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Origin of the low-energy mode in superionic conductors
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(Received 12 May 1998

The energy of phonon modes in tBghase of Agl is estimated from the phonon modes ofjtipbase since
the Brillouin zone(B zone of the former phase can be obtained by folding that of the latter. The idea of folding
the Brillouin zone is extended to other binary and ternary superionic cond&i@%s). Then the low-energy
mode, which is observed for many SIC’s at the center ofBlmone, is assigned to an optical phonon at the
lowest frequencyLEO phonon, originating from a transverse-zone-edge acoustic phonon. The proportionality
of mode frequency with the inverse square root of mobile ion mass, the pressure and temperature dependencies
of the mode frequency, and the close relationship of the LEO phonon to the low transition temperature are
understood from the result of folding th& zone with respect to the specific crystal structure of the SIC’s.
[S0163-182699)06305-5

[. INTRODUCTION quency proportional to the inverse mobile ion mass, are in-

terpreted from the properties of the LEO phonon. In Sec.

The effect of thed electron on high ionic conduction of VII, the appearance of the LEO phonon is related to the low

superionic conductor§SIC's) is pointed out from the spe- T, value and the specific crystal structure of SIC's. Further,
cific dielectric propertie$;* and also from the Jahn-Teller nonsuperionic conduction in the cubic XgX=F, Cl, Bp) is

effect® the chemical bondinfj,and the electron-hole pair, understood by noticing the nonexistence of the LEO phonon

which are related tg-d hybridization near the top of the in AgX. From these interpretations, the LE mode is identi-

valence band 12 fied as the LEO-phonon mode.
However, we can not classify clearly SIC’s and non-SIC'’s

from only such dielectric properties described above. AgF is

an example since it exhibits a specific dielectric property due Il. EXPERIMENTS
to the substantial hybridization of Ag4d, F~ 2p, and F
2s levels® but not as a SIC. A pressed pellet ofy [zinc-blendéZB) structurg-Ag|,

Concerning these facts, Wakamura has described the rolgith an 11-mm radius and 3-mm thickness, was obtained
of the phonon amplitude in superior(8l) conductiont*and  from powdered crystals under a pressure of 5000 kg/am
suggests that the lowest frequency phoribBO phonon  room temperature for 2 h. A pressed pellet @{wurtzite
enhances the vibrational amplitude and assists the increase @f/z) structurd phase was obtained under 2000 kgfcat
defects. In order to study the mechanism for producing deropom temperature, and then kept at 142°C for 7 d8ys.
fects microscopically, the origin of the LEO phonon shouldx-ray diffraction spectra for each phase of the crystal gave
be deduced. only diffraction peaks characteristic of the structure of ghe

On the other hand, the existence of a band at low energygr y phase.
or low-energy(LE) mode is characteristic of SIC's and has  To omit reflected light from the back surface, the sample
been observed using opti¢&l*and neutroff spectra. How-  was cut into a wedge shape and the front surface ground until
ever, this band has not begn assigned uniquely, though sughwas optically flat. The temperature of the copper sample
causes as a phonon made’*an attempt mode of diffusive holder was measured by a constantan(&67% Ay ther-
ions?* an ion plasma mod®,and a local modk have been  mocouple and calibrated using the transition temperature of
considered. Ag5SI.* Reflectivity measurements were made from 700 to

In this paper, we elucidate the origin of the LEO-phonon5 cni ! with a resolution of 1 cm' at various temperatures
mode and its relation to the LE mode by considering thqjsing a Fourier-transform spectrometébDegilab Inc.

relationship between the crystal structure and the phonoRpoEg/D). The reference signal of reflected light was obtained
dispersion. In Sec. Il, the experiments are explained. In Segsing an optically flat Au mirror.

