SoCel State ’ﬂaeo'g —A-

O. lutroductou + Mohvaton

Wlhat 7s coudlenzeol matter P&gsfcs,z

au.oﬁ"a CJ"h-'pcdia :

Conclensed. matto pba&'c& 'S fhe :E'c?ol of F&d&'cs Hat deals wnth e
macroscepic andl microsepic properbes of maks. lu parkcular, ¢ a2
concerned.  wnth the "condensecl ' ples of matter Hat apear tohencves
the pumbes of conshleents i a System are ex%fma%. e and e
tuderacthons  befueen +he conshfuents are 314'06. The most Jaw Car
exacples of conclensecl pleyes  are sclels acd Cogecidz, el anse Jrom
elechomaguete  frees  beteen atoms.

The we o the Hermn * coudensed maffes’, beryg mote. geneal than  just
+he &Fuala oj skds, as Ceived aud promofed bd Nebel lacreate Ph€

AudCJSou.

Condlensed.  maties plgsics s by far Fhe larpest  Siugle  subfeld of plyses.
The annual mec'f:'nd of Condensed matHer plfcf&br'&fs bcj the Awencau %y&r’m/
Socfel—a e afewded b\«j Some [0, 00 PCOPIe el year I The PG "SPM%f
meefing of condensed motks plyscisle  dracs Some  S,@0 pecple.

LJL:] do we Shda Conclenled mattcs pL(d-sfc& e

* It desenbes the wor@dl oarouvd we.
/47[13 are metals slivy aud oly do Jhey Jeel ol ?
L)L«a is glass  frouspareend £
[,.)L(U s wates a Jluid, awd w(La doce o feel coet ?

« [+ 2s LL‘SCJ\u.e.
New materals le)e.rde the Cor@l, e.g. Semicorcluctor kc&uo@o%.



VLY excap'ﬁ’ona//a broadl. —2-

%Pfcs included o tiis ﬁced regge Jﬁ'om the orry ch‘fm’ca/ to  +tlhe
ab&,«.rd% abatact , ‘from Ao - to- eartln eng«;u een nd to methenratcalP
topics  that bordes ou Sw‘n’og ﬂacora.

* [ 45 dcep.

The Gueshon: et ane @ coudensed pofls physes are as dep as
Hhose you u,u'\([,v{ Cfud augu&oc. [tx facw‘, maaa o\{ tee ideays that are
now used du cfhe felds of plyses cau frace Afheir ongius Ho
Covdensec, mattes p&a&r’cs.

= Auderson - -H(&S.s mechawryn, wlicl, explains hocs Cfcwen-/and Fe.r’ﬁ'c/C&
acguire  their mass

-—

ideas oj the renormalzadon georp devdo)mcl, S:'Mu&‘eneous/a Zu
bota LM&(/" equd and Cob«c{—macf IDLtJ&"CS

- ‘/DPOIO&«'CG/ g.uauvtuw\ :f\'ced theores, auvented b\cj &%mg theonsts,
Matenalize 2w cord - ma{ 6)30:/\'»70‘)715

* ?ccl.uol\'om'&n’) Adees uot a[watjs Lork.,
Subseguect queshons ¢f "Llet & i made of P uof aluags provde
wChmafe Ausiglet,

LJCJ‘QJ g mo[cc:JCS b a‘/ovns - e[ec-/rons-fplvfms —> ?uark& —> .. Z
&i.- ?a#frg ma.nd electrons -{zige#)d‘ , New pcr-/-icle,g /Mag e_m_er&(_’_ Hiad
c,a.rrvd ou% ,'/é of Hre C[xma'e_ of ac. Clectron

( Jcrad\'ona/ gucutuur  Hall eﬂ«c‘)
‘1t s a labora.{-orzd.

Conclensed. matfes ph\cl&‘cg As Po&c./;s He best /aéorc%ora e have
Sor shecluing guactun physics  avd  Sfaketical plesics.



A. Solicdls

F(—,cno(aanlaI states of rchr: -So!v'd, 8’9-«4_127[/ &s

pese A ot
SOUO{ 8?‘0 o( ¢ ;
oy et ot
G >
T -/@%{oe;a feore

At SuffCiently  Smoll dewpesederet mates almest afuoys assumes a Sl slefe.
€XC€P‘!\'OI’>: -He@um (He) —> Supofecar'ol S.-}c'fc (!Uoée/ pn2e /??6)

pressuie A w
e?a /'O[

Supd -
AN
| — £ 7 -}—QVMFQFC.'(QVQ
[.] Crgs.-l—abue_ MCJS

Host  olicdle are crystals clamactenzed béj a
pe,n’oo(n'c_ o:mu(gcwen} OO( Hoer Cous-)[x“"uefnL&.

