8. :Harmoufc IQTI'A'CQ \rl.bfa#on& : Fhonon&

e eﬂ?ec#vc 20U :l—fo.ou:'e'focu‘au clenveol 1w the adiabatc appr‘ox-;’moa(‘on

_ I =2 | ~s; i - & Vector cowpouent
Hpp= g 1= (V) » & g 5R, D, 3R

u nm mQ\lm&[ o:g ot

Where gEn’—' R, R s 4he dx'SPIG.CCH’)en'/‘ of the u-+u iou frons the
equ.fb‘bh'um Cou)éggurc‘)lﬂon, atd

Dl -5 2
nm OQL. DRJ {ﬁ(o)}

clerves  frour +lhe potential  Zu the harmenic approximaton and s called the

_O_L&rnamr'c'_al maix.

The HaweiClouiau ﬂe,q deccn'bes a S\(l&km of Coupled.  harmouic ot/ Nlators
auwd  caw, wa pruciple, be dA'aSono.L'ch b\(j Stavdarcl  (pumeycal ) means.
.:Du\'uS o 'idtu'/s‘f'cs e  pormal modes qf Jath ce o bratons , Son'lar as 2w

molecules.
For +he characfen'zahon of e pormal medes fu a C’U‘g’[a/' however, one

exploits  the +roanslabon S\(/mmu‘ly of He nysla/.
e cau lobel Hee dons enfle He help of a Bowais Jathee vector e

Hiot  2dewh fes a  gpecife /bn’m-%'vc it cell of He crysfal awd au
2udex AN Haf countfe e tous il the weit cell (A= 4,2,.,r for

r touws 2t the tewerd cell )

XY 1 - —_
DY — DV(E A ; ™)
\_Y-_J ——
n-+h ion m-+h ion

——
here € and m are Brevais latbce vectors | amd A= 42,..,rc



Due 4o the trenslatonal Svmme:/rzd of Hie Brevars latlce coe have

DV(E,N; m,x) = DI(E-7,A; m-n,m)
= :Di'j (g"’?/ﬁ‘/' 8//‘)

J(‘or avy Bravars [|athce \vector n . Clztoosl'pg P=m oue iwwcd:‘a-/cé’v
fords Hot D ouly depends ou Hhe difference €.

lu ordes 4o proceed.  furthes, we il make wse f  Bloch's tHeorem.

3.1 Bloch's +Hheorem
Cousides a  frauslakou cpoator T3 defned for a Brovars latice veetr R

thet acfs ou a toawe fuuckon ag

Tz () = w(F+B)

Trewuslatowm opoc.'fors Commeete [ T‘g&‘ , T’é’] =0

Siuce toe  [rave . ~ -, - —_
Ta Ty w(F)= p(F+B+R) = Tar Tz w(r)= Ta«p ¥ (@)
(%)

Furthermore, cousides au qpoc.rcor H that commctes et the Fraunslaton
Opocd"or‘, e. [4'{ T’E '} - 0O

for all § of tHre Rrevels |athbee.

(De cauw Hiew clioote Smultaneons eigen&-}o:f&& w, of H aud Tz

—_

5or all R

:H'q’oc - £o< 7—1/04

——7'5_ thy = C’aLGi) wc(



For the coeffrcrewts / eggen\faﬁue& Cx (B) \-ﬁ://ow& from () ~Z3-
Cu(B)c (B = c (R+B") amd c (B)c (-B)=4

Moreowves, from +Hoe  pormedi 2aton  Couel:t on

4= [ [ ()7 = ot [y, (FeRIT = [d2 [ (R Iy Pl
= le (B)°
[ total, Hus implies ot N
C&(Q) - ethR

toliere  the momentum B Specife for the U, Shafe.
The ejsenvectors  Hrexfore obcéf

L Blocl '
- = 7-[7-R —
'q)og(r"‘ R) = e Z»()o((r) Fheorem

Since e % - 1 for all G of Hre reciprocel lathce , Hie momentiim b
trll be resdncted 4o the 4. B2

ldeuﬁ'j‘(d«;m(g oL it a st of quonfum  pumbos CO")?LQI'V)I.VK ke {.B2
e con tnte o =1 k,nt aud

P (F) = 2 » (F) sucl that

LQPnE (7F) = eiEF W og (F‘)ﬁ\

Where the  Bloch funchon LL,.,EC'F) obo\:js L(.,,E(-F"'ﬁ) = UhB (F) For all
Q OJC Hie Bravars lathce .

wse Fe alfesuad ve CRPCSSCOIL

b

— ".E(afa) - = —.EF‘ ".EE .EE - -
wp (FeR)= e g (FeR) =™ ™" ™ gz (F)= w,z (F).



