


5 1 Introductlon

From experlmental 1nvest1gat10ns, eg. [1], it is known that the
phase transition (PT) from the high. temperature facecentered cubic
phase of the Fm3m (O} ) symmetry ‘to the low temperature polymerlc— A
like phase of the Pnnm(D 2y orthorhomblc symmetry is observed in -

, ACso (A=K; Rb) fulleride’ crystals

- The orthorhomblc phase is characterlzed by shorter dlstances be-f
" tween the Ceo nearest: molecules in one of the: three crystallme d1rec-‘.~
tions. which Fm3m: phase: lattlce translatlonal vectors are directed in. -
- This difference is on the order of 8% and is the result ofa specific dou-
ble bond between' two of the nearest Ceo molecules Inter—arrangement i

of the crystal cells of the above two phases is shown in Fig. 1.

The ACso compounds exhibit a number of very 1nterest1ng physxcal o

: propertles In thé Fm3m h1gh temperature phase, these compounds’
demonstrate strong locallzatxon of electrons, while in’ the polymeric- "
_like phase, the ACso compounds are qua.31—one——d1men510nal metals. ST

- Moreover, at low temperatures the metallic state is unstable w1threv-.'] S

spect to the formation of spin or charge density waves [2].

- At present, 1nvest1ga.tlons of the m1croscop1c nature of PT to the*'( o

‘ orthorhomblc phase are of great interest. In this connection a compar-

k atlve analysis of the physxcal properties of PTi in ACe,o and Ceo crystals 5

is to be’ carr1ed out Note that at atmospherlc pressure  the orthorhom- e
~bic phase i is not observed in- Cso and the PT leads to'a change in the‘ NS
symmetry from Fm3m- (05)——> Pal. “The PT temperatures in- ACSO':/‘-{‘
‘crystals are h1gher than in Cso For example in RbCGo, T‘ ~380 K P

- and in Ceo T, ~260K

. In the present paper, the Landau phenomenologlcal theory of PT it

" to the orthorhombic phase in- ACso (A K Rb) crystals Is. developedk L
on the basis of symmetry analysxs The microscopic nature of the PT
is discussed. By analysis of the interactions between order parameters‘ o
(OP), probable PT connected changes in the subsystem of metal atoms v

are 1nvest1gated

phases Large c1rcles refer to_ 'Cso molecules smaller c1rcles refer tov
metal atoms Black c1rcles 1ndlcate m”t‘al atoms and Cso moleculesA

phase The Pnnm phase crystal cell (for the PT w1th the wave vector.\
(001)) is shown by dashed Tlines.” The Cso molecules creatxng the oc-
tahedral env1ronment forg the metal atom are denoted by the numbers :
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2. Symmetry analysis o

Accordmg to exper1mental data [1] the Fm3m — Pnnm PT leads
to'a doublmg of the’ pr1m1t1ve ‘cell volume in the Fmn3m high temper-ﬁ
ature phase. Hence, this PT is connected with one of the following '
wave vectors on the, Brillouin zone boundary:, (100),7(010) or (001).
These wave vectors form a. s1ngle wave vector star ki, in the Fm3m
phase 13]- ) s T

"To be specific, let us cons1der a PT w1th the wave vector (001)
ie. a PT to one of three ray-domains (see Table). In one-dimensional
1rreduc1ble representatlons (IR) i, Ts, OP has one component and
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» in two—d1rnens10nal IR To and 7'10, the follow1ng cornb1nat1ons of the

OP components are possible: Cy'# 0, C,= 0 (or, Ci= 0, Cy # 0), Ci=

Cy. # 0 and Cy # C; # 0, and the correspondmg space groups (SG)
~of the low syrnmetry phases are g1ven in the Table T

E Table Phase trans1tlons frorn the Fm3rn phase w1th the wave.
vector (001).‘ w7 : .

A RN RN

5G| Dix [D4 [ DG [ DL DI D [ D3 -

IR 7'8 T | iTe | +Te [ Tr0. |"T10 | Ta0 |

SG D D12L D18:v Cs "'D13~ 'D”; CZ

As 1t is seen frorn the Table the low syrnmetry phase of the Pnnm -

(D 2)SG. observed in exper1ments [1] can arise as a result of the 01 #
-0, C=0 (or Cl—, 0,Cy #:0); type condensat1on for .OP. of | the )
Q "symmetry Note that OP, of the'7 o syrnrnetr

‘, condensat1on, narnely the C"-—-:‘TCZ“—- ng;
« ,'to the Frn3m — Pa3 symrnetry change:m the Cso crystal
' Thus PT in the Ceo crystal 15 connected

of the same wave vector star

The phenomenolog1cal theory ‘of PT in Ceo crystals was developed; '
- in a number.of papers (see for. example [5 6]). The free energy ex-"’

