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Phonons

Collective oscillations of atoms in solids
(Normal Modes)

(Partially) responsible of thermal, dielectric, etc. behavior

Frequencies and representations (symmetry)
carry information on crystal structure & bonding

Phonons can be experimentally measured by:
IR absorption
Raman scattering
Neutron scattering
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Phonons — Monoatomic chain

.............. Atom i

®© 6 06 0 o0 o o

E
Force on atomi: F} = - = — Zcij L
J

a (‘9:1:1.-_
O’ E
Force constant: (;; = ————
03T,
g 2m
Phonon with wavevector k: x; = x, exp (i[ki — wt]) = ~

Plugging into Newton’s 2"...
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Phonons — Monoatomic chain

R : Atom i
© 0o 00 -0 o0 o
. 0°FE
r; = x,exp (t[ki — wt]) = — Zj:cg'_jfﬂj s = P7:5%;

F = ma

— E Cos =155
J

— Z Cij (zoexp (ilkj — wt])) = —mw? (z, exp (i[ki — wt]))
J

mw? = chj exp (i|kj])

J
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Phonons — Monoatomic chain
.............. Atom i

®© 6 06 0 o0 o o

Simplest case: C ,=-C and C,=2C

W= \/ZC (1 — coska)

acoustic

-n/a 0 Ko n;’é
(figure: wikipedia)
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Phonons — Monoatomic chain

.............. Atom i

®© © 06 0 o-0 o o

In typical DFT calculations, we work with small unit cells and periodic
boundary conditions.

This makes it hard to calculate the real space force constants directly.

Instead, it makes more sense to work in the reciprocal space, with phonons
of well defined wavelengths.

One can then take the reciprocal space force constants’ Fourier transform
to obtain real space forces, if need be.
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Phonons — Diatomic chain

Unit cell R

Label atoms with two numbers:
R points to the unit cell
i points to the atom in the cell. (Black or Red)

Consider a ‘gamma point’ displacement: k=0

-0 o-0 o-0 o-0o

(No need to specify R any more)
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Phonons — Diatomic chain

-0 0-0 o-0 o-0

Write Newton’s 2™ for black (1) and red (2) atoms for k=0 displacements:
O°E
833'7;8{15'5'

(C is now a 2x2 matrix.)

Fq; — mq,icq, ;= — E Cf.j:f:j Oz" —
J

x; = xq; exp (—iwt)

2 E ‘
m;wW Ip; — Cz'j.‘i'?gj

J

.
Let: ¥i =/MiToi — w?y; = Z —1F

; m;mey
J '
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Phonons — Diatomic chain

-0 Oo-0 o-0 o-0

€.
2 i]
L) —
vi=2_ —
J '
O
This is an eigenvalue equation for the dynamical matrix: D, ; = 2

Eigenvalues of the dynamical matrix give the square of the phonon frequencies.
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Dynamical Matrix & Phonons from DFT

C:
How to calculate D,;; = - from DFT?

Hellmann-Feynman theorem gives forces on all atoms using the ground
state wavefunction.

One can displace each atom in the unit cell one by one, along x, y, z
separately, and get all force constants.

Density Functional Perturbation Theory (DFPT) can also give all force
constants + more.
For phonons that don’t have k=0, one needs either a supercell, or DFPT at finite k.

Simple codes like Phonopy help with building supercells, but care is needed.

VAN
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Phonons in magnetic materials
Does magnetism affect phonon frequencies?

Magnetically induced IR active phonon splitting in Spinel ZnCr, O,
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f3,-mode fay-mode
[Sushkov et al. (2005); Fennie & Rabe (2006)]
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Spin-phonon coupling

Magnetic order can break crystal symmetries, and split phonon frequencies

© 00O

Paramagnet *eoee
C, 0000

© 00O

gogs
Antiferromagnet'd 'd 'd '07
c, SO
soLL
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Spin-phonon coupling

Magnetic order can break crystal symmetries, and split phonon frequencies
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Spin-phonon coupling

Magnetic order can break crystal symmetries, and split phonon frequencies
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Magnetic space groups

Need to add time reversal as a symmetry operation to space groups to
understand the symmetries of magnetic materials

_:*«* 1651 magnetic space groups
# (vs 230 non-magnetic space groups)

Magnetlc Gruup Tahles i s

41-; 2- and 3-Dimensional ‘/:-;:;
“ Magnetic Subperiodic~*"" « Pmmm Pm'm'm
Groups and Ma_grla:u: . ™ \Q\"\f
SPTG,E Gmupg“ ‘.L, 47.1.347 47.4.350
VASE T Wy 3
ﬁhl?_gmela Litvin “; :
SO ! vt f }
B9 | & 6 — D, 0 0 —»
S A | | |
.:.:--l c a _» -‘_ T T T _’
9 0 — —90 0 0 —
' ' . ! :

