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1.Introduction to spin-wave theory

H = ZJZJS

2.Applications

1.Antiferromagnet in a magnetic field:
nonanalytic properties of

the magnon spectrum

2.5pin waves in thin film

Ex (GHz)
¢ »

ferromagnets with dipole-dipole

Interactions




» Heisenberg model H = ZJ@- S

» determine ordered classical groundstate

— ferromagnet
classical groundstate=quantum groundstate

- anti-ferromagnet
(2 sublattices, Neel groundstate)

- triangular anti-ferromagnet
(3 sublattices, frustration)

Chernychev, Zhitomirsky ('09)
Veillette et al. ('05)
AK, Kopietz (in preparation)




* expand in terms of bosons (1/S expansion),
Holstein-Primakoff transformation

H:ZJijgi -S_;J
1J

S*=8-n A=bb [6 BT]

St 1——b

5 - mﬁ e
Holstein, Primakoff, Phys. Rev. 58, 1098 (1940)
» determine properties of resulting interacting

theory of bosons
H=) FE; b*b + > 1 kl,kZ,kg)bT bz bz + > T*(1,2;3,4)b]b]bsbs + .
4

k klkzkg 1,2,3,4




» ferromagnet m E.

1 J <0

— quadratic excitation spectrum
— vanishing interaction vertices -
T* ~ —(ky - ko + ks - k1) ~ ck
: : : ’E

 antiferromagnet
— linear spectrum

1 J < 0:

(Goldstone mode) = T+ )L

- two modes in magnetic field
(2 sublattices) ~
— divergent interaction vertices

k1 - ko
K3 |Feal k1||k2| | Hasselmann, Kopietz ('06)
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« critical point at r. = 3¢(3)>

 dispersion has gap:
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. quantum Antiferromagnet in a magnetlc fleld
H=_ ZJZJS .S;—h) _S;

* Non Lmear Sigma Model

[Chakravarty, Halperin, Nelson, PRB 39, 2344 (1989)]
- effective continuum theory yields long

wavelength results but ultraviolett cutoff necessary ™
- simple interaction vertices without singularities
* 1/S-expansion

[Oguchi, Phys. Rev. 117, 117 (1960), Harris et al. PRB 3, 961 (1971)]
— perturbative expansion in powers of 1/S

— |attice theory to describe short wavelength results r
7

— tedious interaction vertices
— obtain all physical quantities
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with the spin-wave velocities
3
2 2
= -5
Ag
1 AK, Sauli, Hassel :
(32— — 6(2)(1 P FhQ), Kopie’?zu(l'OS)a T
0

where Ay =4DJS and <o is the leading large-S
result for spin-wave velocity for , = 0.
3
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magnon operator

- commutation relations: [Xz,,Pp..] = i; 5000
* physical meaning for k <« 1

P :uniform spin fluctuations

X :staggered spin fluctuations

* those operators yield regular vertices!
 construct effective action for staggered fluctuati?
9

P. W. Anderson, Phys. Rev. 86, 694 (1952), AK, Hasselmann, Kopietz ('07)
N. Hasselmann and P. Kopietz, Europhys. Lett. 74, 1067 (2006)




» eliminate degrees of freedom associated
with the operator of the ferromagnetlc

fluctuatlons “
g SerrlX /p K =(Kiwn) sz, +
E-
/8 Eka O w k+
Set[Xs] = So+ 75 Z A X Ko XK L
k—
"‘ﬁ’\/ OK1+Ks+K3,0 [3,F(_3)__ (K1, Ko, K3) X, - Xk, XKy — a

K1K2K3

1
+2,F(3) (Kl;K2,K3)XK1—XK2+XK3+]

* generalization of Non-Linear-Sigma-Model
for QAF subject to magnetic field

=Y




» diagrammatic perturbation theory
SwX,] =B8y/2S[FVIX X X +FVOX X, x|

Ak K | K
K3

B¢+ w? V- Yy
K, Ks Ko A

* perturbation theory: 1/S corrections to self

energy
v _ _1 no frequency
- T T2 dependence,
negligible
N, =—5| A_A A



* leading order expansion of self-energy
¥ (K)=C“w?+ C*ck? + O(w*, k%)

Zhitomirsky, Chernychev, '98
e full propagator
Ak_ Z_Aon2

G-(K) = w2+ EZ_ 4+ A Y _(K) ~ 2y c_(h)2k2

non analytic in h?