: pans1on can be wr1tten as 3

F1 F+Fw+F S ‘-‘(1)

The F term descrlbes the
-molecules

‘ F =4 Zcu B(clcacs+ 010405 + “cacs+czc4cs)+

where A_ a(T—T ), & >0 B D are the phenomenolog1cal constants‘ -

in the PT theory, {C }, i=1 6 is the s1x—fold OP The Cl and C,

s

“tcan be wr1tten as: follows [6] ECTREE L £

[4] and another type of
C,;— Cs— Cs 75 0 type leads’ '

jith al three rays of thejr o

O km wave vector star. and PT:.in ACGO goes along ‘ne of,the three rays' LT

\Lthe same IR, tal(e place

v 1entat1onal degrees of freedom of Cso_ o

: and the three quant1t1es C C 02 Cﬁ, 02 Cg, transform accord-*
nmg to the F3, IR also w1th thc wave vector k 0: :

e co‘mpon‘ents have the wave:vector. (001);.C3,-Cy —(100) and' Cs;,. Ce =
.(010).- Notehere, that.one can rewrite the cubic;terms in (2)-using

a unltary transformation in the forrn Ci C'C' + C' C' ¢ presentedwin-
5 St

For cub1c symmetry crystals the elast1c energy has the form [t]
F = )\11(61 +e3 + 63) + )\12(6162 + 6163 + 6263) + )\44(64 + e: +66) ( )

where )\,J are. the elastlc constants and ¢ are the spontaneous straln“

“tensor components all in" Voigt notatlons “Interaction between the

prlmary OP: components {C; } and the strain- tensor components {e,}\.b_

9 s s Fa

Fce‘— 7(02 + Cg +, C3 ‘l‘ C4 ‘l‘ CS ‘l‘ C )(el 'l' €2 ‘l‘ 63) '(4)

» It should be noted that the above mteractlon (4) IS sufﬁc1ent forj |
the descrlptlon of spontaneous crystal cell strams n: Cco followmg ,

PT w1th the Cl—; Cg—— Cs=. C4— C5— CG 75 0 condensatlon but s

-;cornpletely 1nsufﬁc1ent for descrlbmg of PT in. ACGO havmg the Cl 75 :

‘ 'Ov,'»ng-— (or 02 ;é 0 Cl— 0) C3— C4— Cs— Cc,—— 0 condensat10n ln .

. the latter case, addltlonal mteractlons between OP components and,)

spontaneous stram tensor components Whl(‘ll transf01m accordmg to

SO the two quantltles f(cz + C2 : C?;) and 2C + 2Czl éi

, 02 02 02 - CZ, transform accord1ng to the two- dnnensmnal E IR |

wrth the wave vector k=0:
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In a similar manner, the two quantities, \/_(el ~ez), e1 +° ez 2e3,"

transform accordlng to the E, IR"and the three quantities; €g, e4, es,
transform according to the Fzg IR.:Note here that the quantities eg, e4
and e;5 can- be rewriten in full notation.as €.y, €. and e, respectively.
Thus one obtains the following additional 1nteractlons .

Fclez 71 l3(C§+C2 02 Ce)(61—62)+ | -y -
(20]2 +2C% — C3—Ci—C2-C¥(er+ex— 263)]+
‘ T [(C’2 02)65 + (02 02)64 + (02 C2)e5] /' (7)
k f s \Iote that the above mentloned un1tary transformatlon of OP com-
ponents {C;} will lead to substitution of only C2 'C2, C2 -2, C2—

C which transform accordlng to the Fy IR by C,Cs, C3C4, C5C6
Interactions (4) and (7) allow us to give a complete description of

spontaneOus crystal cell strains following PT with” the C; 7é 0, C2— )

7C3-— C4— Cs=Ce= 0 condensatlon of OP: components

“In addltlon to-a different type of OP" condensation, PT in ACGO ,
fullerldes differ from the PT in Cgo' by ‘the’ presence of a subsystem’
of alkali metal atoms’ in’ ACGO Th1s subsystem of alkali metal atoms’“
has a’'number of degrees of freedom which can have the Eg, F 29 (wave

vector k= 0) Or Ty (kw wave vector star) symmetry
“Let us denote the secondary 'OP’ with the* degrees of freedom of
the Eg, Fj, and 79 symmetries as {6;}, i=1,2,"{n}, i=1,2, 3 and {f,},

i=1,. 6 respectlvely In full analogy w1th 1nteract10ns (7), one can

wrlte

| Tki Fco,c,, = 181 [\/_(02 + 02

(202+2C2 o130 02

06)91+
C2)02]+

b l(C2 02)771 +(C3 = 02)772 + (C2 Cezlﬂal (8)
Secondary OP {&} and primary OP {C} have the same symmetry'

and therefore interact llnearly with each other: -

Fig = By(Crbs + .+ Ciis).” e
By adding quadratic terms to all of the lntroduced secondary OP , |

defined above

Fm = 5,(02 +02 ) + 62(17% + 72 +~n£-;) + 63(£%'~+;-.*+£§); : ‘;(10)**

fthe (010) vector in the. [101] or [~101] directions.