lll, the phonon spectra for th@ and v phases of Agl are
shown as a function of temperature. Based on these results,

we propose the folding of the BrillouifB) zone in Sec. IV to IIl. EXPERIMENTAL RESULTS
explain the phonon-dispersion curve using a similar consid-
eration when interpreting the crystal poly-type structura Measured reflectivity spectra for the and 8 phases in

Sec. V, the folding of theB zone is used to explain the Agl are shown in Fig. 1 as a function of temperature. Near
optical phonon bands distributed at two separated energy reeom temperature, the phonon spectra in both the phases
gions. In Sec. VI, the relationship is extended to Cu halidesexhibit almost the same structure. Of the observed bands, the
ternary SIC's, group II-VI chalcogenides, and Ag and Cuaandb bands have already been assigned as the fundamental
chalcopyrite compounds. Characteristic phenomena of thand two-phonon bands, respectivéfy>2°3031The a band

LE mode in these SIC’s, for example, negative pressure ansgplits at low temperature. The dielectric constafa) is cal-
small temperature dependencies of the frequency and the freulated as a function of frequency from the measured reflec-
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0.4 b a — pAgl297K TABLE II. Phonon frequencies of Agl and.CdS estimated by
~~~~~ -—~y-AgI,294i( folding the_B zone. The symbpls,_ ZFzone folding, W_Z (calc),
WZ (obs) in the first column indicate the values estimated from
folding theB zone of ZB structure, and calculatédefs. 20 and 58
and observedRefs. 30 and 58values, respectively. The symmetry
of the mode given in the brackets is slightly different for the theo-
|>_- . retical and experimental analyses.
E ) ZF WZ (calc) WZ (obs)
Q (cm™) (cm™ (cm™)
E ’ Cds 411 42.8 42
o 177.4 167.3 170
) 220.2 206.6 200-210
243.5 235.9 243
256.7 252.8 256
310.3 293.8 305
Agl 17.6 17.8€,) 17(E,)
______ 65.9 68.1
0.0 1 : 108.3 108.1E,) 106(A,,E,)
50 100 150 200 112.0 111.14,) 112(E,)
WAVENUMBER (cm”) 113.7 113.5€,)
120.9 123.04,) 124(A; ,E,)

FIG. 1. Reflectivity spectra in the and 8 phases of pressed
pellets of Agl at various temperatures.

tivity spectra with the Kramers-Kronig relation. The frequen-
cies of transverse-optic&lO) and longitudinal-optica{LO)

V. ZONE FOLDING AND LOW-ENERGY
OPTICAL PHONON

We propose the folding oB zone for theg (WZ-type)

phonon modes are determined from the frequency positionandy (ZB-type) phases of Agl. The unit cell of WZ type has

of the peaks of Im¥) and Im(1£), respectively’? The values
are listed in Table I. The optical dielectric constant is
determined from the(w) value at 700 cm'.

approximately twice the volume of the unit cell of ZB type.
The ZB type takes the unit cell with rhombohedral form
having the edge length of 4.57 A, though the lattice constant

for the cubic form is 6.47 &2 Since the lattice constant for
the a axis of WZ type is 4.58 A that is nearly equal to 4.57

IV. BRILLOUIN ZONE AND CRYSTAL
STRUCTURE IN Agl

A, the volume of WZ type is characterized by the lattice
constant for thec axis, ¢,,=7.5A, which is roughly twice
the value of 4.57 A. Then the wave vectors at the edge of the

Based on the observed results, we deduce the origin of thg zone for the ZB and WZ types can be represented approxi-

LEO phonon with respect to the phonon dispersion relation
of WZ type. TheA andE modes in WZ-type Agl exhibit the
same frequency within experimental error, as listed in Table
1119203034 n Fig. 2, the TO-LO splitting and the frequency
shift with temperature for thg and y phases are shown to be
almost equal. These results suggest that the dielectric prop-
erty and atomic arrangements at the local regions are almost
the same in thg andy phases. Further, the x-ray diffraction