— 20
Note . For Sgs-/-em& thot are iuvarmant twoler arb,'y‘(c.r{_f drenlabon the

momentun is comserved. ( Noether '= -Hoeor&n) aud ax Suclr a
SOOCL C}qu{um Neanbes,
In Contrast, for S\cjs-kms that are obr/\lj tuvanaut wuder diserefe

-;Lra.us’oc[u‘ons, OM/\(f +Hae quuc.sfmomem‘um k= Conservec, , i'.e.

tHhe momentum modulo a rec:/;rOCoJ lath ce vector, be/ B2,

3.2 @fasom(a'.&a--ﬁ'on o} the phovou Hower Clowian

e can uow Proccec{ avel wse Blocl's theoremr 4o cﬁ:a\fomL'ze 1he. d\tjmm:'ca[
ma’/h‘x, fe. we owt fo cousider the eisenVaeue F/b!y!cm

>, DY N M) P (Wp) = d - i(8,A)

Jipam
Whee , for Eades convenience, we lhave iutroduced a rCScaL/K of the Jorm

BI(En; Ar) = 2= DG, )
M

Due o  the translatonal S&mme'ﬁy of e RBewais lotHce (e lhove
—’;—5. ’Z_Pi(n'_fl‘,/«) = 2,1)"(77+?—2‘.,/4>

and. Tz DI(E,A; mu) = DI(E+R,4; m+R, ) T
= :5;’& (é,k}m/f">"‘i

no

thed s e djf)gm;cc./ modnx D commutes il —TE_ JQf a Bienaic \vector ﬁ

[t 4hus follows from Bloch's fheorem thet  Hie e{'gen&(-a'(es teke the form

J -~ - 2 J — -
YL lm p) = e wolim,u) = e ed o (p)

toliese  +he Folan’zc.‘/\’on veetor éhg w{-ﬂt Componen‘ls

Cx i) = Wi () = Wi (3,0

s the CovrQSponcL'n& Rloch \-Func!s'on ard He Qf 0( Quan'/tm Neenrbos §D,E,§ tatle Ee [ B2
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2w beve 5T BT, Ba) (@) s dg wh (B
3y,

Le cCau Solve Fuis Cigenvalue problem ova a foune fracsfornmatan.
To 4his encl, we peed Ho cousicles penodic bound.af\(j concdFont | wlhich tu +hig
Context are alto referred fo as  Born - von Kirman bobmc(ata conel'fons , for

(.:)Lu'c.[f) e Ltave

bR N \N=eo 3 =
Vope .22 €5 = V- SE) — (zr) (&)
ve R.C Rownis T, (er)g
ladee ] volwume reminder: —— 1 voleme of I
/\-—Mo ind Y, l §1.82
ST _ibe . . : \%
2 e = N- &(R) wth N = # of hithce 2fer =
be (.82 Puc.

for NV —= o Hae Poin"'& tu +he . B2 become clepse <o '{’L«a{'

db LR
e
3
1.82 (zr)
So, we can wnfe the Funo #w&forn«;a}s‘m as
- 'E‘_é. ~ - - b_m -—\ —qh(e e) A
> \/PVCZ:. e T DB, A M p) e (}4)= MZ. Y
&1’&’ e ——— - - < ]
= & ( 9‘/)"‘)

it §~ Npve = V
~ o, - o~ e
Siuee DYV ouly dependt ou @-m

2., DJ(%,MQ (p) = 4 e (A)
K

[+ is Hais eigenvelue problem  Hrat determines  the polan'zadon vectore e .

> Corfesponde o d.a’a.d‘om(:%‘r{g a 3 x 3 patix o XN w=42,.., 0 whoe
r s Hhe numbes of atoms pes wit cell ; the egenvectors are labeled
bU the Quartm numbs n= 4,2,.. 2r

This eigenvelue problermn peedls o be solvedl for each vecfor b of e 4. B2.