we obtain'the free energy expans1on wh1ch descrlbes the. PT in ACGOL :

crystalsas j o -
e F F1+F56+Fce+Fcocn+Fg,,,,5 (ll)

3 Subsystem of alkah metal atoms ‘

" Let us drscuss PTin A060 crysta]s In analogy w1th the PTi in the :
Ceo crystal one can’ assume that the pr1mary ‘OP° {C: } descrrbes the

0r1entatlonal ordermg of rotatlonal axes in Ceo molecules Secondaryf 4
sOP {0 }i {7],} and {{,} descrlbe changes in the metal atom subsystem :

‘In' the case pr1mary op condensatlon of the type C1 76 0, Cg—}f
C3—— Ca= C5—- Ce— 0, 1nteract10ns (4) (7 10) lead'to condensatlon of
the following secondary OP ¢ 40, 02 ;é 0, 7]1 75 0 as well as dlfferentf
spontaneous strain tensor components

Let us: cons1der crystal cell stra1ns Slmllar to ‘the PT 1n Ceo,‘f:
1nteractlon (4) leads to the appearance ‘of non-zero components ej="
ey=€3' ;é 0, Wthll do not affect ‘the cubic: symmetry of the’ crystal?

lattice. Then, as: is seen from (7), addltlonal deformation’ of the type:y E
el— e2._ —2e3 75 0 and eg 75 0 arises. The former reduces’ the crystal‘"}’

latt1ce symmetry to tetragonal and the latter shear deformatlon e 76 .
0 establlshes the orthorhomblc symmetry of the crystal latt1ce as'it - .

“should be for the primary condensatlon oP leadlng to the PT from *
Fm3m- (Oh)——> Pnnm (D;h) ‘Note: that namely the shear deformatlon/{’f‘f :

component ee 0 leads to strong stress type crystal cell deformatlon 1n‘i‘ﬁ

the [110] or [~ 110] drrectlons and correspondmgly to ‘shorter dlstancesf =
‘_ between the nearest C60 molecules in these crystal dlrectlons i I
| Remember that symmetry analysrs was, made for the wave vectorf S
: (001) For the wave vector’ (100), shorter.

molecules of Ceo take place in- the. directions [011] or [0 ;11] and for:;“

“So, the free energy ‘expansion (11) ‘describes the experlmental data;ﬂ" "'

; [1] namely, the symmetry of the low temperature pha.se and crystalE - kk

cell stralns

~Below we consxder changes in the subsystem of alkali metal atoms ’

'»‘connected w1th PT. At present, experimental data about the behav-‘bf

nces between the nearest’f, :



~jor .of the subsystem of ‘metal -atoms: at: PT: are absent..: Therefore; -

- all conclusions about structural changes following PT are. the model-

~predictions which should be verified in further diffraction experiments.
From experimental data‘[1] it'is known-that a metal atom is in the’

"_octahedral environment of Cgp molecules (see Fig.2a). The small value

of the alkali atom radius with;, ;respect to, the size of the octahedron »

- composed of large Cao molecules as well as strong anisotropic Debye-

Waller factors for metal atoms [l] allow an assumption that the true -

: pos1t10n of the alkah atom is d1fferent from the central pos1t10n shown,

~in, Flg 2a In ‘the’ general case accord1ng to [3], in the E m3m phase.'

the follow1ng pos1t10ns for the octahedral env1ronment are possxble
" the central pos1t10n 1b w1th the (lll) coord1nate and local symmetry

: ’Oh, the six—fold p051t10n 6e w1th the character1st1c coordmate (OOZ);
-~ and C4u symmetry, as well as the 8f pos1t10n (xxx) C3u, 121 (xxl) :
: ,“AC%, 24j, (xyO), C, and 24k (xxz), ‘
. In the-1b pos1t10n (F1g 2a) the metal atom can only osc1llate rel-’
, at1ve to its equ1l1br1um p051t1on Such dlsplacements w1th the wave‘f
- Viivector k 0 transform in accordance w1th the three d1mens1onal Flu '
‘ IR and, therefore can not be related to secondary OR of the E or.
‘_, Fgg symmetrles The same dlsplacements with the wave vector (OOI)V

transform in accordance w1th the 74 and. Tlo\lR and also can not be

k . descrlbed by the fl ;é 0. OP Wthh has the ‘Tg. symmetry As a conse-

" : quence a metal atom in, the octahedral center pos1t10n experlences no
, ;structural changes follow1ng PT“
e If a e
L 1ng OVV‘ :

follow1ng PT For the 6e pos1t10n the s1ngle secondary OP 02 75 0.of

the E, symmetry descr1bes part1al orderlng of the metal atoms e1ther :

on the horlzontal plane (dark c1rcles) or over two pos1t10ns s1tuated

\ above or below the plane (shaded c1rcles) For the 8f and 12i pos1t10ns :

