘\_*; 7 0.3 .
o = b - D T T GT“.l_'qx'x: : 1 A = 0.055,&1313 - 0.045,(1;1[3 =0
() 100 200 rcw::f?cas . 400 6C0 0.25 ]
F16. 5. Temperature variation of AH in GdIG. &~ 02}
3
: e asa =app =0.05a45 =0
G. P. Rodrigue, H. Meyer, and R. V. Jones. 3 018 e S
Resonance measurements in magnetic garnets. o1l
J. Appl. Phys. 31, S376 (1960).
0.05 +
0 QAA = QBB = 0.05,aap = 0.02

. 2 3 4 5
Mao/Mpo

A. Kamra, R. E. Troncoso, W. Belzig, and A. Brataas. Gilbert damping phenomenology
for two-sublattice magnets. Phys. Rev. B 98, 184402 (2018).



Spin pumping mediated damping

X q><t>q> _* i X -
dDCPCb e z-.j={ZA,B} " <mi X mj) T

Hj B
11 Es
/)w'l T

< Wi+ (Q4 -} QB) —_ 2.]|",‘B|I’\[AOOL’AB
< - '
U q> ® CP Wy + Wy + Wy

Summary:

* A two-sublattice ferromagnet is not described by a simple ferromagnet

* non-diagonal damping has observable but difficult in collinear magnets

* No need for artificially enhanced damping around the compensation point




Summary: aspects of quantum magnonics

« Dipolar interaction-mediated squeezing and hybridi-zation of
magnons with spin greater (lesser) than h

« Spin current-shot noise as probe of non-integer spins

« Spin-zero excitations in Ferri- and Antiferromagnets

« Importance of interface/damping asymmetry and cross terms
for spin pumping and spin shot noise in Fi/AF-N

« A. Kamra and W. Belzig,
Super-Poissonian shot noise of squeezed-magnon mediated spin transport
Phys. Rev. Lett. 116, 146601 (2016).
« A. Kamra and W. Belzig,
Magnon-mediated spin current noise in ferromagnet|nonmagnetic conductor hybrids,
Phys. Rev. B 94, 014419 (2016).
 A. Kamra, U. Agrawal, and W. Belzig
Noninteger-spin magnonic excitations in untextured magnets
Phys. Rev. B, 96, 020411(R) (2017).
« A. Kamra and W. Belzig
Spin pumping and shot noise in ferrimagnets: bridging ferro- and antiferromagnets,
Phys. Rev. Lett. 119, 197201 (2017)
« A. Kamra, R. E. Troncoso, W. Belzig, and A. Brataas
Gilbert damping phenomenology for two-sublattice magnets.
Phys. Rev. B 98, 184402 (2018).