» spin-wave velocity of gapless mode /

2 7.2
ki 6V'3 h ln(2> D=3
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» spontaneous decay (3-point vertex)

- energy-momentum
conservation

EE:EE1+EE2 E:E1+k2

* energy dispersion

Ey m~c_|k|(1+ A_E?),

c_ ~2vDJSa

E; = colk| + alk[?

a<0

———
LA K|

Ep = colk| + ofk[?




new formulation for the quantum
antiferromagnet in a magnetic field: Combine
NLSM with 1/S expansion (spin-wave theory)

advantage: physical interpretation of field

operators
results: non analytic dependences of the

spin-wave velocity
. . 3 | ), ‘
damping via LSWT S22l )




* Motivation: Experiments on YIG

- Crystal structure:

space group: la3d Magnetic system:
Y: 24(c) white 40 magnetic ions in elementary cell
Fe: 24(d) green 40 magnetic bands
Fe: 16(a) brown
0O: 96(h) red Elastic system:

) ) 160 atoms in
Gilleo et al. ‘58 elementary cell

3x160 phonon bands

- low spin wave damping
- good experimental control

Observation of the occupation
number using microwave
antennas or Brillouin Light
Scattering (BLS)

4.5

4

Ex (GHz)

3.5

Parametric pumping of magnons

Bose-Einstein Condensérior1~ef\3
magnons at room temperature!
2.5

‘\

Demokritov et al. Nature 443, 430
(2006)

at high k-vectors creates
J‘/ magnetic excitations

Question:

Time evolution of magnons:
Non-equilibrium physics of
interacting quasiparticles

LS
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AK, Sauli, Bartosch, Kopietz ('09)




quantum spin S ferromagnet Zeeman term

material
parameters

dipole-dipole
interactions

Hmag

;Z\Jijsi.sthSf
17 7

3(5i- Fij)(S; - Fij) —Si- Syl

7i;6% + D3P | 5287 — b > si

1
32
» Dipolar tensor

e N (W}

i

a=12.376 A
Gilleo et al. ‘58
4 M, = 1750 G

Tittmann ‘73
Pex _ 517.10~130e m?

Cherepanov et al. ‘93

alternatively
J=129 K

S=14.2 M= Q/LB
Tupitsyn et al. ‘08




» classical groundstate for stripe geometry
» Holstein Primakoff transformation (bosons)

Filho Costa et al. Sol. State

. B;.
Hy = Z [Aijbgbj —- 23 (bibj + b;rb;)] Comm. 108, 439 (1998)

Y Dzz 4 DYY
6ij Y _ Do — =
B;: = _§[Df?:’ﬂ_2f,;pf.’f'?/_1)?¥y]w T

7"7 2 v v dipolar tensor

_ H, = H_e.
ﬁbﬂ
A d=aN

= a

Y

Aij = dijh+ S(dy; Z Jin — Jij) + 8




 partial Fourier transformation

w — 00 1 ik
bi = NN %:e bz (i)
* find all branches
E-T—A - —B -
det ko R k ) =0
( —B ~ —FE:I-A;

!

&5

ﬁ{e/}{eez Problems:
1 e 1) dipolar sums

=a 2) large matrices




1) numerical 2) evaluation of dipol
diagonalization sums
of 2Nx2N matrix (Ewald summation

technique)
e 5 )

T Bartosch et al. ‘06
B i —Aj

d = 400a ~ 0.5pum N =400 H.="7000e

minimum for BEC
Ey = \/ h(h + 4muM s) Demokritov et al. ‘06

Es =h+2muM,

H, = H.e.
hybridization: E
surface mode
0




I,

H = XX[AE(wij)bg(xi)bE(xj)

Q.