"(F1g 2candd))onehas7717£0 flgéOandOg;éO 1]1760 61750

: respyectlvely The occupled pos1t10ns are shown by dark c1rcles The

o lower symmetry p081tlons 24j and 24k arise from the 121 and 8f po-.

s1t10ns respect1vely Ordermg of metal atoms over ‘these. pos1t10ns is

descrlbed by three secondary OP and are not cons1dered in the present‘

etal atom occup1es a noncentral pos1t10n. then part1al order- o ..
,the pos1t10ns 1nd1cated 1n Flgs 2b, ), and d) takes placei

F 1g2 i
; Possnble types of
e ;f*fposrtlons for metal

cles) in. the octa-

‘of . Cgo -molecules:

,(large circles):  a)-
*~.The - central . posi- -
. tion 1b b), c) and
. d)’/ are the“6e,‘ 8f .
.~ and 12i positions,
revspeCt’lvely.

One can ‘assume: that at a further decrease in ‘the- temperature

‘complete ordermg of metal atoms will take place and such PT will
. lead to a lower crystal symmetry -which will be fully determlned by
~ the type of posmons For instance, one of the three poss1ble variants
~ of complete order1ng of the metal atoms for the pos1t10n 8f w1th the_ i
. wave vector k=0 leads to C%,'SG.- S ' ‘ k

+ Note here that PT to'the glass llke phase is observed in the Ceo“ :
crystal-at decreasmg temperature.’ Hence, the above s1tuat10n of com-’
plete ordering of the metal atoms will probably take place in'the case.
when the PT temperature to the glass llke phase is below the ordermg

' ‘~'type PT temperature ~

4. Results

‘In conclus1on one can note that the free energy expansnon (11)

’ obtamed on the basis of symmetry ‘analysis describes the PT to thef'
* orthorhombic ‘phase in- ‘ACgo fullerides.” In’ this expansion - ‘the pri--
" mary OP ‘connected with the orientational degrees of freedom of Ceo
" molecules and the secondary OP connected with different degrees of

freedom of the metal atoms mteract wrth each’ otller and the lattice

stra1ns The obta1ned free energy representatron descr1bes tlle exper—';

“atoms (smaller c¢ir-

hedral environment - -



imental observations of spontaneous lattice- strams following PT and
also permits the predlctlons about probable changes m metal atom-
positions to be made. Note thatthe linear interaction’ between pri-
- mary OP C; and secondary OP ¢; takes place for the 8f, 121 24J and
24k positions.. This interaction always leads.to an increase in the PT
temperature [8]: . -

(12).

e T.(ACe) = (Cso)+53/40‘53’ o

where o >0 (see (2)) and all §; > 0 according to the requ1rement
of crystal stablllty with respect to small variations of secondary OP
‘(see (10)).” So, the’ presented theory explains the i increase in the PT
temperature in ACGO fullerides in comparrson with ‘the Cgo crystal

For ‘the experlmental detérmination of the metal atom’ posmons
in"ACgo We plan to perform dlffractlon measurements with X-rays or
neutrons of the type reported in paper [1] but usmg the symmetry
analysrs made n thls paper EETL A TP ER T SRR AR P AR B

. ReferenceSz’:S‘:' T

1. PW Stephens G Bortel G Falgel et al Nature 370 6361.

C(1994) i
2.0, Chauvet G Oszlany1 L Forro et al Phys Rev Lett 72;

3. 0.V Kovalev [rreduczble and’ znduced representatzons and co-
representatzons of Fedorov groups, Moscow,; 1986, 1 o

K.H. Michel, Z. Phys., B, 88, 71(1992).

K. Rapcewicz, J. Przystawa Phys Rev., B, /49, 13193 (1994)
D. Lamoen, K.H. Michel, Phys. Rev., B, 48, 807 (1993)

J Nye Physzcal propertzes of chstals Moscow 1967

-Yu.A. Izyumov, V.N: Syromlatnlkov Phase transztzons and sym-
; ‘;metry of chstals Moscow 1984 e e, 3

”9°f&<¥;» SIS

Rcccrvcd by Pubhshmg Dcpartmcnt

- ‘1 : an O‘rmhgj, N

Prowm——




