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Structural and nonstructural factors in fast ion conduction in Ag,SO, at high pressure
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The ac electrical conductivity of A0, has been measured as a function of pressure up to 52 kbar and in
the temperature range 300-1000 K. At Idw the orthorhombic to hexagonal transition, with positive
AV hoohex, 1S @ccompanied by a large increase in conductivity suggesting dominant control of lattice volume
on fast ion conduction. The highR-conductivity data confirm the maximum in the orthorhombic-hexagonal
P-T phase boundary at16 kbar as reported in an earlier differential thermal analysis study. However, at high
P, whereAVho-hex IS Negative, the persistent but muted increase in conductivity across the orthorhombic to
hexagonal boundary suggests tRainduced changes in nonstructural factors dominate in controlling conduc-
tion. The o-P data show a pronounced trough between 15 and 20 kbar which virtually disappears at the
orthorhombic to hexagonal transition-a720 K. Above 720 K, the decrease inbecomes more gradual with
P. The activation energyQ., for ionic conductivity in the hexagonal phase is effectively independeRt b
to ~10 kbar followed by a precipitous drop at 16 kbar with complete recovery3& kbar. The coincidence
of the minimum inQ. and the maximum in the orthorhombic-hexagoRall phase boundary is discussed in
terms of the deformability of the Agion and its effects on bond strength and the thermodynamic constraints
of Clapeyron slopes, respectively. The activation volume for both the orthorhombic and hexagonal phases is
strongly T dependent foP<<16 kbar butT independent for 28 P<52 kbar. The results are compared with
previously reported results of parallel studies on$@, and AgTISQ. [S0163-18267)08930-3

[. INTRODUCTION or nonstructural factors can by itself or in concert with an-
other play a dominant role in fast ion transport. One of the
Ag,SO, is one of a number of sulfates, viz. HO;, more promising avenues to probe into the mechanism of ion
Na,SO,, and AgTISQ, etc., along with iodides and transportis, in our view, to explore the relationship between
Li,MCl, spinels that undergoes a solid-solid phase transitioion conductivity and these factors via solid phase transitions
accompanied by a large jump, up to a factor of,1i ionic ~ where the transition to the high temperature phase is accom-
conductivity. The abrupt jump in conductivity accompanying panied by a significant jump in conductivity.
the structural change at the transition into the fast-ion con- The effect of pressure on a solid undergoing a structural
ducting phase is a paradigm for a structure-property relatiortransition to a fast-ion conducting structure can manifest it-
Structural factors can involve coordination geometry/self on any nonstructural factor. For example, the depen-
number, face-sharing sites, and lattice disorder. On the othelence of conductivity on hydrostatic pressuie, provides
hand, nonstructural factors such as lattice “free volume”insight to the dependence of conductivity on lattice “free
and bottleneck size can also contribute significantly. Fresyolume.” Free volume is the critical fraction of the total
volume is understood as the unoccupied space or the intelattice volume )V, of the solid with respect to the conduction
stitial volume and bottleneck size is understood as the corprocess and it is also the fraction of the total lattice volume
striction between two interstices in any given lattice. Al- that is most susceptible to change by pressure. The effect of
though structure plays a role in determining these factors, iP onV of a solid will consequently reflect itself on the “free
does not singularly control “free volume” and bottleneck (interstitia) volume.” From the relatioV«1/P, we expect
size. Examples of isomorphous compounds with differenthat conductivity decreases as the “free volume” decreases
“free volumes” and bottleneck sizes are-Ag,SO, and  with increasing pressure. Also, the pressure dependence
Na,SOy-l, space groupP6;/mmgc and TICI, TIBr, and vyields an “activation volume” which is a measure of the
a-Tll, space grougPm3m. Other nonstructural factors that volume change required for the motion of the mobile ion
affect fast-ion conduction in solids are activated ion concenthrough the transport bottleneck. It therefore is a measure of
tration, ion-ion interaction or bonding characteristics, vibra-the extent to which the lattice must expand to facilitate mo-
tional amplitudes of neighboring ions, lattice compressibilitybile ion passage through the bottleneck or window. The
or resiliency, ion size, polarizability of the oppositely bottleneck size can also be reflected in the activation energy
charged ion, the electron configuration of the mobile ion andarrier separating a set of energetically favorable sites that
its polarizability along with any rotational motion/frequency the ion must surmount.
of complex ions in the structure. Any one of these structural This paper focuses on the temperature and pressure de-
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Nb furnace contained in a SiQcup [ osio,~101* (2 m)~! measured at
N\ 22°C and 1 atrh