Tu coutrast 4o amorphous soliols Eke Qlasses.

Selid cras%a/& break. trensCation and rotaton uvenance of Spece.
Consegeuences: — scid state i separated  fom the Eguid amd gt slafe

by @ Symmefay - breabiny plese fewsibon | ve. a Gguid or
&;ds can'gof beﬁawnﬁ'nuouﬁ(q Frensformeal -:'a'lv a <old.



— The 2id extubis a shuctural n'&;ab'/a. —q-
Tl steeeteral n%roblﬂ allocos for éou\g— distauce HrocStstion qF
Xor@s, 1.C. d«m?,x-,{\‘on[eﬂ momentem anel angalor momerteun oc(oug‘
( cipmlar to a cupes condu cfor thet allocs dor desipefronles cleere {.'{ou,)

— A solid crys‘fal exlubrts lou'e’"’Sﬁ exc'tabons (Goldstone meodes)
thet are fhe acoushe plhovous .

Phowoun velockes are  cleteruvwed. bU Hee elashe modul Che belb
eud  shear moduber  Het W“*'ft] the hg«'alq‘{j of the 03816/.

— (hen o Couwid LfHezes aud Sldibes F vsuslly does vt Cead Ho a
ma.croscopic  solicl  compoted  of a Siugle_crystel . H offen consish of

a éq.«se number of  2malles crg-s%cls C <o-called domuf’n&), toleich
liave broken fhe  Symmme Pies e olfFerent Festeions.

Seceh a wetenal s a E?_%CI\'S*&,_

£.2 Crs.s-l-a.l Stecteres

(Cro.sh CowisSe, {for more. detarls comse.@f exp. Coctere + boo,ég)

The SCom:'fn'Ca.l Flvper/s'cs of a perwlic sShuckdae ar clheracfenzes by Hee
Bravais Jathce.

A (Haree - dimewsion]) Bravais bthee comsists of al povurts il poshon
veetors ?l-i oS +he \form

—

- e R
Ry = Po@ + 0@y + Ny g

wih p; € Z. The prvw five  vectors Q. are e’keaf% ivdependent .

Note : C/L!Oi'CC Of Pl\'uu"}f\)& VCO‘FDfS 738 &01[ u.ur'?‘“-c'

Theorem (Aa&aal-c Koo ARUL ) :

There exict ouly A4 Sucli Bowais lathaes i flree speba] olimensions.



E Xawples —5-

T

S"MPIC Ccubic [a'Hﬁ'ce <&g) /‘« j t
Q . —

_ PN - N N N 3 / /o

a, L & L aq et lQJ:[QL\ =‘Q3\ 0——;7- a,

) boobd - centered cube lathce (bcc\ °<k‘-/"'/;l
"/

feat el A 20epd) | A

e

e face-centered cubie lafhce ( f&) ] 1\:\: '”//.
JEN a/ A a - Q /A~ A ’\,'*»..(} /%-/t
3= $(§+2) @, = 3 (2+R) /i/:—f?\

2, = x+3)

(s ples ov cddtional point af He centes of  eacl Sewre che.)

Coorala'uaﬁ('on Number 2

Neembes of  pearcat negglbors of eacl [athce thf.
( Nearest neislbors = pevnts iw a Drevais fatce closeat +o a given ,o:h‘m‘.)
l Jee [ bcc_{ el l diamond,*‘ hﬁpﬂhoncgcomb*
2l 8]le] a | 3

¥ uot Bemeris fafbees
The Sce and bec &Bravais lafhices are vesy  dwporfant as an enormous
\/cma_aL of solids crysfallize in thete forms with au afows o 2on af each
la.'fbce_ side  (— sphese Fncb.ua reaC2akons ). US&A//a the Joo Gafhe is
Pc\f@ed at bow -fccupcfe--kucs clee o ol &Gar Cooralication nunbesr Z.
[u coufrest, the s, dewond or hgpe) houéﬂ(‘otub @cer are vy mc(‘f realigeol.



Uit cell —6-
The wut cell s a velume of Space Hot, cshen Houshfed ‘{hrottglf Q
Subset of the vecfors of Hee Brovas Cafiee, guet flb all of space ©fo
ovolagpiug ifcelf or Ceovny wodle (= #€nge).