pattern of theB phase, characteristic of WZ-type structure,
implies a primitive unit cell of WZ type that contains two
cells with the symmetry similar to that of ZB type. From this
fact, we can combine th& zone in the ZB structure with that

of the WZ structure, as described in the next section.

TABLE I. Determined phonon frequenci¢gsm 1) ande., val-
ues inB and y phases of Agl.

€oo wTO @0
Phase 32K 296K 32K 296K 32K 296 K
B 4.6 4.9 104.3 105.6 124.0 120.9
Yy 4.6 4.7 104.0 105.8 123.0 119.8
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FIG. 2. Temperature dependence of phonon frequencies in Agl.
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r A A listed under the headings Wialc) and ZF in Table I,
" i T " " respectively. The values are in agreement with the observed
41 A, B-Agl frequency in the column of WZobs) within 10% and also

. 7 with the frequency of the LE mode, g in Table Ill. We
3 E4 . obtained similar results for Gu(X=Cl, Br, I).

Because of these excellent results, we can conclude that
the LEO phonon originated from the zone-edge acoustic
phonon(ZEA phonon. When theB zone can be folded, a
LEO phonon is present. Therefore we propose a rule that the
crystal lattice constructed from plural units under similar
atomic arrangements must be connected to the existence of
" . . . the LEO phonon. Such units in SIC’'s may be caused by the
0.0 0.1 0.2 0.3 0.4 0.5 enhanced effective charge due to gl hybridization, as
Reduced Wave Vector discussed akea@_

02 0405 —TWZ'-typ? by ZF According to this rule, the LEO phonon cannot exist in
: cubic CuF and AYX (X=F, ClI, Br), since these compounds
do not have a unit cell composed of plural units with similar
atomic arrangements. To confirm this rule, we apply it to
binary and ternary SIC's, as discussed in the next section.

o

PHONON ENERGY (THz)

o
~
=]

4| -

VI. APPLICATION OF THE B-ZONE FOLDING TO SIC’'S

By applying the procedure of folding the dispersion
curve, we can show excellent results for many SIC's. In this
section, a general relationship between the LEO phonon and
the specific crystal structure will be offered for typical group
II-VI and chalcopyrite compounds.

PHONON ENERGY (THz)

Reduced Wave Vector k (ZB-type) A. Application to Cu and Ag halides
. , In the B8 and y phases of C¥ (X=ClI, Br, 1),*® the crystal
FIG. 3. Phonon dispersion curves of ZB and WZ types of Agl. giry,cture is equivalent to that of Agl. Since the unit cell in
(a) Calculated from the lattice dynamics of WZ tygRef. 34. (b) the 8 phase is composed of two units with similar atomic
The. B zone of ZB-type StrUCt”reREf.‘ 20 and the curve from arrangement® the rule for folding of theB zone is satisfied
fpldlng the B zone are shown by solid and dashed lines, respecy 4 we can predict an edge like the LEO phonon in the same
tively. manner as described in Sec. V. Such a property is clearly
observed in CuBfRefs. 36 and 37and Cul*"-*® Estimated

frequencies, listed in Table Ill, are in agreement with the
that the zone edge in the ZB type is equivalent to the sondalues calculated from the lattice dynamics of the WZ type.

center in the WZ type. Hence the phonon dispersion of the In CuCl, we can also anticipate thg ex.ist.ence of the LEQ
WZ type for thec axis will be obtained approximately by phonon because the crystal structure is similar to that & Cu

folding the dispersion curve at the midpoint between the(X:Br’ . _Although the existence of the mode IS unclear
zone edge and the center of tBezone in ZB-typey-Agl.?° from experiments? it has been syggested theoretically by
This equality is understood conceptually by employing linea/ANIya, Tomoyose, and KobayasH.