Isobaric impedance measurements in three separate ex-
periments were made at a total of 18 pressures in the pres-
sure range 6.9-51.5 kbar and in the temperature range 297—
1093 K at 5-20 K intervals. Impedance was measured at 1
kHz using a Stanford Research LCR mdimiodel 720 with
1 a measured accuracy of better than 0.1%. Ten measurements
were taken 2—3 min after the sample temperature had stabi-
lized and were averaged.

X-ray patterns were recorded at room temperature on pre-
and postrun powders with a Rigaku powder diffractometer to
confirm the reversibility of the high,T transformations.

Pt eleﬁtrode

Ill. RESULTS AND DISCUSSION

The fundamental thermodynamic equation for the conduc-
) tion process in a system of fixed composition is given by the
[_] pyrophyllite S - sample free energy of activationA G¥,
quartz BN - boron nitride ; : ;
1 zirconia L dAG AS'dT+AV*P, (1)
® thermocouple 5 mm yielding AV*=(9dAG*/dP);, the characteristic activation

volume andAS*= — (JAG*/4T)p, the characteristic activa-
FIG. 1. Cross sectional view of pressure cell configured fOftion entropy as ||m|t|ng cases for constahtand P, respec-
high-temperature conductivity measurements. tively. With the Arrhenius-type kinetic expression for the
ionic conductivity,
pendence of the electrical conductivity of the two structural o (= AGHKT)
forms of Ag;SO,, low-temperatures-Ag,SO, orthorhom- o=(ng-d-vy/kT)e , 2
bic space grourddd and high-temperature-Ag,SO, hex-  \ve obtain the activation volume
agonal space grougP6z/mmc Of special interest are
Na;SO,-I and a-Ag,SO, which are isomorphic and with  AV*=—RT(9 In(oT)/dP):+ RT(9 In(ng?d?vy)/IP)+,
similar unit cell dimension? The existence of these two 3

isomorphic compounds with a common £SO sublattice or . . I . .
P P $ wheren is the activated mobile ion concentratianthe ion

framework presented us with an opportunity to view the . N )
P PP y charge,d the intersite distance; the jump frequencyy the

paradigm of a structure-property relation from another per- v fact W andR fund al tants. Th
spective with respect to earlier conductivity studies ond€oMmetry factor, an andi are fundamental constants. The

Na,SO; at high pressurésand on(Na,Ag),SO, at 1 atrm first term is obtained d'ir('ectly from the measureq pressure

From the isobaric conductivity-temperature plots, we ob_depende_n_ce of conduct|V|ty. Tge second_ term, which is usu-
tain the o= transition temperatures, for Ag,SO, . With ally negllglbl_e relative to the fir can pe simply repres_ented
T:; as a function of pressure, we construct the subsoliduEy AL, Bthe |sothgrma! compr_essm[llty ardthe Grmelsen
phase diagram for AGO, . parameter. Equatiof®) is cast into simpler form:

0T =g e "AGHRT = ; [ g(ASHRI=(AHE/RT)] (4)