> evofutou of eignvaluer d,p as a fuuchon of 2



Fiu-'H’)U ProPef'/\’CS :
. . ~q%& -~ -
or%honorma&% % eh_h._ (8) e (A\) g,,,,,,

" Completeness %1 ‘::_ (&) 8".; (/.«) é_ij g%;«
© the dynamicol medix is real and sﬁmmeh\‘c f‘D:‘j = 5,‘3,'"
— ity Fourier drensform is thes  Hermiban DU(A,’A>=‘ ﬂjg (/(,A)*
and. the eienvalues dp  are real.

Ju ade-IL\'on, Hoe S}C‘-bn‘b"‘j oj +he. Crﬁ&k\l regecirel pcs-'-/s‘ve_ eenvelies
dpk 2O

Moreover, ﬁgﬁkg)* = 5)_.2.;(9\,;4) which allows wus +o choote +he
Wu%um Numbos n Such  thet ad.p = d,p amnl eigevectors

— % - = .
enE Shb

éxFansfon n normal modea

[e. ProczeaL b:! @XPaudi/{g potkon and momentum n uormal ceotchnates
2.5 ardl pup  respeefvely

.
-—\.

‘——Li o 4
OR (m,)u) = F

B -y BT 8200 -

T‘ N = 4 oj- gtnvcn'.s Ia.-Hx'cc 8\4{&
For  +he normal Coordinaks we  [rove
[ qu , Qu,El 1 = [ Pui;_, PK’E'] = O aMGL [qui ) p\AIE'] = i&wu,g;::—r

This enswes fu perfcular thed  Hoe fo//ouﬁr& Commadator s obcvcd

iE;‘ —iE,é‘ —

[s2i(mm), BE ] =g 2 e i el o lea . pup]

nk,
nk R _’)
‘olwm-2 i
- ST el GO EY, (W) = iSeBu Sy
;‘L‘——-—(-’—_»“J @—‘—’_’—Y‘—‘“J

Sae 8,&'}\ 5;:‘ (COmpk-kncs.s)



Tlhis leds ws reconte  Hie effechve  ouic Taw.iCowiac 2t

m | = o Sl iy s - =i’ 5
Hay = 2 1o Z Plap) + 5+ SRHEA) DYUEA; &) SR, 1)

My .
S >, e
mmn ;‘:'9‘
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F:'nc./hd, e tudroduce auwclibabon and creaton qoernlor& -

+ _ .
Vi T (BE * bu) P = iy (B - b

el obcﬁ besouic  commutaton relatons
[ bk’h: ’ bt’i':‘ - 6-V\,l‘l' gh,k’ [ biE ! bl&';‘! ] = [bkE ’ burall = O C‘&'C/cfce,'

[ fows of tHiete opoa'fors, flee eﬂec#ve Touce Hawe Clouiaw reeds

;qfﬂ ) —é— Z_:. [— @(buv_’ bu-n ( u-e. b“b~> m <bub- vy h>(bt"l+b"‘t)}

Z 2
nk

] _12-_ gé \ Ak [ b:.h bua * bk'kbt"h]

which we cau 'F"H'U &\WPL% /u-hoducnd b ~ Auk. avd. Wy p & Lok

as well as buu_b:h_ = buh bow + 4 Ho gve

— R 4 R l phonou
ye&} = % L. J: buE bub_ t o ];} N aeer Houiad,

Rewarks :
the creaboun  opoator bz,& creafes a  plouow — au e/emcn#cr(j Guentun
of a Catbice oibreton

L 7w, (k) defnes a phovou_dispasion  for ke [ B2
+he clispersion relations 0. (k) powess Fe Fell Symmcv‘rz\,j of Hhe Po.'w[- group
© Turee of He 3r bands lave Hhe Pr"&Pej‘llﬁ
w,(E) >0 for B0
These J:!jrxs of plionons  cou be excited ith Cery {Oyég L.Da\/e{end-!bs A~§r_

B[
As cuch fHacU are respousible for He proPaSQ%‘m of Sound i the cr:,&%a/

— Qaccoushec plnouou brewnches,

<Comc<)} pibel A ol Uto He and souud V€[oc|'7l€7 of okl v = 320% — A= T
— 10— air V=® 3U0g —> %zo.xm)
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The existence of +Hhe accoushe plovon Eranches cew be redonalized
bij &\cjmme;frg ar\gamenﬁz ')%CU are a comseguence of He Sportancous
brtcafzin\g of Hhe travslobon &dmme%fg (Of Sree Spa-ceb bff the. J%rma+'m
of a Crgs%c/ sfrechere.

e geuesal, the breab,i.a of a Coutnuous Sﬂmmefrd implies  1he presence
of %‘ka, los - enexs y excifabons |, So- calld GoHstone madex.