chains composed of one and two constituent atoms under one
and two times the periodicity of the crystal lattice, respec-
tively. We can apply the folding of th®& zone to the lowest
We estimate the phonon-dispersion curve fromlthe A temperature crystal phase in a ternary SIC because the phase
points of theB zone in theB phase of Agl from that ofy  is composed of plural units having slightly different atomic
phase by folding theB zone at the midpoint between the sites and satisfies the rule proposed in Sec. V. Then, the LEO
zone center and the zone edge. Those values are shown byhonon appears in this phase, as listed in Table IV. Several
dashed line in Fig. ®). The zone-center phonons originating examples are offered below.
from the optical(E,A mode$ and longitudinal-acousti@d_A) In the crystal structure of A®X (X=Br, 1), the
and transverse-acoustiA) phonons at the zone edge ap- antiperovskite-type structure appears in thand y phases,
pear separately at high- and low-energy positions, respeas listed in Table IV, in which Ag ion occupies one of four
tively. The energy of these modes is in good agreement witllisorderly off-center positions on the surface of the
the phonon energy calculated from the lattice dynarfié8,  perovskite-type unit® The existence of such units may in-
shown by a solid line in Fig. @), and also with that of the duce dipole moments and ferroelectric transitihs. the
LE mode. This excellent result supports the assumption ddeng-range periodicity is realized by these units, Bigone
scribed above. can be folded as befor€Sec. \j. Performing this, several
The frequency of the LEO phonan, g, estimated from  zone-center phonons originating from the ZEA and optical
the dispersion of phonon modes in Figga)3and 3b), is  phonons appear at two separated frequency regions.

mately by thec,, values,k,= =/(cy/2) andk,=m/c,, re-
spectively. The equalitk,= 2k, is realized and it reveals

B. Application to ternary compounds



PRB 59 ORIGIN OF THE LOW-ENERGY MODE IN SUPERIOND . . . 3563

TABLE lIl. The frequency(cm™?) of the LEO phonon ak=0 estimated from folding thB zone and that calculated from the dispersion
curve of WZ structure, the observed frequency of phonon mode, and observed and calculated frequencies of the LE mode, which are listed
in the columns ZF, WZcalc), WZ (obs), w g (obs), andw ¢ (calc), respectively. The values in the parentheses are indicated in units of
meV. The references for the observed values are listed under the heading Ref.

Compound ZF WZcalc) WZ (obs) w g (obs) w g (calc) Ref.
Cation SIC's
B-Agl 17(2.2) 18(2.3 17(2.2) 17(2.2) (2.6 (3.52 19, 20
(8.6, 9.3-1
CuCl 384.7) 34(4.2 36, 37
CuBr 384.7) 28(3.5 36, 81
Cul 34(4.2 32-35(3.9-4.3 27(3.4) 36, 38
a-Ag,S 16(2.0) (3.8, 4.1) 73
B-Cu,Se 27(3.9 40(5.02 16
Ag-Al,Oq 45(5.6) 22(2.7) (1.32 50-53
Na-Al,O4 45(5.6) 40-485-6) 22(2.72 50-53
Anion SIC’s (cubic fluorite type
Cak 146(18.1) 257 74, 82
Bak, 67(8.3 184 74, 82
Srk, 93(11.5 217 74, 82
PbF, 58(7.2 10Z 83
SrCh 64(7.9 7 84, 85
uo, 93(11.95 28CF 86
Nonionic conductor
ZnO 10%12.5 100(12.4) 101(E,) 87
ZnS 698.4) 50(6.2 87
ZnSe 486.0) 41(5.1) 87
ZnTe 384.7 334.1) 87
CdSe 4%5.6) 34(4.2 87
CdTe 354.3 31(3.9 87

&The ionic plasma moddRefs. 25 and 68
®Hubbard-Beeby modeRefs. 76 and 79
°TO phonon ak=0.

Shibata and Hoshino observed a LE mode by neutrondirections are nearly equal->?From these facts, we predict
scattering measuremerffsand Wakamura and co-workers near isotropy of the local region and slight deviation of the
observed several peaks in far-infrared spectra imtippase  atomic sites from the cubic symmetry. Since this structure
of AgsSX (X=Br, 1).****The number of observed peaks is satisfies the rule described in Sec. V, the frequency of the