Prutve wat cell (Puc)
A Ldln"' cell Cou."‘o.iw'c,ig Gxacf% a iu\s& fa'{'kcg Pc)sch

Nofe: There 4s wo wwigue ued q[ cbw&'-g a fm‘ua"ﬁ've weat cell Jor
a e Gravais [athce. Howevs, Hs volwre s Foxed bff +le
a(,eus«'{a o;y Pov'w/-& tu  the B{a\a‘s Jathce

= 1
quc_—-'E

QOue po&'ble, clioree 4=
— AN -
Poc = {XAQ,, + XLQ?_ + Xng ( 0O< xi</_/’ L= /,2,33
For a Qivewn e an aré»‘/re.rv wector R aw‘?uc% c[e{.ueg[ as

> - — —_— Y
R= R, *t X wih X e Puc  aml Ry = 04,4+ m2, +n,a,

&)r’sner - 2 ph'm-'%‘ve cell

A FNW_.‘#« wult cell areuvd a Cathece pow‘m‘ Com?laiw'«tg e =1 O(f
space  Hiat s closes fo te poef How o auy ofies lathce paiut.

Tle 631'31«5~Se:1‘£ cell possesses the  full Symmeﬂvd of He Buws hfice.

é.)(atu.pl@.g Jor a too- divewsowe| Hravais |athce .

prwtve wut cefls (igues - Sef2 cell wnif cell



E_ry&{a/ stretrue —f-

The crysta| stuctae  cousists of idenfical copier of fhe Sume pliyscal we,
called the boss, lecated of all #e pouts of a Brewis lakce.
Jwe Pa-r'ka.. ler, Hhe besis Sp:C.yC(S Fle Po.Sl'ﬁ'on O§ afoms  ofiv @ et cell.

Exawples
= monatoude Brawis lathee
A CJUsfa/ Strechue tnth a bescs Cous.fs%frg 05 a &'u&k afom o [on o> homd
Jor exawpk af the poufs of the Broveis [affce
Exaupls:  Jee c:Um‘cl Steectere of Al, G, Aw, Pb, Ri, Cu, Ag, ...
bee. CFUS?LAI Sfruchae of L, Na, K, Fe, Ho, Cs, ..

- fwo - climensional houe\zfmmb Gtfce  (realized e.g. 2u Smfahcue>

YR
lon'miﬁ'vt > a, % /4& b&&l's. Cou*)lafn& ’=_7LL‘£) Po,’/nls at
o e /] EICTC R YEREAT

% % LA

phuwehve  wu f cell

—> [/,oueycomb [G-‘/I*Ce l’{sclot
s Ej—_ a Bravais lathe

= aliamond, lathce
Sce Cathee witly oo pont bavs 13, g (keged)y

- [/zexasono/ close - peck.  Shrccture

Siwple.  hexagom| Brewcis lathce 2 Stackel hso- diwensioml raygelor  lathices
Fn’ym'-A've vectors 24 = aQ, ZL= ’:‘ % + % q ., 33= )
toth hvo-poink bave 13, +aE +4a, +1a, s

This Shuctse og Close - Pc.cbcci Splheses s of simlar 'u.uPof?thCC as +the monatomic

bee auO‘ See Co thces.



- Structhues nec_css‘c.n'lﬂ clesenbed b{] a lbesic beause Here ar two / mu@/,-,o/;
%ﬁpgs of Zons [ atorns. PI'CSCu.‘)l:

* Sodium chlonde ()Ua.Cé)
Jccr, &/’h’ce, nsis Na at © and CC at ’;(5‘”9*&)
Cesiwmn chlonde C Cace )

bee €atbee, bosis . Cs at B and (€ at F(R+g+i)

=~ Zucbleude strcture ( .S,olaa.(}en'/c, Fue lfde ZnS)
diamond. Cathice  Struchue , but the #oo /90&7400& SPCOJCCd by tle basis
are  oceeepied bj Affereeit  Tous/atoms

Classi ficaton of cnd&fa/ Structures

(.Su.bd-ccl' oj Cra.s—fa//osrapha, [’)ut on/d ucﬁ Sufgyﬂc,‘o/)

Cn\:/&']-c/ efeectures are claseified. accordi(ﬂ do Heir _St]mmer‘n'c.s.

Pt §oup

The Pm'u"' Sroup 7S cowposecl  of all Sf/”"”d’y opoehont thuat Ceave a
porfeclar  iou/atom of the aystal fixed Cke i1eflechons, dwvesion,

rotebons, Combinedl  rotation-reflecton, rotahon- iuvosion.
These arn  iu fofal 32 Cry&fa//osrapl«n'c Pos'ml' growps.

\Cﬁmme_fn'c& og +he F""”"L group  are icupor‘faw/ o deferniive e.g. the.  nwnbes
05 iudegndcw% COLupOL(C&dl.S oj tensor Guaree phes  that clarcctesze p@d?g'c&
o§ Hae cra&}a/ / S swele as  the coudack m'{v «5,;,- , /Do@:n'?_c.bf[ﬁ% oL
suscepkb-;@‘la 9(1;]. or pizoelechic Fensor d’lb'/‘l‘

g

—



Space_group -

The Syence group 1S ComFoScal oj +he Sdmmc/v\'j gova.%‘dns oj +he Fm'uf
group  audl i aclditon
trans@Ghons va Rrvais @Hpce vectors
* Cowbryued Haustaton —rofaten (Screw ~axe ) ed fransCaton - refCectson
( g@’de plauc;) 3{1””""@""3 0/'00674'003

aual Cocubv’(,(a.'/\'oﬂs 'HaerfoJ\.