The accoushe phonons are the Goldstone modes of the crysial.

Cousides a constant dresslabion of +he crystal in any of the Ahree
olivechons o;f Space. =~ ; ‘ .

SR (Q/)u) = 3R with 1=%y,2 ///.—;ggj
Ts  showlkl wot cost auy  enegy as n'g:c/ HNenslabon dees uof Smock
a N&#ori% force of the Cr351‘0/ = Huwee accoushe plharen branches

F‘_uf'{'hu, Jcor Smc-// B we have a 6’ugar CL«‘&POS"OQ

{‘;IEB = culh) IRl

(ot Hee Souncl velocibes . (Y Hiod in Scnuc/ deperd ov  the
onentabon b = E(El' T&CU are. relatec] o +he elashe constanis
of the Crys"al lflke bule and Sheer modulus.

Note : A liguicl in comfrest  postesses o”’/:j a Sr'us/e /ou&.‘-}ue[rm( Soteud,

mocle., Since there it uo Shear modeluy!

* The other 3r-23 phovion branches are bkuotsn a2 _opv(‘oa/ phonon
branche s becase 'HOCU Caa cf-l—m be G?«:f‘{'ec] by /8h+

* /—\whe-rmom'c Coff‘Cc:'/\'onS oat 'Hqc :}'orm

E‘fﬂ({ﬁﬁ = 3+ Anmlgguggmgge

result  2un an  dudeackon  betueers plonons, e.g. bbb ete.

—> VICC.CSSO({'U +o explaiu e.q. Fler mal expausiou.
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FIG. 1. Phonon dispersions of diamond. Ab initio calculations
(solid line) and experiment (open diamonds).

from A Daccl et al., Phye. Rev. B &, 125203 (2007).



3. 3 MCaSu,n'n(S_ Fh onon dj&Pe’S‘.M& : Necdron SCQ#C,H@ -31-

The phouon dispasions 1, (B) cou be measured by nectron Scatfenig.

£/ : E\Z S
:'ncom":dLLLl/L> A;‘/JJJJ ou{safﬂ\‘ nec. o

w VLLA oo

Newtions (created inw a nuclear reacton /reactor ) are necedel For-/»'o/es Feat
main[td sutecet ot He alowic nuclei and  Hiws alio et Phonon.s.

( Howevss, newtrons also iuderset il weguetic moments, whicle 25 wsed for
the 'iuvcs'lx'sc.-ﬁ’on of g.u_cn#um masnc?‘%‘&m , €., defermination of magnc#c: ordes,
measurements  of Spvn Loaves efc. > Xraclen group )

Le can capture  fhe peutron -tou tuteracton bﬂ

VEF) = 20 5 o (7-%0E,a))

ce Brewveds A€ besis
ladhce.

The iuferachon potewhal w, is ey <lert - repecl o s romge beiny  of
the ovdes of the Iypical nuclear dimensions, i.c. A0 m = A fm.
Compan'ra tos  fo  the fyprcal lempth scale of crysta/ constants ~ 10 °m = [ A

the poku'h'a/ Caun be approxima.{ecl bf] S - funchong :

V(r) = é 0, S(F - R(E 1)

The Pmbab{(;hd pe wuwd dme  for the newtron fo saafes fiom kB, o B
tn fowest  orcles Po-furbo-/-‘on —//f)cor\cr is Qiven b‘d Feson''s So/den recle.

