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» Heisenberg model H = ZJ@- S

» determine ordered classical groundstate

— ferromagnet
classical groundstate=quantum groundstate

- anti-ferromagnet

(2 sublattices, Neel groundstate)

AK, Hasselmann, Kopietz, '07
AK, Sauli, Hasselmann, Kopietz, '08

- triangular anti-ferromagnet

(3 sublattices, frustration)

Chernychev, Zhitomirsky ('09)
Velillette 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
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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 + .
3

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)



* Motivation: Experiments on YIG

- Crystal structure:

space group: la3d
Y: 24(c) white

Fe: 24(d) green
Fe: 16(a) brown
0: 96(h) red

Gilleo et al. ‘58

Magnetic system:

40 magnetic ions in elementary cell

40 magnetic bands

Elastic system:

160 atoms in
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)
Sandweg, et al., Rev. Sci. Instrum.
81, 073902 (2010)

BEC of magnons at room
temperature!

Demokritov et al. Nature 443, 430
(2006)
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Parametric pumping of magnons
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at high k-vectors creates
J‘/ magnetic excitations

Question:

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

T vy

5ijzn:Dfi— T 5

Y

Aij = dijh+ S(dy; Z Jin — Jij) + 8

Bij = 9 Dy — 2D —Dif|-—nu dipolar tensor
_ H, = H_e.
k . :
xA ﬁd/_:ﬂ » partial Fourier
Z transformation
_— (quasi 2D)
> 7



1) numerical
diagonalization
of 2Nx2N matrix

Az

Hy =
<"BTE —A

d = 400a ~ 0.5um

B

2) evaluation of dipol

/ sums

(Ewald summation

technique)
) Bartosch et al. ‘06

N =400 H. = 700 Oe

Es =h+2muM,

TA

hybridization:

surface mode

2

»/

minimum for BEC

Demokritov et al. ‘06

— He:Hcez
T
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: B- Bz
_ bty 4+ DRy CEptp
B = Y| Agblb; + “Ebgh; + —Eblel

» dispersion via Bogoliubov transformation
EE — \/[h _|_ ,OeXE2 _|_ A(]- — fE) Sin2 @E] [h _|_ )OeXE2 —|_ Af];’] A — 47'(',LLMS

. . ] A
* no dipolar interaction: A=0
bp=nh ‘|’pexlz2 /
* uniform mode approximation -y
—_»d compare: Kalinikos et al.
f_, — 1 _S H Tupi?syn e};all. ‘(I)<8 -
* Ikl

* lowest eigenmode approximation
kd|3 + |kd|m2 + 22 (1+e~Ikdl)

(k2d2 —+ 7'(‘2)2 AK, Sauli, Bartosch, Kopietz ('09)" 9

fr =1-|kd



feromagnetic
giresonance . .

~ blue: analytical (uniform)

N~ 45 | green: analytical

L | (eigenmode)

O 4 black: numerical
x ool X LooL i X

LLI

/1 small deviations

108 d = 400a ~ 0.5um
H, = 700 Oe

By = \/[h + pexk? + A(L — f7) sin® Og][h + pexk? + Af]
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» Hamiltonian PR Rl

1
Hy =) egbiby+ 5> (vbTb! +7bb)
E

* new features for YIG system
— condensate at finite wave-vectors

Ok = Ok, kpmin PO

4.5

Ex (GHz)
@9
Z*

- possible 2 condensates €z = €_¢
Dk = Ok komin @3 + Ok, —kumin Po
— explicitly symmetry breaking term

Napoleons hat potential 1



Euclidean action S[®] = S:[®]+ S3[®] + S5[®]
B .
Sa|®] = %/0 dTZ(CI)aik,CI)Oik)( or +;: a _0, _:ll;k o ) (

Kk

Bogoliubov shift ®;(7) = ¢; +0®;(7)
Gross-Pitaevskii equation from stationary
point , _ ss(o]
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* interactions provoke condensation at mteger
multiples of Euin H=VE S bemqis

n=—oo

 discrete Gross-Pitaevskii equation
for Fourier Components

~(eng — VT —MYE = 3 G s VA2 U103
nq — KU)WV, — In¥y n,ni1+n2s Ynninsy ni 'no
n1n2 0102
_ 5 UO'O'10'20'3 O'1¢O‘2 g3
n,n1+n2+n3“nninsnsy ¥ni ¥ng ¥ns

’ nimong 010203

» condensate density

p(r) = |¢*(n)?
= 4 |n[>cos’(ng- 1) A



* no U(1) symmetry

n-d >

—
.
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' ~ —Jk? ferromagnetic magnons
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» solve discrete Gross-Pitaevskii equation
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description of magnetic insulators:

Spin-wave theory
development of interacting

spin-wave theory with o

4

dipole dipole interactions v

interesting properties of the %,

energy dispersion
Interactions: possible
condensation of bosons
at finite wave-vectors
and integer multiples
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= Group of Peter
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Poster: BEC at finite momentum



