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ANTIFLUORITE STRUCTURE

S. KACZMAREK and J. KAPELEWSKI (WARSZAWA)

1. Introduction

Crygtds of fluorite dructure (antifluorite being a fluorite form with reverse sublattice-
vaency), play a mgor role both in practice of quantum eectronics and in a number of
fieds of physics aswell astechnology of solid bodies.

The variety of gpplications of this type crydds is linked with the fact that the class of
crystas under congderation includes, except for the molecdar bonds, al the other types
of bonds. In fact, besdes the media of the MeF, type (Me — bivdent metd), there
occur here numerous compounds of eectropodtive bivadent dements with tetravaent
negetive ones, eg. M@S, MgGe, intermetalic compounds, e.g. PtAl,, PtGe, and even
dloys, eg. FesAl. The wide gpplicability of waferss among other things in
electrophonics and physics of admixtured crystds is one of the reasons for the
immediate interet of the problem of dynamics of the near-surface layer and, in
particular, the surface vibrationr-modes of this type crystds. In the case of the above
mentioned problems the therma phonon-spectrum is one of the chief factors tha
determine the datisical and thermodynamic parameters of crystds, as wdl as, through
the characterigic and the form of the spectrum line, the spectroscopic properties of
cyddline impurities. In view of the gpplications it is essentid to explore the region of
the shorter waves as well.

The am of the present study is to andyze this problem for the case of the surface
(120), on the base of a model of centrd and locdlized interactions [6]. The application
of the above mode to the condruction of the dynamic matrix, on the one hand, dl
properties of the phonon spectrum, resuting from the spaid symmetry of the medium,
to be formulated, ensuring thereby the generdity of theconsderations concerning the
dructure, as results from the very assumption, and not a concrete crystal. On the other
hand, this agpplication is judtified by the nature of the actua action of the vast mgority
of the representatives of the class of media under consideration, minimizing, a the same
time, the number of the tabulation parameters. For the cases, wherein the essentid role
in the bonds is played by ther ionic component (MeF,-series), the model used here,
generaly spesking, does not apply. The surface vibrationrmodes of the MeF,-series
cydds, ae dudied in the paper [4], in the description of a continuous digectric
medium. It should be emphasized,
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however, that even for this type media, the results obtained in the present paper,
ae adeguate to the region of higher vaues of k~ (among other things, to the
gpectra range of therma phonons) and this region, as is known, can adways be
moddled by the effective locd potentid.

2. Equations of M otion and Boundary Conditions

The crystd lattice of the Sructure AB, under consderaion, has the symmetry
of the spatid group O°n. The aoms A (structurd equivdents of Ca in fiuorite)
form a plane-centered cubic lattice, whereas the atoms B (corresponding there to
the lattice points F) — a plan cubic latice with congtant lattice twice less, in
such a way, that the ambiance B of each lattice point A forms a cube, a the
centre whereof is A, while each lattice point B is surrounded tetrahedraly by four
atoms A (Fig. 1). Such a configuration causes the aloms B of the unit cdl of te
cystd to form two trandaorily unequivalent sub-lattices (B', B?) the ambiances
whereof penetrate into each other through the operation of inverson.
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FIG. 1. Structure AB;, lattice points 1-6 cone. A;  FIG. 2. AB; structure cross-section in zy plane.
1'-8' lattice pointsB (whereinl’, 3',5’, 7’- sublattice
B%: 2", 4, 6", 8—sublattice B?).

The dructure of the (110) section of the unit cdl is depicted in Fig. 2, while
that of the cross-sections in the planes norma to (110)—in Fg. 3. In the system
of coordinates chosen here, the axis z is norma to the surface, while x and y

coincide with the versors of trandation in the (110) plane. From Fig. 3 it follows
that both sublattice cease to be distinguishable in the case ky = O.
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Since the basc contribution to the dynamic matrix is made by the action of
the reverse-vdency sublatice (see eg. [2]), the eguations of motion in the
adopted modd of actions, will be defined on the strength of the first coordination
zone. In the notation of Fig. 1 they have the form:

-
Q F(f-Fh2-F)
L
FIG. 3. AB; structure section inzx plane. FIG. 4. AB, structure section in xy-(110) plane.
Ezu'{ﬂ} T L 2 rEh f-3: 3 ENr
W = a[w? (37) + 6 (1) + > (3)+ 0 (7) + 1 (4) + 17 (2) +1(6")
+ 38— B (0] + Ble(1) —23(3) +23(2)—2*(4)
+B= w34+ WA (T)+ w3 (6) - w?(8)],
niy az;:jﬂl = p[e? (1 + 223+ 222+ 03 (4) — 421(0)]
+BI— 123+ (1) + 1P (2) - (4)),
- .F"'*."_;‘f_']?- = p[W(E)+ W)+ w(6) + w3 (8) — 4w (0]
4+ B[— 1 (5)+uX(T)+ 1P (6" —u? (87)],
Fiy EZ::,EH = a[u(0)+ u' (5)+ u' (4)+ ' (6) — 4u>(1)]
+ B (0) = e (6)] + S — w' (5)+ w' (4],
T
’ 312;5'—’ = y[@" (0)+ ' (6)— 207 (1)] + B! (O)—u' (6],

21 m ﬂi}::ii—} = w[wi(5)+w! (4) — 2w {1)]+ B[ —u' (5)+ u' (4)],

i Eigﬁﬂ = afut (044 (1) +u* (D) +u* (3)— 4> (2] +

+A @) —2' 3N+ AW (1) - w' ()],
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mﬂ;_:‘f'} = e (0)+ 0" (3)— 20%(2)]+ B[ (0)—u (3)],
" f’_‘::‘i_?l = [t (1) +w' (2) = 2w (2] + BLu' (1) — ' (2)],
« = VI, O
B = V"1, 0)] '—‘-“—';-f?-ii.,%}" .
y = ¥l m]%,

L, 0) = F(1)=r0); my, ms— mass of the atoms 4 and B, o', ¢/, w' — components
x, ¥, z of sublattice displacements
Ali=1), B'(i=2), Bi=23).

The boundary conditions result from the comparison of the motion equations
of the interior and the surface, and in the case under consideration reduce to the
relaionship.

o [1? (7Y + 12 (8") — 20" (0)] + B[w2 (T —w?(8)] = 0,
W)+ w(8) = 2w (O)] + Bl (T') —u*(8)] = 0,
it (5)+u (1) = w? (1) =P (2] + = w! (S)+w (1) + w3 (1) —w*(29] = 0,
yIW () +w! (D) —w? (1) —w* (2] + B[ () + ' (D) +u2 (1) —u?(2)] = 0.

The centrd symmetry of actions ensures automdic fulfilment, in (2.1) and

(2.2), of the conditions of trandatory and rotationa invariance of the crystd as a

whole

(2.2)

D o,0,1) =0,
I

2 Pul DepaX (i=1) = 0.

.|'_.. y

(2.3)

Should solely the wave be consdered that propagates in the direction y(kx =
0), then by reason of the actuad non-didinguishability of the two sublattices B,
the reaionships (2.1) and (22) undergo a samplification through diminaing the
equations for (U3, V¥, W?) (they coincide then with the equations for (U?, V2, WP)),
a wdl as equding, in the remaning equations, the appropriate component
deformations.

3. Solution to the Dynamic Problem of Surface

Subgituting in the eguations of motion (22) the deformation form
characterigtic of the surface modes:

u u"
3.1) I:i”l (m,n,p) = ’ﬂr J (0, 0, 0) exp [ik, m==ikzn=—gp],
W 1w
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one obtains, on effecting a series of transformations, the characteristic equation
g(w) intheform:

G H
(3.2) K L=
LM

I o

where
F=D- % llch?q /2 /4 +cosk, 2 /4+2ch /2 g/4 - cos ky )2 |4 - cos ky[2]
+2(2—cosk, 2 [4—ch2qy2 [4)},
K=D-g(4cos?ky) 24+ 2sinka 2 4),
M = D—gl4chiq)’ 2 /4 + 2(1—=ch?q }-"E,M)] :
(3.3) G=gy2 sink,Y2/4-chqy2 /4 sink, /2,
H =gy 2ishqy2 /4 cosk, /24 sink, /2,
L = 2gi-shqy2/4-sink, ) 2/4- cosk,/[2,

o
Ba

= [afi- ]

ki, ks — components x, y of the wave vector k, ¢ — fading decrement, i = p-i

The rdationship (3.2) in an dgebraic fourth-degree equation for chq, which
yields, in generd, 4 values of q that stidfy the condition of fading Re q > 0 and
produce a generd olution to the boundary problem in the form of the
superposition:

(3.4) I ‘[m n,p) = [d:
!=I

On putting (34) into the boundary conditions (22) and expressng dl the
component amplitudes through w'(g)) = w; (j = 1-4), one arives a the set of
equations:

D=1~

(0,0, Oyexp [ik, +iksn—g;p).