There are e  dotal —232 Spce  groupe.

.3 Qe_c;fprvca/ /a#‘cc
Cousides a  fuuchon, e.g- @ pofechal, with the Pen'oob'c/!\c/ of a Brevais e
V(E+R,) = V(F)  wth B = M2 +n8,4n,3,

. A -
sz'l‘

Foures fransderm : V() = 2 \/—G‘M e
Whese +Hhe momenta ém howe  4he Prqoch% eiGm'?Q" =4

or a/a‘emc.-ﬁ've% é;,,,-@n = 2N b NeZ.

The momenta. are. then Rver ba

- - — —
G = M6, + my b, + m b

2 my eZ |, 7=4,22

ST TN a, = a,
CxpLa1L/<f]- b, = 2w _,—E_:(—f—:
Q, aaxas\ S~—__ 0lserme of e Pn,myévz et cell
E;=21r Gs x Q, Ve = @, (&, %3,)

a,(a,x as) The veators g: are  the privahive vecfos
o @ %2, of He reciprcal latbice .

a,(a, »a,) It is o Bowis lathee du Foune space.

3



GXQUA—P_LC._S__ -0 -
Bravers lattce l S I Fec L bcc \ Siwnple  [texageonal
fQC'FVOCGI latfice I Sc J bec I Secc 1 Simple hcxasona/

Frst 3Bnllowin 2oue

wiancs—Schlz Fﬂ'm-"fm'vc_ cell of +he rec,)ofoca/ [athce.

Arbitegy vector dn womentuuws Sprce s B UG 4B it Pe 4 B2

N vnsa: b4'<bz"bz)= V7r
Poc

Convewtdons / Notatons

* diteckons tw fhe Bravars Gadbce :
Lw, n, ng] = olirechon SPCGDC'CCL b«7 fhe veclor n,a. + nchz + nscz_‘s
* planes  2u the Bravais @dhce : Milles iudices

(m, m, m3> plhue Hiot & normal o Hhe vecfor m, b, + mzé-); + m, b,

4.4 Sa#en'rg_ Jcrom a Oy&-fa[

Consides a -{rjpica./ Seﬁ(p for @ Sca /'/en"zg @<Pcn'mm7L
u'ﬁComegv
LN,
7 out
/7

Tgp-’ca/ tuterctouee distances 1u a <Sod . a ~ A /f = L0 p,

Oané ofr&g

2 h
TgP:’co/ enogies needed Jor .SCc.#en'/%S: ho = —f— ~ :{,Xg & (2 ke

-—> x-mﬁ ene/&-'es



Cousides mahix element of Hhe Scn#en‘né pofewtal V(F)

- - —
*

— —_ ,{ . = : "y
(hou* l VCF)‘ hiu) = oL, J.d}'f? e "koc.-[» r VC'F) e [

|

—

i(g-“ + gm - {zow{)'?

A j P

= — Jd3% 2L Va e
O‘e. é‘m Gm

= z V._\ . g.-s - —
é:m m ki “’Gm/ bou-(—

Ou.“

So, we obtain the gelechon e : TE\ _ E\iu R GAm‘\

with a reciprocal Eathce \ector g,,,.

Greometnc z'u#cspa:‘/q'f"or):
Cousidles iuo fous / aforns . fhe Clys-la[ Sepeated bj a Bawis Gdyee
vecltor R, tlet lboth Scafless an fwcam-‘a Lare

VOU.‘OCQu.e Couo(/'{fou ;Ef' CouS?lntc:A've iufofcrencc:
The fwr0 SG:.#Cn'gg cvents  tutofere @us&uc%-«eq if the path doifferece

IS Gu {ul—eﬁu MLAQA’P{e of e (ac.\,e&c.d-HA A

Cow * €,y = AN wih NeZ
ety ?:L = ﬁ'gx‘u 0w ?Wf = —ﬁ";owf

I 2:
aud  assuming ehstec Scc.-H-en'né, fe. b, -~ ';:‘r bo. , R

=> Re(bew ~bos)= 20N wth Nes
b s a rec;,orocae Cothece vector.



&a#en'rg expedments allow for example o

= clefernive Hie Bravars lathce of a <bd CCchUe—Sclnen’er wetlicd )

= orent the crystal ( oue metlod )

— obfain duformaton abod He basi of a crystal v fhe
gcome'ﬁ)‘m/ Sheecture fc_cfor aud  Hhe atouwic form O[&Qfof

,—,Z—-