By (z45) B2 (x45)
= b ()b () + —E bl ()b ()
* uniform mode approximation
1
b- L;) = b-
(o) = —=b;

* lowest eigenmode approximation

2 T,
bi(2s) = /3 cos( )by ’
21




B- B*
_ . Py oy TEptpt

H = Z{Akbgbknt Ebgbg + —bLbL

k

 dispersion via Bogoliubov transformation

A

E. = \/ B+ pexck2 + A(1 — f7)sin? O2][h + pexk? + Af:]

A = 47TIU,MS

* no dipolar interaction: a=0 A

E-
Ez = h+ pexk’
s 2
% 22

k




By = \/[h + pexk? + AL — fr) sin Ol [h + pexk? + Af]

A =4muMsg

1

» uniform mode approximation .}, ---m
=form factor . 1-eF? Fioenmode
s e TE T |E|d

» eigenmode approximation _mecsao ]
= different form factor: -

L kd|3 4 kd|m2 4272 (1 4+ e~ 1kl
:1—|kd\‘ °+|kd|m= 427 (1+€ )

T% (k2d2 + 72)2

AK, Sauli, Bartosch, Kopietz ('09)




ferromagnetlc
51 resonance
b blue: analytlcal (unlform)

4 5 - green: analytical (elgenmode)
T black numerical
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Ek [GHZ]

10 10

By = \/[h + pexk? + A(L — f;) sin® O]

- blue: analytical (uniform)
" green: analytical

| (eigenmode)

- black: numerical
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* |Interplay
— exchange interaction i

— dipolar interaction
— finite thickness

d(um)

210006
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* properties of vertex functions ;_, i size effects
I~ —Jk?

ferromagnetic magnons
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» Bogoliubov shift ®3(7) = ¢; + 6%z(7)

* new features for YIG system
- condensate at finite wave-vectors
Pk = Ok, kmin PO
— possible 2 condensates ¢z =€
Dk = Ok ki @5 T O, — i D
— explicitly symmetry breaking term
Hy = bl + % > " (775! + ~*bb)

—

k
parallel pumping

* Gross-Pitaevskii equation
O0=(eg=p)op_z +vzd" 7+ (Interactions) o

Napoleons hat potential 28
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* interactions provoke condensation at integer
multiples of Fkuin K=VN > Oknq¥r
 discrete Gross-Pitaevskii equation ™
~(eng — WY — B = 5 D0 D O sna VST GTIUT

ninz 0102

_|_i 5 UO’O‘10'20'3 ¢01¢02¢O’3
3! SJ SJ n,ni1+n2+n3“Ynninsng ¥ni ¥ns ¥ns °
nina2nsz 010203

» condensate density
p(r) = |o*(N]?
= 4 [yul?cos?(nq - 1)
- vertices of YIG
— solve discrete GPE

Poster: BEC at finite momentum




» development of interacting spin-wave
theory with dipole dipole interactions
(straightforward)

* interesting properties of the energy
dispersion

* interactions: possible condensation of
bosons at finite wave-vectors and integer

Ex (GHz)

multiples \/
10° 10* 10° 230




» Description of magnetic insulators:
Spin-wave theory

* Applications

- Hybrid approach for Quantum
Antiferromagnets in a magnetic field
nonanalytic contributions to the
spin-wave velocity

- Spin-wave theory for thin
film ferromagnets

Ex (GHz)
w IS




Group of Peter
.~ Kopietz at ITP in
Frankfurt (Germany)

www.itp.uni-frankfurt.de/~kreisel/en




. 2 i—
Snrem[Q] = p—; / dr / dDr[Z(auﬁf
0 |

!

spin field +c2(0.Q — ih x 5)2} :

spin stiffness and spin wave velocity at T=0
Ps = JS2CL2_D
¢c = 2JSaVD
effect of the magnetic field 8. — 9, — ihx

but the magnon dispersions can not be
characterized by a single ¢(h)!