greater than that predicted from the crystal symmetry of pert EO phonon is estimated from folding the dispersion curve
ovskite structure. This fact supports the existence of the plugf the acoustic phonon at the zone edd& The obtained
ral units mentioned above. value is in good agreement with the observed value, as listed

MAg,ls (M=Rb, K) exhibits three crystal phases listed i, Taple III.
in Table 1V. They phase contains four formula units with  geveral more bands appear below 50 &nthough the

slightly different atomic arrangemerft3*® This structure . ber of bands depends on the crystal groWR° These
gives several units with slightly different positions of the Ag bands can be understood from the folding of Bxeone two

ion, and so the crystal lattice will have a long-range pemd'times?“ Two bands at low energy are obtained near 6 and 3

icity. By again folding theB zone depending on the length of meV. The energy of the latter band is near the observed

periodicity, we can predict many zone-center phonons origi- S
nating not only from the zone-edge phonons but also frorT{requency of the LE mode, 2.8 meV. Other bands in different

_54 . .
the phonons at the intermediate points between the cent&FyStal axe¥’*!can also be a§5|gned by folding tBaong.
and the edge of the zone. These bands occupy two sepa- N @ defect-type chalcopyritdl;NX,, two phases exist,

rated energy regions as suggested in Sec. V, and agree wi@$ Shown in Table IV. The crystal structure of Aephase
previous resultg®47-4° has four units with ZB structure under slightly deformed

InM (M=Ag, Na B-alumina, we anticipate a long-range atomic arrangementS™" Since this structure allows the
periodicity since the unit cell is composed of four blocks Possibility for long-range periodicity, we can predict many
with spinel structure along theaxis, involving twoM ions. ~ phonon bands by folding thB zone. The LEO phonon and
The lattice constant for theaxis is approximately four times the many bands are clearly observed at two separated fre-
the length of that for thea axis, bute, values for both quency regions>~>’
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TABLE IV. Crystal structure and transition and melting temperatures in binary and ternary ionic conductors and related compounds. The
frequency of the LEO phonon is listed in parentheses. The synahg#s and y indicate the phase of crystals. The data are employed from
the references in the Ref. column of Table Ill together with the Refs. 1, 12, 71, 72, 75, and 88-90. RC: rocksalt type. WZ: wurtzite
type. ZB: zinc-blende type. CF: cubic fluorite. Sb: sublimation.

Compound TO phonon T (K) Teo (K) Tm (K)
(em™h High ionic conductor
AgF (170 RC 708
AgCl (106) RC 722
AgBr (79 RC 692
CuF () RC
Cu,0 (100 Cubic 1230
Mobile ion-type SIC sIcP
Cucl (172 y (ZB) 680 B8 (WZ) 695-708
CuBr (141) ¥ (ZB) 664 B (WZ) 743 @ 761
cul (129 y (ZB) 642 B (W2) 680 @ 874
Agl 17 y (ZB) 410 B (WZ) 419 a (bco 803
Ag,S (36) mono 450 B (bco 866 a (fco) 1098
Ag,Se O mono 406 B 430 a (fce) 1153-1170
Ag,Te () mono 415 a (fco) 1228
Cw,S () y 376 B (hexa 717 a (cubio 1373
Cu,Se 0 y 203 B 383 @ 1386
CuTe 0 y 624 B 660 @
Ternary compound SIC skc
AgsSI (75) y 157 B 519 @
Ag;SBr (85 y 118 B dissociation
CsPbC} (28 y 310 315 32(cubic 604-610
KAQls 17 y 139 B 194 a (cubid 526
KCuy,ls 0 y B 530 Py
RbAQ,ls 17 y (D?) 122 B 209 a 501
NH,AQ.ls (18 y 135 B 199 @ 505
Defect-type SIC sicP
Cah (257) B (CF) 1430 @ 1673
CaCl,? O Orthorhombic 1055
Srk, (217 B (CPH 1400 o 1733
SrCh, (147 B (CP) 990 Py 1146
SrBr, ) B 918 Py 1043Sb)
BaF, (184 B (CP 1235 o 1553
BaCl,? 0) (CPH 1193 1231
PbF, (106) B (CP 705 @ 1128-1158
PbCl, 0 B 703 @ 772
uo, (280 B (CPH 2573 o 3138
THO, (279 B (CP @ 3523