Ferromagnetic with
out-of-plane magnetization
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Dynamical matrix of magnetic materials

The same definition for force constants and dynamical matrices should also
work for a magnetic material:

force constants matrix dynamical matrix
O‘F Ci;
Oz' = 8. A D iy =
8.”1,'7; 8.’17]' ' m;m,

But the energy should also have a magnetic part, in addition to the
paramagnetic part:

E=Epmu+J) Sm-Sn

I "N\

energy of the magnetic
paramagnetic phase energy
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Paramagnetism in DFT
E=FEpy+J) Sm-Sn

TN

energy of the magnetic
paramagnetic phase energy

0000 g0
©000 OQw0gN
0000 <©OgJgoOog
0000 ©OV©00Q

Non-spin polarized DFT Paramagnet with local moments
No local moments (Curie-Weiss behavior)
Diamagnetic Not possible in DFT

(Need dynamical fluctuations)
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Dynamical matrix of magnetic materials

O°E
E:EPM-I‘JE Sm * On C’éj:W
L;O0T 4
m,n
0? EPM (Assumption: Magnetic
Cij — E S S order does not change
8.’137;8333 8.56 8563 when atoms are displaced.)

m,n

Mean Field Approximation: S, - S,, — (S,,, - Sp)

JY  Sm+Sn— Z{Sm - Sn)

m,n
Z: Number of (nearest) neighbor bonds

Cij = Ci™ + ACi;(Sm - Sn)
\Spin-spin

correlations
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Dynamical matrix of magnetic materials

Cij = CEM + ACi;(Sm - Sn)

Paramagnetic force
constants matrix

One can get the phonon frequencies of the paramagnetic
phase from DFT using this approach!

gL

-] Ferromagnetic

- FM _ ~PM
sggg Chu =CiM+AC

1

Average of the FM and AFM
force constants matrices

gFoogs gives the PM onel!
g [+ 4 [+ Antiferromagnetic

gEHLF  AFM _ oPM _ A

seggs Y N !
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Example: Spinel ZnCr,0O,

Magnetically induced phonon splitting in Spinel ZnCr,O,

380
< * * /

376 N :
5 = LA
1 2 y_rAt"' A
S ! “ \ rff

372 - “« <4 4 < | 4 4 <44 3\ ]

g :
10 100
Temperature (K)
TABLE 1. Infrared-active T, phonons frequencies in cm™ .
Experiment Present Theory
Ref. [6] Model LSDA +
I3 K 9 K PM AFM T/ ‘I’I’ AFM
s z x 2 % 4 =
) C n,n' (O!) | Cn,n’(a) i Jﬁ'_n,n’Z<Sf | SJ') T Jﬁf,,,,fZ(Si i SJ)

(1) 186 186+ 6 189 186 191 —240 O 174 198 FL i
(2] 3Tl 368 379 306 361 372 098 22 342 392
(3) 501 501 514 514 517 —254 225 5310 526
4) 619 619 621 621 623 —66 257 620 630

[Sushkov et al. (2005); Fennie & Rabe (2006)]
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Example: Other ACr,0, Spinels

A L L kU

Mg 38 —-0.1 0.1 0.2
Zn 38 -0.1 0.1 0.2
Cd 03 -0.1 0.1 0.2
Hg —0.6 —0.0 0.2 0.1

It was claimed that J, and J, can
affect the phonon splitting

FIG. 3. Two collinear magnetic orderings relevant for ACr.O4
spinels. (a) AFM-I order that is similar to the true magnetic ground
state in ZnCr,0O, and MgCr,0,. (b) AFM-II order that approximates
the spin order in CdCr,0,. Brown and red spheres denote Cr and O
atoms, respectively.

[Wysocki, Birol (2016)]
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Example: Other ACr,0, Spinels

AFM-I| FM AFM-II
261, 425, 488, 623 245, 415, 484, 619
S~ 261,424, 477,612 277
MgCr,0, . 2
224,405,479, 615,z “~. 224,406, 479, 615
189,381, 511,611 183, 361, 506, 607
ZnCr,0, S~._189,379,499,509 _z%7

AN

-
- -~

= T~ 1173, 340, 499, 604

173, 340, 499, 603

-
- -

151, 369, 481, 601 147, 357, 476, 597
CdCr,0, “~. 151,369, 473,598 . z°”

il T~. 141,343 471,594

108, 358, 482, 577 105, 346, 477, 574
HgCr,0, - 108, 357, 476,575 = ¢

-
-
-

-
- -~

T~. 101, 332, 472, 571

102, 332, 471, 570 z

-
- -
-

[Wysocki, Birol (2016)]
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Example: Phonon band structure of CdCr,O,
[Kumar, Fennie, Rabe (2012)]