1

i L Jcosk, [4— 1527 isink,/4+exp[—q,1/2/4][(2)/ 2 chg; 2 /4

o &

[\

1-.

(3.5) B _ oo -
+ ) 2shg 2 /4)isink, 4+ )/ 28] sinky )2 [4sink, /4~ it} {cosk, )2 /4

+chgy % /2 [4+2shg; ) 2 /4) cos !c,,-'4]g= w) =0,

; cosk,4—

4

B | | B
}_ : [i_f}} Sillkl:ul +f:"lp[—l:-'_' p’fZ I,l'{l,] [Iz T-EJI' (Sh f;",r]z I|r4
F=1 I"I
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(3.5) + ‘],! (chg; )2 /4 —cosk, 1:’1_',“4JJ isink,/4—(2chq )2 /d4shg )24

[cont.]

+ o) isink; l.-“z_,-’ai}coski,.’-"l] g} wh =0,

~ W exp[—g; /2 4] - [i}(2sh g; /2 [4—chg; /2[4

—ad
J———
|

i

—cosk;1/2 Jdcosk,[2)+ /2 &) sink; )2 [4sin :c,;z]g} wh=0,

4

£ 3 A o ; =
‘l {— 5 ijexp[—g;) 2 f4]— [sh g;V2 /4=2ch g2 4
=1

+r'{—_1§—ﬁ;' cos ks 2 fdsink, 2+ @} sin k;fi,f@cosk.,-'z)lglh'} = (J,
"
i} = (G, L,— H,K)/(FKi—G}), @} = (G;H;—FL)/(F,K;~G3).

The determinant of the set (3.5) yields the dispersion dependence wanted.

4. Results of Numerical Calculations
The numericd results obtained by usng the Odra 1305 computer are shown
below (with the denotations:

2
F By
m? = ——F’m—, R = myfm;).

From the plots obtained the following genera conclusions can be drawn:
1. For the range R explored (including the two variations i.e. fluorite and

antifluorite) the surface modes occur on both the acoustic and the optic branch
nearly throughout Brillouin's zone (see below), except thet in the case ky = O (for
which the two sublattices B are non-diginguishable) there occur two optica
branches (Figs 59) while in the remaning cases— one (Figs. 7, 14). The
parabolic character obtained here w#(k) in the region of smal k for the acoustic
branch, corresponds to the linear dependence for w(K).

k=

Pa oy

// FIG. 5. Dispersion curves W (0; ko), R=211
(CaF).
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2. In the firg hdf of Brillouin's zone the disperson rdationship for the
acoudtic branch shows one maximum and one minimum, the postions whereof
do not depend upon the ratio of masses R (it is only the frequency vaue a the
maximum point that depends upon this ratio). At the minimum points and ther
nearest surroundings Re g = 0, consequently these are the only regions wherein
the surface mode does not exist (Fig. 21). The conclusions discussed concern
Figs. 6, 10, 11 -17.

3. The vaue of the above-mentioned maximum as well as the phase veocity
(for the

et ]

20r k128

09 £F 12 18 20 2 28 3242

FIG. 6. Family of dispersion curves W (ky; k) for various values of k; (acoustic branch), R=
211

e
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i
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FIG. 7. Family of dispersion curves w (k1; ko) for various values of k; (optical branch), R=2.11.
Curves 1-8fork; =0;04; 0.8; 1.2; 1.6; 2.0; 2.4.
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FIG. 8. Dispersion curve W (0; kz) (acoustic branch). FIG. 9. Dispersion curve wW# (0; k) (acoustic branch)
Numbers 1-5 correspond, respectively, to: Notat. see Fig. 8.
R=10; 7.23; 4.61; 2.11; 0.4.

given R) grow with the increase of ky (for the given ky), With the increase ky the
maximum shifts towards the greater ky (Fig. 6).

4. With the increase of mp(m; = M(B)) (at steady-state my) the frequency and
the phase velocity of vibration both acoustic and optica, decreases (Figs. 7 -
13).