D - -~ z
= z}* . | <5, by v e Ry S(E -, 4 teo )
? ™
$nel momentum of neutron

Sum over al fxss-'lafc_ clefected. bt! de tec for

Final stedes of crystal



ot Ep = final euagy of the crystal
E; = iwhal enesy of the crystal
- 2. - o

hw - zm"l ZM“ . .
L Zu tee Scc.-/-[enr%g process
> mass of newtron
2 ! Bt T . iba T |2
— P o= S = [ T G v i) e " S(e -E. + o)
# 0of $ 2
§ N 2
é" '.l’la' and tu 1'41'&{
Stafe of c/r({:‘lo{

-%rauslgeer wc\/cvtc'f-or Qud iu&d#rg CXpL’cf'# po-/cn'ﬁ'a/

LJ#L( 5’-‘5:,“_{."5,:“
. g REN |2
Zi g | L5 o e TN S -+ ho)

<
q—,
8
oy
>»

Tgpn'cdllg, +he Crg&-‘a/ 28 ’Ligf u a C[C;f.‘tu"k e&ens%a-le_ I'i), bui rathes +he
Sfefes are -H?crma//\!j_ populated  —>  thermally avereged trowsifon rafe

P-(®) =5 7 e PR il parbbon sum Z=2;'e,’i‘£‘
M L—? pacthon swm revoge *)‘/’"P"""[""
A=
b T

thermel
e;epec'!-o-f#on Vc.[ we.

The Hiomal 4ravsibon rate P s relatecl +o the SCG‘H’CI\}')& cresy Secton

P x numbes of Gnal sfates pes uewtron

d?s
ol do =
A9 dv fnCom:'rig Flex c/en&:\‘v of newfronx
7 Seliel angle.
P. o . I Pout -2 \’
(2w)3 -
= — = = P. oL’ m: | kout dbpy AL
[ b | ! b By | (zr)®
mn 00€
. dw _ | Rous | ) (t E:wl-)l
et L [ boyy | m,, (siuce tieo = Zut, )
_>_ié___.___(’)_")oez. ]Esowl'l mnz
(zr)® [Ba | h*

cl Q eldd



For a mouatomic Bravais lathee Huiis &'mPL'}'cs qu.r’r‘ho' fo 33

Ctzé lgowf l mnz ’Ooz N
dodo Bl (a¥at S(F,0) | Ne# of e sies
tith the dynamical fructure Jactor
- BE; T igRE -igB(@) | .
S(G0) = 2 S S G 1pxgl TP andlg -5 aw)
50 em

G_Bra\mg
lothee

1—} iowie HemiHouron
. 7 feotf - i1Et -1 HE .
taHa _f dt e = 2rSlw) awd @ Tt |i)= e & [i) ek,

“fEF ot 3 BE) My LgRG)
= S(§) = 2 = Jar e® L8 (ile® FIsXgl et A T S 1)
—

i H &m — v
_ - E(m,-t )
= e 2
opovator iu He fleitenbex
P'c_"urc,

L(.SFM& ComP/e-"CnCS& % l;? Xfl =4

= 2F,w) = [at e™ SG,)

N
o
.
N
|
z|-
™

Z e <z l e'(lﬂ e i;ﬁ(a{co) e—;;ﬁ(n‘v‘,{:) l£>
:

Now, for a monatomic Braveis latbce - ﬁ(r’n*,{;) = m + SR(H,+)
-

dewahon fram eguilibnum
—? phonons f

i3 (E-m g SR(E, i3 SR.(™,¢
S(§,{;> _ NL°__Z'__Q zle m)(ezq@i(eo) o 1% J>
e

/t— +hermal av vegte



[§ 4he plonons are treated i the harmonic approximation Hhe tHhesmal
average  Simp A }{cs fo
ig(e-m)

S e L5 e

S expl -2 ((3SEE0) )~ + (358 (m )y +{ 3SR, 0) §sé‘(a,f))]

Usige +hat  { (5 SE(Z,0) ) = ( (3 SR(5,£)') = 2W iudeperclent of hadhee Site

andl +me.

and (3 §8(2,0) (g SB(w,t)) = {(G&R(B.0) ZSR(#m -E,t)7
due fo diccrete translabon wuvanmaunce of He Rraaix latbce

—| S(5,¢) = e ™ 5 e exp [{(F R0\ (5 R (7]
wE
vy

2w

et Debgc = (alles Jfodor e (km,ouq-/urt leperdlent )

The fime deperdence is  determued b@ the st factor | cohich tie con Freat

o

= F’O’L“*rbo‘?('on -H/:cortd usirég e* = 2 ’E’T‘

nso

Zero phwou Coutnbuton n=0

() , o KR iwt -2w
S(Fw)= Jdt €7 e
-

cen A
2g@m

c

3™

nofe. Heet 3 nof necessory ot .82
2w (or)? g— -
= 27 Slw) - e > S(3-G)

