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Schematic phase diagram for copper oxides
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ow do we describe all equilibrium states?
effective action, partition functions, etc]

ow do we incorporate in each phase various effects?

'phase relaxation, topological defects, plasticity, magnetic fields,
dynamical EM fields, impurities, (additional symmetry principles), etc]




SPECIFIC MOTIVATIONS

Nature 597 (2021) Nature Commun cations 6, (2015)

Crystallization happens at various scales.



SPECIFIC MOTIVATIONS
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- CRYSTALS AND PLASTICITY
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a) Interstitial impurity atom, b) Edge dislocation, c) Self interstitial atom, d) Vacancy, e)
Precipitate of impurity atoms, f) Vacancy type dislocation loop, g) Interstitial type dislocation
loop, h) Substitutional impurity atom

Taken from lecture notes of H. Foll



Crystal space Backgrouno
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Crystal space

Reference metric

Strain tensor

ds? = hyyddtdo’

crystal

pld = elie?

Induced metric

dS hrefjjd¢ld¢J

reference —

1
KIj = §(h1J — h* )



Physics should be invariant under redefinitions of lattice sites
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Physical strain is invariant Kij = €f63-]/<:u

Crystal velocity UZZ = —ej0 ¢

Local rest frame (0 + ul0;) 9" =




What is an elastic crystal?
hlie]f — (8t + ugé’z) hl}ejf =0

Diff(¢) — SO(¢)

href — 5]J

What is a plastic crystal?

WY evolves dynamically

(No assumptions on't
“bound-angle” plastic

Ne Microscopic origin of plastic deformations, ignorea

ty)



.......‘ What can you fix in a plastic crystal?
()
======== RS evolves dynamically

0000000¢ . |
...........1 Distortion strain

€1y = §(hu — hi(t =0)) = §(th —017)

“Time derivative” of distortion strain
éry = (O + ul0i)ers = (0 + uldi)hrs /2 = ejeldius,

Controlling plasticity

R = 6rg + (g ¢ ~ O(0)




CRYSTALS IN EQUILIBRIUM

Free energy: IR / d‘z (p(T, uy @, B hyg) + Téitm-j)

Variations:

1
0S = /dtddxﬁ{ ('n“v" + 57"“’) oh,, — €on, + jH0A,
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CRYSTALS IN EQUILIBRIUM

Thermodynamics: e = —p+ Ts + un + u'm;

1 1
dp = sdT + ndy + m;du’ + 2rudh” + =r!’dh;y
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Equations of motion: ~0i(rise”) + e el + Kp =0
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CRYSTALS IN EQUILIBRIUM

. 1
Small strains: p=ps+pe; = 5C K vk

Flasticity tensor: CHIKL (3 _ §G> RITRKL | o pI(K pE)]

Expansion coefficeints:



OUT OF EQUILIBRIUM

Fquations of motion:

Conservation laws e + O = —K19,0" — %Uu(at k9
(Ward identities) et + 0,71 = K101,
atn + a?,]z — O y

Second law
of thermodynamics:




OUT OF EQUILIBRIUM

= (e+p)u’ +rrse’e] + Tu;+&°

Parametrising corrections: ”_ = pu'e! +pdV —epeir! + TV,
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OUT OF EQUILIBRIUM

Constraints Onsager:

Constraints entropy:

Galiliean symmetry:

Relativistic symmetry:

/ / /
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LINEARIZATION

| “:b =u' + D(Uﬁ%kk + 2D(‘; (8% — 8'k",)
Josephson equation: Bo |
= (”yn - m) o'u ,
0

Diffusion coefficients:




LINEARIZATION

L
d

Bap,
L) 5:0; 1
O
+ D} 0:9;", + 2D (00K, — 0:9;K%,)
1
d

K'ij =

Strain evolution:

5ijQB (K,kk — améu) — QGK’(ij) .

Relaxation coefficients:




NOTE ON INTERSTIALS/VACANCIES

Interstials density and flux: nA =T Mov,

IA — J —mO’Uqua

Local volume element; v =/det(ele/hzs),

Interstials conservation:

ona + 0;5% = —mo(0; + u’;ak) det h



NOTE ON INTERSTIALS/VACANCIES

Corrections to interstial density and flux

naA = on + h;kk,

ja =—0a0"
— nch’?%kk — 2Dx (9;kY — ﬁinkk)

Coefficients:




NOTE ON INTERSTIALS/VACANCIES

Glide constraint:

ona + 0;j%\ = —mo(0; + u’;ﬁk) det h




MODE SPECTRUM

Solid regime:

Transverse sound mode:

Coefficients:

Longn'udm.a souna w= ok — o Dk +9)) + ...
and diffusion:

w:—z'D||k2—iQD—|—....



MODE SPECTRUM

Liquid regime:

Transverse shear mode: w=—il

Longitudinal souna:

Coefficients:




CORRELATION FUNCTIONS:

Current-current:




CORRELATION FUNCTIONS:

Strain-strain:




TOPOLOGICAL DEFECTS:

Crystal frame field:

Defect density:

Burgers vector:

Conservation law:




TOPOLOGICAL DEFECTS:

Splitinto smooth and singular parts:

Define strain:

[dentify the formulations:

6,{8"7-]’(,01‘] = 251‘]6([-‘/-'] -+ 8251‘]‘/;1‘/3-']
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- PINNING AND PLASTICITY



PINNING

Explicitly break translation symmetry: <I>I (m)

Tansformations: @1 (x) = &' (z) + o’

Pinning term:




PINNING

Conservation laws:

Ansatz:

Solution:

: 1
Oi€ + 0;€' = —Kjat(f)l — EUI'](C% + ’L_Lkak)w]‘]

—V'L;0,9!,
8t’/Ti + (9j7’ij = KIBiqu + E’LI(‘)?;(I)I,
o+ 0;7' =0 .
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PINNING | linearization

uly = Au' + Dﬂ)a%"‘k + 2D$ (8,7 — 8'K",)

Josephson equation: ( , Ban
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Strain evolution: + DI9,0;x%, + 2D (80K, — 0,0;%,)

1
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PINNING | linearization

Damping attenuation:

Nl 2,2 _ nll 2/ 2
gy = Dy wo /v = D¢W()/U||¢

/\26/2m2

Pinning frequency: [T




PINNING | modes

Solid regime:

Transverse sound mode: w=%\fwf +2k2 — (TR +Q, (k) +T)

Coefficients
(Pinning dominates):

Longﬂ.udm.a sound o= Jo R = (T (R + () + )
and diffusion: w = —iDyk* — iQp,




PINNING | modes

Liquid regime:

Transverse sound mode:

Longitudinal sound
and diffusion:




CORRELATION FUNCTIONS:

Plasticity, no pinning Pinning and plasticity
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HOLOGRAPHY

58 = / d4tlz/—g BTW@W + JHSA,

1
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Action variation

Ward identities



QUTLOOK
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1) What other regimes are there?
2) Canthis be directly related to experimental setups?

Unidirectional (smectic) crystals?
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