Predicting phonons with different wavevectors is also possible

Q=(446)+(00h) Q=(800)+(h00) [ Experiment
| y J . T I |—PM
EO% e
. - e ——
— FM <60 {60
-- AFM o ;ﬁ?# 8
------ === =====x -54@ e 1 £ 40f
‘‘‘‘‘ e ey Bl L : =
600"__ e = 20k o¥g —  20g =
e !
— = nnilis = = 1 ;AT . . ST

=2 -1.5 -1 -l‘.?lv_].5 0 05 1
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S

——————

% 05 1
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FIG. 5. (Color online) A comparison of the calculated phonon
dispersion relation for the cubic PM with the experimental phonon
dispersion obtained at 10 K (Ref. 18).
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Example: Magnetodielectric effect in EuTiO,

Paraelectric antiferromagnet (T, = 5.5 K)
Half-filled f-shell of Eu?* (J = 7/2)

a0
5T EuTiO;
410 -
w E
i i
400 5 .
=
G-AFM -
390 J Magnetjc ‘i'“uelcl (M N
Strong coupling between dielectric and g (b)
magnetic properties. g
[Katsufuiji, Takagi, PRB 2001] 2
=
~2 L 2 «%0
=
i i i itfiv/i STn 0 ll() "?I() : 30
lonic contribution to permittivity: € X 5 N
W (
m

m [Katsufuji&Takagi, (2001)]

VAN
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Example: EuTiO,under strain
[Fennie & Rabe (20006)]

Idea: grow EuTiO, thin films on different substrates to change the lattice parameter

T S
g,g 4000 Ferroelectricity! | € X 2 : m
3] w?
E‘ 1 m m
= q Q. . . .
E b\ Magnetic field can change the dielectric
,;E . a | constant — by a lot (in principle)!
S -4000 N ]
= ke
g O Antiferromagnetic ™ | 105
0 . Ferromagnetic \H&“\\ j OAnliferrumagnetic
8000 1 @ Ferromagnetic
e 4§ w5 oy w5 o A 104 Lo
0.0 o 1.0 _ ? 8 ¥ | :
Biaxial compressive strain (%), n W ./ val
3 / ¥ % i \
16 2 /O/? \\:L\ \‘\\ 1
==t B S, SO
00 . 10 _ 2
(a) Biaxial compressive strain (%), n
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Example: EuTiO,

What's special about EuTiO,?

Wannier functions: The f orbitals on Eu
hybridize with O and Ti orbitals

= == P e d L

65 4-3-2~-1 01 2 3
Energy (eV)

[Birol & Fennie (2013)]
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Example: EuTiO,

° Wannier functions: The f orbitals on Eu
hybridize with O and Ti orbitals

[Birol & Fennie (2013)]
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Example: Spin—-Lattice Coupling From XRMS

(X-ray Resonant Magnetic Scattering)

Apply E-field, measure the AFM reflection peak

-3 — [&
13.0X10 G- AFM 0.4
1251 T 09
= i Q Antiferromagnetic
g =u E E 9 Ferromagnetic
2 115 s s
5 B EE{L 0.4
€ 1.0 —— 5. &) -06f FEfield= 5x105 V cm
. 5 =
10.517 s ..“a-._“:—‘-——__ ————-0.80 , & & E 0.8
—_———— ﬁ:‘“\*
ookl & 1 T (86uG -1.0f ! ! | |
248 247 246 245 244 243 ’1’5"@6 0 10 20 30 40
L (LSAT r.L.u.) Polarization (uC cm—)
Energy difference between AFM and
G'AFM scattered.(1/2 112 5/2_)Er_o FM states vs polarization from first
reflection as a function of electric field principles

[Ryan, Kim, Birol et al., Nat. Comm. 4, 1334 (2013)]
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Example: Sr.,NiIrO,

Strong spin-orbit coupling

Record breaking coercive field
————— 2.0

115

10 —~

Jos =

00

los S

140 =

1-1.5

-60 40 -20 0 20 40 60
[Zapf et al. (2014)]

J ~1/2 states in octahedral environment:

1 ;
| J1y2,T) = ﬁ (=lzy,d) —ilzz, 1) + |yz, 1)) Spin-orbital

| 1 entanglement
| J1/2,4) = 73 (Hzy, 1) +ilzz, ) + [yz, 1)

Ir has one hole ona J_=1/2 - effective spin %2
Ni has two electrons in e, with minimal SOC (quenched orbital angular momentum)

