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There are two types of particles: Bosons and Fermions
Fermions (e.g. electrons) behave according to the Fermi-Dirac
quantum statistics
Phonons (the quanta of vibrations) have always been believed
to behave as bosons (i.e. according to Bose-Einstein quantum
statistics).

The Question?

Is it possible for phonons to behave

like Fermions?

If yes! What are the implications of fermion-like
phonon behavior for technologies relying on
phonon-based phenomena?
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Phononic crystals can support
rotational phonon modes
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Example 2:Nano-Phononic
crystals

Eigenmodes at Gamma Point

| 2
""""im'"""' quasiharmonic approx. (T = 300K) GULP

15

SiGe PC - Ge pillars in Si matrix (crystalline) =

. 2.79 THz
S G ’,:.“2'5 .
PCunit cell has 216 atoms (24 Ge; 192 Si I e é
PC periodicity = ap¢ cé” 20
T ET O mT oET OET omT Ome % ;
I I l l I I I I w 5|
l l 3 I l I I i
LUND BN N WD N LS LY & -
IS GO B G G SN O 1.0 |
LA BN G GND L B G & ' 3.06 THz
R U GO G G B LN o ;
L | ) & L . 8 05]
| 8 I I '. I l "
ot owm” om ow o mt owm’ 0.0 &

M m O E W W wm
" m’ W m W w O x




“1D Discrete Model that supports rotational
phonon modes

Mass Spring Phononic Structure
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T K =K, -

Focusing on the Rotational Waves

ot 2 Kl ((pn+1 2(pn + (pn—l) — Kzl(pn

h2K1

,and K,' = h?K; . Dividing the equation by I
yields our rotatlonal wave equation:

0%pn
al(_pz — 18 (Pnt1 — 200 + @p_1) + az(Pn =0

K]_’ K2’

with f?2 = =% and a? ==

Relativistic quantum mechanics
Klein-Gordon Equation
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Rotational Phonons are Solutions of Dirac-like Equation

Relativistic quantum mechanics
Klein-Gordon Equation

320,
6_202 — .82((pn+1 — 29, + (pn—l) + az(pn =0

|0:®1-- + ifo,®{e A% + ;A7) + ial®1 |y = 0

Dirac Equation

where g, and g,, are the 2x2 Pauli matrices:
0 1 0 —i
(1 o) and (i 0 )

Ap, = D(Dy,) D =eAT + e,A"= (O 1) AT + (O O) A~

0 O 1 O
Atp, = —@pand A~ @, = @, — @ @
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Y oy * G, ., 0 . .
Ly (0,52, 98) = o 22 + ipy ay 3 — ia" I 2o, +iBLay +ial]y =0

Lagrange equation & a

for fields i( 0Ly 2 ) i( 0Ly 2 )_ 0Ly o =0
ot \a@, ™)) " ax\a@ ™)) a(w®) —

Ea

xl/)-l—l

Lz( *’aale:*’aal/:c*) o Iy [axﬁ-l'lﬁayi_lal]l/J: 0

Dirac Equations

l/J and l/J * are not self-dual and represent different objects (“particle” and “antiparticle”)
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Y = Pk, wy) = & (k, wk)e(i)iwkte(i)ikx Yr =Yk, wy) = ffé(k; wk)e(i)iwkte(i)ikx

¢, and &, are two by one spinors

- +lwkt -

(£50) (%’3 (%) (f:f>

(Vemge) (o) () ()

Table : Spinor part of solutions for the different plane wave forms.

We note that the &, are Hermitian conjugates of §j.
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Hamiltonian i
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Ly
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a(° /at)

momentum conjugate Il =

=Y oy,

Hamiltonian density H, =* 0,55 61/)

4

Energy E = deHl
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Replace wave function by field operator

7 (x) =

1 : .t = .t
Yoz |aitie e + @G el ]
l/J(X)1= X t X t
Zkﬁ[akfkelk e”'" + i épek elw]

The quantities: a;,a;, a,, and a; are
creation and annihilation operators.
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E=fdxH1

Using spinor properties

fltaxfk — ’f_ltaxf_k = 2w and fl’;o'xf_kzgl’;axfk =0

E = Y0 (aja, — 3,a)
Need to introduce
anticommutation rules

{ak; ak/} — a;kcak/ + akal*c/ — 5k,k/

Energy is positive

Fermion-like
E —Eo=Ycw(@ax + @) | phonons!
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N = [dxyp o,

Reformulate the fields

X ot x t
[akfkelk e lw +bknkelk elw]

»(x) _ZL[a ¢ eikxe—iwt_*_a £ eikxeicut]
- m kSk -kS—-k i m

t _ X )t

YP* (x) =Y, _[akf* -k elw +a AR
ot

Zk [akfke lk elw +b*77* —lk e La)]

1 * % * *
N = Zk%(akakfkaxfk + b bk O M)

4

N = Z(a;‘;ak + biby)
k




THE UNIVERSITY OF ARIZONA -{@;‘;
@L COLLEGE OF ENGINEERING _' -
Department of Materials Sci and Engin

‘%ﬁ*l'rll@i’

DII’ECtIOI’l occupancy operator i e

1 * % * *
N = Zk%(akakfkaxfk + by bni o)

1
Ny = 2w al*cakfliaxfk

direction switching operators S, = %(ax +i0y) = (8 é) andS_ = %(Ux ~ig,) = (2 8)
1
Ny = 5= Sl 028, = i (G S+3-0x + 57 S-S, 0x)¢
nk — fk ZS+S—O-X€R — 2w 200 420y
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. — Bk —S_S
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. Direction occupancy operators
Eigen values pancy op

S_ S, anticommute
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Standlng vs traveling waves

E&j\&aﬁﬂm@m
w = +/a? + B2(kh)?

&

o + pih
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\

+ 1+ ﬁk/a

+ 1
n, = ka5+5—Uxfk =

2 1+(F
k=0, andn; =ny=1/2 k -» oo,n =1and n; =0

Standing wave Traveling wave



Phase Control of Fermion-like Phonons

Dirac Field o
Y, = b, &ek et banticommutes
. " i W i kh
WIth Splnor (Z) = (_\/ _ p h) +, + depend on sign
FVw + Bk of kand w

Define the basis  10)=(().1n= (%)

It is a “Qubit” l

with controllable |, = a(k)|0) + b(k)|1)
phase
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Potential impact

1. Physical platform for Phase-based computing and
information processing (Phonon-based “Qubit”)

2. New functionalities of phonon-based
telecommunication and imaging devices

3. Extension of idea to nanoscale can lead to
potential control of thermal phonons (e.g. thermal
transport)

4. Technologies involving interactions between
phonon and electrons (electronics,
thermoelectrics), photons (spectroscopy,
imaging), etc. will be impacted.
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Conclusions

1. The concept of fermion-like phonons is radical.

2. We have discovered a physical platform supporting
fermion-like phonons.

3. Phase control of phonons through fermionic
behavior is novel.

4. New selection rules for the interaction between
fermion-like phonons and other elementary
excitations (electrons, photons, magnons,
plasmons, etc.) will lead to entirely new physical
properties of matter.
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