5 In the firg hdf of the Brillouin's zone the frequency and the phase
velocity of the optica vibration decrease with the increase of kx (for the given
ky) (Figs. 7, 14).

6. The fading decrements show a dight dependence upon R This concluson
concerns both branches (Figs. 19, 20).

by
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FIG. 10. Dispersion curve W (0.4; k,) (acoustic branch) Notat. see Fig. 8.
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7. Within the boundary k -> O, for the optical branch, the fading decrements
(dimensonless i.e. g = b a) atain the vaue of the order 1 (i.e b ~ ab).
Consequently the optica vibrations fade with the distance from the surface.

8. The disperson reationships obtained, presented here for selected vaues of
R, permit the dependence wWA(k) to be plotted for an abitray R with no
additiond caculations being performed (Figs. 15 -18).
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FIG. 11. Dispersion curve W? (0.8; k,) (acoustic branch), Notat. see Fig. 8.
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FIG. 12. Dispersion curve W(1.2; k) (acoustic branch).
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FIG. 13. Dispersion curve W (1.6; k») FIG. 14. Dispersion curves optica
(acoustic branch). vibration W# (0.4; k)-(I-5) aswell as (1.6;
kz) —(1'-5'). Notat. seeFig. 8.
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FIG. 15. Position of local extreme points FIG. 16. Dependence of |ocal-maximum
in the first half of Brillouin's zone in the k value of o W upon R for variouskj.

plane.
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FIG. 17. Local-maximum value of W7 in function of k; for variousR. Notat. see Fi g.8.
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FIG. 18. Change inw (ky; ko) depending upon R FIG 19. Dependence of maximum

(acoustic branch). The curves1-7 correspond,
respectively, to: k; = 1.6; k, =0.4; k; =0.8;k;
=1.6; kl =04, k2 =1.2, k]_ =12 k2 =12 kl =
12 k2 =04, kl =0.8; k2 =04, kl =0.8; k2 =
0.8.
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decaying -decrement upon wave vector
(acoustic  branch), curves 14
correspond, respectively, to k; = 0.4;
0.8; 1.2; 1.6 and do not depend upon
R,

8
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FIG. 20. Dependence of maximum decaying-decre- FIG. 21. Dependence of minimum decay ing-

ment upon wave vector (optical branch). Notat.
see Fig. 19.

decrement upon ki/k;, ratio for the acoustic
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5. Concluding Notes

The results presented testify to the existence of the surface vibration modes
of the fluorite-structure lattice on both the acoustic and the optical branch,
independently of the mass ratio of the two components. The results permit aso,
in the region of the actud locdity of the dynamic matrix, both the disperson
relaionships and the dependence of decaying decrements upon the wave
vector, to be determined, for, practicdly, any representative to the structure
under consderation.

The above remark concerns in particular the spectra d the therma phonons
in MeF, and in this connection is of primary practicd importance dso in the
andyss of a number of physcd processes in the boundary layer and its
interactions with the eectrons of admixtures which enables, among other
things, its thermodynamic parameters, the width and form of the spectra line of
near-surface paramagnetic impurities, acoustic resonance and the like [6], to be
caculated.

A drictly near-surface nature of vibration on the opticad branch, as
demondrated in this paper, characterizes the dynamics of this fragment of
latice and conditutes from the above angle a subdantid dement that
influences anumber of materias properties of the boundary layer.
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Streszczenie

DYNAMIKA | POTENCJAL ADIABATYCZNY DEFEKTOW DOMIESZKOWY CH W WARSTWIE
PRZYPOWIERZCHNIOWEJ STRUKTUR TYPU AB:
CZ. |. POWIERZCHNIOWE MODY DRGARN KRY SZTA£OW 0 STRUKTURZE FLUORYTU |
ANTYFLUORYTU

W pracy rozwi! zano problem powierzchniowych modéw drgafi kryszta®dw o strukturze fluorytu i antyfluorytu i
powierzchni (110), na podstawie modelu oddziadywafi centralnych i zlokalizowanych.

Podano relacje dyspersyjne oraz okredmono charakter zmiennoael dekrement6w zanikania obu gadézi dlaré¢nych
wartocei stosunku mas sk3adnikéw komorki elementarnej.

Uzyskane wyniki st szczeg6lnie efektywne w opisie procesdéw z udzia®em fononéw termicznych warstwy
brzegows.
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