Na,S (208 B (CPH 1273 o 1450
Ag,Hgl, (36) B 323 Py
Cu,Hgl, (16) B 344 Py 1073
Ag,Cdl, O B 353 @ 418
Cu,Cdl, 0 B 586 @

aNonsuperionic conductor.
bS|-conduction phase.

compounds®~%2 This result shows a general correlation be-
tween the LEO phonon and the long-range periodicity of
crystal structure.

The folding of theB zone is applied to non-SIC’s, such as  In group 1l-VI compounds, the WZ-type crystal has ap-
group 11-VI chalcogenide$’*® and Cu and Ag chalcopyrite proximately twice the periodicity of the atomic arrangement

C. Application of the B-zone folding
in nonsuperionic conductors
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FIG. 5. The frequency of LEO phonons estimated from folding
FIG. 4. Phonon-dispersion curves of Cd8) The dispersion the B zone as a function of the inverse square root of atomic mass
curve of ZB-type structuréRef. 58 and the curves estimated from M as 1/(M)Y2 in which M is the mobile ion mass for a SIC and
folding theB zone are shown by solid and dotted lines, respectively heavier ion mass for group |-Vl compounds. Linasand B are
(b) The dispersion calculated from the lattice dynamics of WZ-typedrawn through the SIC’s and group II-VI non-SIC’s, respectively.
CdS(hexa (Ref. 58.
The extremely small temperature dependence of the fre-

in the ZB type. Therefore, the phonon dispersion in the WZzquency of the LE mode obsenfds also understood from
type is obtained by folding th& zone of the ZB type. An the property of the LEO phonon, since a negative value of
example is shown in Fig. 4. The dispersion curve of CdS igshe Grineisen-mode parameter gives a positive shift that
drawn by a dashed line and agrees closely with that calcucancels the negative shift due to the anharmonic phonon-
lated from the lattice dynamics for the WZ tyfigig. 4b)].°®  phonon interaction.
The estimated frequency is listed in Table Il. Thg- val- The proportionality of M ,,0) ~ Y2 to the w g value, where
ues for other group 1I-VI compounds with WZ structure are M, is @ mobile ion mass, has been previously repotted.
listed in Table lll. In particular, thew g values in ZnO  This proportionality is one of characteristics of the LEO pho-
(Refs. 63—65and CdS(Ref. 58 are in good agreement with non, as shown from the frequency of the transverse ZEA
the observed values, and also with the values calculated frofhonon for a linear chain with two kinds of atorffsit leads
the lattice dynamics of the WZ typ&53-6° to the proportionality 1) Y2 where M is the heavier

In normal chalcopyrite compounds, the nature of phonoraitomic mass. The transverse ZEA phonon of CuCl,SCu
modes at thd point is predicted from the dispersion Bt and AgX (X=S, S@ must exhibit the proportionality
andX points in theB zone of ZB type®~%2A LEO phononis (M)~ Y2 since the heavier ion is equal to the mobile ion.
observed in AgCrSe (Refs. 59 and 60 and other On the other hand, in G8e, AgTe, CuBr, Cul, Agl, etc.
compound§*-%2 the heavier atom is not a mobile ion but the magnitude of
M mo IS Within 10% of the heavier atomic mass. Therefore,
the value ofw go must be approximately proportional to
(M0 Y2 Indeed, predicted values for WZ-type Xu

Based on the folding of th@® zone, the characteristic (x=pr, |) are slightly larger than the observeglgo and are
behaviors of the LE mode are described in relation to thgngependent of the anion ma¥s3?

properties of the LEO phonon in a SIC, proving the equiva-  Estimated values as a function of mobile-ion atomic mass
Ience of the LE mode and the LEO-phonon _mode. Next, Weyre shown in Fig. 5, wher® of group 11-VI compounds is
discuss the appearance of the LEO phonon induced from th@e heavier atomic mass. Two linear relations are shown by