[Birol, Haule, Vanderbilt (2018)]

Turan Birol, tbirol@umn.edu 33




M‘ Turan Birol, tbirol@umn.edu

Example: Sr.,NiIrO,

Strong spin-orbit coupling

J. —1/2 states in octahedral enwronment

[J1/2, 1) = V,—(—l’f"y ) —izz, 1) + [yz, 1)

|J]f2'.~ l‘) — ﬁ (+|113‘EJT) 1 2.'|:I'1":f"-' ‘U + |y31 i))
1
J_=1/2 states of Ir in -3 point group |12, 1) = W(WIA, Ly +V2IET 1)
¥
1 : _
12, 4) = ——===(iv|A, 1) + V2IE", |})
VIrliF+2
|4) =[32% — %)
B -t ; 22 Slightly more complicated, but an effective
157 \/§|wy>+ \fm) f‘yz) fl v spin-¥2 model still works for Ir

B = +—lay) — —faz)+

+ 5= 5l

[Birol, Haule, Vanderbilt (2018)]
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Example: Sr,NiIrO, — Anisotropic exchange

(Radically) anisotropic exchange model:

E = J||Mg’ZMi+1,z T JJ_(Mi,xMi—i—l,x T Mf,}’M-’f+1sy)

3 30] Co) I I I
S (a) N\l ,
%E) >0l o o) _ éﬁ J|| =19.0 meV/,u,fB
3 10 m DFT Result | 1 = ' /I, = —8: meV /iy
- o AEM OOQ% |
= 0% 9& 135 180

(DN| ir (Degree 180-¢,

[Birol, Haule, Vanderbilt (2018)]
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Example: Sr,NiIrO, — Spin-phonon coupling

A complete Hamiltonian needs to include
- Anisotropic exchange
- Single ion anisotropy
- Phonons
- Anti-symmetric (DM) exchange

H = Z Jij.aSiad;, Q+Z K;S —I—Z knun—l—z U, Z NijoanDiadj, Q—I—Z Uy, Z o (5_')z X S;)

1,7,0¢ 1,5,

No way to get as many coefficients from DFT

2000 50
(a) -

21500 Z‘“”“**"‘ﬁ"’;i Vi *"“*—&“-ﬁ'ﬁ'-ﬁr:—?*-‘-ﬂ-*— 0 i

) : z How can we explain the spin-phonon coupling
“g - =4 observed in IR absorption spectroscopy?
21 -

3

-ﬁ 500}

—{) T

0760 200 300 400 500 600
Frequency (cm™)

[O’neal, Paul, Birol, Musfeldt, et al. (2019)]
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Example: Sr,NiIrO, — Spin-phonon coupling

Trick:

Recalculate DFT electronic structure for different displacements of phonons
The modes with large spin-phonon coupling will lead to more tilting

2000

1500F
=

1on (cr

.

Absorpt

1000¢

th

=

=]
T

-—30T

=

—0T

100 200 300 400

500 600

Frequency (cm’)

tn
=

L
=

_;)

Ad (cm

Tilting Angle ¢ (degrees)

—_

[
o

(W

o © N R OV o0

L -@ -9 (310cm™) 0"'/"0

[ |- @-9,(310cm™) p(])
-Q -0,,(177 cm") /of direction

- @-9,(177em’) 0

_ e .9

P -9 e

0 0.1 0.2 03 04 05

Total Displacement (A)

[O’neal, Paul, Birol, Musfeldt, et al. (2019)]
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Example: Ferromagnetic vs paramagnetic iron

Dynamical Mean Field Theory (DFT+DMFT) can reproduce dynamic fluctuations
and hence predict paramagnetic properties.

o [oog] 1 [egg] 1/2 (&€ o [€&0] 1/2
N ool ©0
E 8 (a) N
59l . o
g 4t e
§- & ® Exp 300K
l'|"Ks, VKS’ HKS 'E:_-' o —— DMFT 0.2 Tc
Wavefunction Hamiltonian = 8t (b) sog °
':'6 'y g °
= L] @
g 4l ® ®
s 4 L]
" B ® Exp ni25Tc
G(w,r,r) A Z(w) EQ —— DMFT 1125 Tc
Green's function Hybridization Self energy =0
é ul (L) ... o)
g il %
observable 5o ® Expi1743K
) —— DMFT 1800 K
T H P T N
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Conclusions & Summary

Magnetism, lattice dynamics, and crystal structure are intertwined in
different ways in different materials.

First principles methods, e.g. DFT, provide a way to predict and explain the
spin-phonon and spin-lattice couplings.

These methods can be supplemented by group and representation theories
to extract meaningful and complete models, and simplify calculations.

DMR - 2011401 & DMR - 2046020
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