Poc  Ze reciprocal
lathce

S funckons tu j‘r&,\uenca and  momentum Space
—e SC‘a#en’n 3 Brass Pee./zs remain .&Lfcfp
on/ﬁ taeir weisld it reduced b@ the Debye - Lalles Jactor €7

2w



Sius!e - phouou( Contn' butbou p=A4 s~

lu JC;,S{. orclo (b(=4) e neecl. 'I‘o Ca/Cu,[mlc, e echc-/‘avlfon value
( SR(00) SRI(M,¢)) = L 3

-t/ s

tem

m P
w e S ey (e e-o)eu (¢)

+

it g, (00, (4)) = 5 e ( (bl + b ) (o] + by (8))

l + ";w 'hlt + .ﬂ-\) 'hl£>
- —;—_ .,[ — <bvh bu‘rh' e ” + bu—h bu’b' e
Wik LOu'p/ L
+
= B s bucke + Sy - St
. M t
_ | I [ —ivuet 'u\-b]
- 2 wuh gb.’,—‘l gu\,' nB ( wuh.) e + ( l+ ug (wuh))e
-~ 1%
L Wb = Qu.k aud eu-b. =< uk
NI AN - 2w e mo gem o 2]
> &7 (F,w) = e Y e TJZ__\ VS 13 ezl T
™ uh @

*[ nB(wuh.) O g(w—wuh) + (,(+ Vlg(wuh)) 2T g<°0+ a’uh)]

| 1'(<§'+E Ym <7
aud suedl J753Y9) <l Z, (G = 2. Qa,p 2
Jc’ q CS N = Ze 3tk, G
rcciP(o:cl
lefhee

—&"(3,0) =€ no gy . 2c‘au9, [“siw“!») 8 (0-0) +}‘+Mg(°~sw"£(‘°”‘"ﬂ)}
/
/ / \

absorption Sporfencous + Skmulated
of G phonon emistyon of a phonon

&£, bLLLLl E. =
' g g‘g.i*-‘h(,)uq E:&‘E;“ﬁ(,a“"
/AM = ,,NJJJ’NN = 3
houg ‘771%

The absorphon anel  emrstion of- a phonon  dunnp the &Ca#en'n& process  resulte
’L.u CLdCL"/s'orlc[ slnc\rp pecb.s af :;'Lu"le euersy 'hq: by 'ﬁrCJu-;

&

—> measurement of phonon disposion by iuelashe  pectron Scattenng.




Ploonon ]occ-hs

dudQ
Y\

( broeclened ezd anbarmonici'fiea )

be.cl'zgfouna(_ due fo

— — mulds - phonon processes

> He

Remarks
newtfron Sm#en'n& methocl @C chorce for mca.Sun'n& Phonon .Specfm y

X‘fc«ds much less Suiteble due fo Guear df‘s)posfon QJ' p(no'fon&

—> o{,‘f[ﬁ'cuﬂ—y N quSU resobaton
Plao}ons i fle wsible renee  Cat be wsed to probe phonong Wt BEO
(P— pofﬂ'{')

— Ramen Sm#en’zg f phonon & epheal
—  Wnllowiu Scc.#cn'n& of phonon 7S accoulbe

3.4 %crmodﬁnamfcs of _ phonons
Here on/j a geick Summory , for more clefails e exercise (s).

[De toaut to cousicdles +he coutnbuh ou of phonons to 4le _.gaecf;}w‘c heat

= OB ¢ energy cleusity AT
(Y fewperature Zunr + Duloyg - R4t
Spaticl climersion é—r f ,// beigl- h‘“f’t’r"t”"c reghme
H of uw? cells «— ,/" Crossoves
. ’/4 T3‘ ( accocespe phonons ) > T
o
@D

The +hesmal crrsoves befueen /ou-v’auperc‘#urc aud L«:S'L- '/Cu../pcra‘)lufe regines

s JHF\'caIIU desenbeel b('] tre &bdc—moc[d olwe +the cCrossoves occuwrs af

+he @daac +Ctupoo~'/‘l4rt @3.
Typical velues: ©p ~ 60K (Au), 350 K (G.), 4FoK (R), 860K (dicwmored)