specific crystal structure in a SIC. A relationship between thgine A for SIC’s and by lineB for non-SIC’s. Since the slope
LEO phonon and the presence of low transition temperaturgs jine A is lower than that of lind, a weak interionic force

is also suggested. for SIC’s is suggested. The cause of this weakness may be
related to the ionic character of SIC’s since those take higher
ionicity than that of group 11-VI compounds.

Specific properties of the LE mode are negative pressure
dependen®®’ and an extremely small temperature depen-
dence. The same properties are also anticipated for the
LEO phonon®®® as observed on th&, mode of Agl®® Since the LEO phonon is induced from the specific crystal
Ag,Hgl,, %’ CdS, ZnO, and ZnS with WZ structuf&’°Since  structure that has the plural units under similar atomic ar-
the property of the LEO phonon is characterized by a transrangement appearing just beldw; , we can indicate a close
verse ZEA phonon, the frequency is dominated by the sheaelationship between the LEO phonon and the Sl-conduction
force constant, as suggested byhBen and Bresch®* and it phase.
has negative pressure dependence, shown by the negativeln some of the mobile ion-type binary SIC’s, the transi-
value of the Graneisen-mode parametét. tion to the Sl-conduction phase arises at a higher transition

VII. DISCUSSION

A. Specific properties of the LEO phonon

B. Relationship between the LEO
phonon and crystal structure
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temperaturdl .,, as listed in Table IV, and the LEO phonon  The importance of the zone-center optical phonon for

exists at a temperature belolw,, as listed in Table Ill. For high ionic conduction can be clarified by noticing the vibra-

example, the crystal structure of Agl changesTat (=410 tion phase of the LEO phonon. The zone-center optical pho-

K) and the Sl-conduction phase appear3 at(=419 K).”*  non exhibits long wavelength, implying the same phase, and

The LEO phonon appears at a temperature betWeermnd  Vibrates the ions for the same direction through the nearest-

T.,. Another example is the mobile ion-type SIC &g  neighbor cells and provides an appropriate path for the mo-

Below T,, the unit cell involves plural units with similar tion of defects, assisting the carrying of ions to more distant

atomic arrangement$,and the LEO phonon appedrsOn  neighbors. On the other hand, ZEA phonons exhibit short

the other hand, the Sl-conduction phase appears abgve Wavelength, implying an inverse phase within short range,

From these behaviors, we can suggest the presence of th@d vibrates the ions for the opposite direction. It disturbs the

Sl-conduction phase based on the LEO phonon. smooth motion of ions to more distant neighbors. In addition,
This relation is also found in ternary compounds as seetve know that the shear mode that characterizes the LEO

in Table IV. INnMAg,ls (M=Rb, K) and AgSX (X=1, Br),  phonon may be significant for the jump of mobile iofs.

the LEO phonon and the Sl-conduction phase appear at tem-

peratures below and abovg,, respectively. In defect-type

chalcopyritesdM,NX, (M=Ag, Cu;N=Hg, Cd;X=S, Se, )

plural units in the unit cell have similar atomic arrangements ~ P- Equivalence of LEO phonon to low-energy mode

and the LEO phonon exists at a temperature belqy. The properties of the LEO phonon can be used to interpret
Then the SI-conduction phase appears at a temperature abay@ small value ofw g, the small dispersion, the indepen-
Ter. dence ofw g from some kinds of constituent atoms, the pro-

On the other hand, the SIC’s having a high transition ortionality of w g to (Mn) Y2 and the decrease of ¢
temperature do not contain the LEO phonon, as seen in Tabig;, increasing temperatui®® and pressurf’ 697 These

74 .
IV.”" For example, the normal phase of defect-type binaryesyits confirm the equivalence of the LEO phonon to the LE
SIC, MY, (M=Ca, Ba, Sr)Y=F or Cl), has plural units but ode

the atomic arrangements of those units are not the same. ., . L .

Therefore the rule for th8-zone folding, described in Sec. Taglze”?rzls 58%’9?033gttsfwﬂtotz‘énvzrl‘feL;) moii:isr#;f: n
. g . : ’ LEO

V, cannot be satisfied and so the LEO phonon is not induce tom the folding of theB zone. Thew, c(calc.) values for the

as seen experimentall§=’® In MY,, if many defects are o . ]
produced neaf, the LEO phonon may arise since plural proposed models exhibit considerable scattering and are
© odel dependent. However, the values due to Breone

units with similar atomic arrangements can be induced by th&"od - )
defects. folding are in good agreement with the observed values ex-

The cause of the absence of the Sl-conduction phase {FEPt in the case afAg) B-alumina. This result suggests that
CuF and AKX (X=F, Cl, Br) is directly related to the non- the discrepancy in the proposed model is because it is as-
existence of the LEO phonon. Since the atomic arrangemergmed that the ionic plasmon is only due to mobile ions, and
in the unit cell of the crystal is microscopicaly isotropic, it does not account for the coupling with the phonon mode
does not give the long-range periodicity. Therefore it doegrising from the cage ion.
not satisfy the condition for the folding of tH&zone and no
LEO phonon appears.

From these results, we can conclude that the transition of VIIl. SUMMARY
the Sl-conduction phase at low temperatiigg is related to

the specific crystal structure, satisfying the rule for the exis- The origin of the low-energy mode in binary and ternary
tence of the LEO phonon. compounds of SIC’s was shown to be the zone-center optical

phonon originating from the ZEA phonon. By folding tBe

zone at a point between the zone edge and the center Bf the

zone, the phonon distribution of th@ phase in Agl was
C. Role of LEO phonon on mobile defects obtained from that of thes phase.

The contribution of the LEO phonon to the motion of Characteristic properties of 'the ITEO phonon were inter-
mobile ions is supported by the success of the classificatioRr€ted by the procedure described in Sec. V. The frequency
for SIC’s, based on the vibrational amplituffeand by sev- of the LEO phonon was shown to have a negative pressure
eral suggestions, for example, the significant role of theleépendence, an extremely small temperature dependence,
edgelike optical phonon on the high ionic conduction ofand was proportional to the inverse square root of the mobile
Agl,®* the large amplitude for thec direction in ion mass M) Y2 These dependencies are the same as
(CsHsNH)Ag,ls,”" and the effective contribution of the opti- those of the LE mode and were understood with respect to
cal phonon to the increase of defettsturther, it may be the property of the ZEA phonon. The appearance of numer-
supported by the empirical relationships betweendhe,  ous bands at separated frequencies at low temperature was
and the activation energf,.,}* and between the phonon also explained by folding thB zone.
frequency and . value? The role of the acoustic phonon for ~ The close relationship between the LEO phonon and SI-
the self-diffusion of bcc metal also supports tHisThese  conduction phase was because the specific crystal structure
results strongly suggest that the LEO phonon is closely consatisfying the rule for th8-zone folding and the same phase
nected to high ionic conduction. of vibration through the near-neighbor ions.
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