Il. EXPERIMENT or

The high-pressure experiments were carried out in a 1000 oT=0le"Q/RD, (5)
ton cubic anvil press. Detailed descriptions of the appatatus
and pressure calibratibrhave been given elsewhere. The whereAH*=Q, (i.e., the activation enthalpy equals the ap-
prepared pyrophyllite pressure cell, as shown in cross sectioparent activation energy for conduction which may include
in Fig. 1, was placed in a vacuum oven at 118 °C to removéoth defect formation enthalpy and mobility contributipns
any adsorbed water for several days prior to loading in theéind oh=0,e8SHR),
press. At high pressures, the temperature was controlled by On the basis of Eq(5), experimental data for th& de-
Joulean heating of a cylindrical Nb foil furnace and mea-pendence of the conductivity of A§0, , plotted as IngT)
sured with a PtPt-10%Rh thermocouple with corrections apvs T~ ! for seven selected pressures are given in Figs. 2
plied for the pressure effect on the emSeparate experi- and 2b) on heating and on cooling to illustrate the behavior.
ments using pressure cells of similar configuration in whichThe orthorhombic to hexagonal transformation on heating is
temperature gradients were measured showed that the te@ecompanied by an abrupt increase in conductivity with the
peratures of the thermocouple and the sample differ by ledewer pressure data showing a more pronounced jump at the
than 1 K. Pt electrodes, each constructed from a single lengtiiansformation. The pressure dependence of the transforma-
of wire, contacted the disk-shapéd.0 mm diameter, 1.6 tion temperature on heating for all 18 pressures investigated
mm thick), precompacted, polycrystalline sample which wasis shown in Fig. 3 in comparison with the orthorhombic-
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FIG. 3. Pressure dependence of fy\g,SO;- a- Ag,SO, struc-
6 933 b) [Pkb) beat cool ture transformation temperature on heating for all 18 pressures in-
%5&30 193 o & vestigated in this study compared with the high-pressure DTA re-
4 ® %&”’» 24 v v sults of Pistoriu¥ and several determinations at 1 atm.
I vy o0t e 243+  *
lg 2« va * o 00424 o o whereAH, is the enthalpy change accompanying the transi-
5 i*## VVVV;V S tion, that AV, or AH; must change sign. From the high-
S 0f o pressure DTA study® which suggests thatH, for the en-
—~ \%;ﬂ V 23 dothermic orthorhombic to hexagonal transition does not
© Hi + v oy change sign at 16 kbar, we conclude the¥,>0 for P
= &.. v <16 kbar butAV,;<0 for P>16 kbar. This could be simply
4+ 'g.. explained by a structural phase boundary with a large
‘ *  oF dT/dP value(i.e., nearly vertical irP-T spaceg intersecting
1 1.2 1‘4 1.6 1.8 5 the boundary shown in Fig. 3 at 16 kbar. Thellarg'Eld_P
103/T (K)'l value of a phase boundary at any extremum is required by

the following generalized constraint of conservation of any
FIG. 2. Isobaric plots of InfT) vs T(K™Y) at 11.4, 14.7, and the;rmodynamic property in a closed loop around any triple
16.6 kbar in(a) and at 19.3, 22.4, 24.3, and 42.1 kbar( on  Point of phases I-II-IIi:
heating and cooling. Each pressure dataiset, both heat and cool

datg have been vertically shifted-3, 0, —4, +4, +2, 0, and—1 AXp . +AX . +AX,. =0, @)
In(oT) units, respectively, for clarity. The true isothermal pressure .
dependence of conductivity is shown in Fig. 5. where X is volumeV, enthalpyH, or entropyS and the

direction of the loop, indicated by the subscript order, must

hexagonal phase boundary determined at 1 atm by electr )e constant. When combined with the Clapeyron equation

chemical method&conductivity?-2DSC/DTAX2and at 6), the triple point thermodynamic conservation equation

high pressure by DTAS Our high-pressure conductivity data 2" P de v_vntt(;,;n tm termshof thel IclchaI Sclioﬁ les of tReT phase
are in very good agreement with the 1 atm conductivity ag)oun aries between phases 1, i, an as
well as the high-pressure DTA results, which are extrapo-

lated as the dashed line in Fig. 3 for comparison purposes. AXpn =[(dT/dP) 1y JL(dT/dP) .y = (dT/dP)yy ]

The high pressure conductivity data confirm the change in X AX, /[(dT/dP) . (A T/AP) 1y
sign of the slope of the phase boundary at approximately 16 ) ’ ’
kbar as first reported by Pistoritis. —(dT/dP) ] 8

Many changes in slope and most changes in the sign of
the slope of &P-T phase boundary are indicative of a triple  We apply Eq.(8) to Ag,SO, and designate the low-
point [e.g., lI-IV-VI triple point in N&SO, (Ref. 14 and  temperature phase as |, the low-pressure—high-temperature
I-I-1V triple point in Li ,SO, (Ref. 15] and therefore an phase as II, and the high-pressure—high-temperature phase as
extremum in any solid-solid or solid-liquid phase boundarylll. On the basis thatdT/dP),,~—(dT/dP), at an as-
is unusual. At a maximum, as &~16 kbar in theP-T ~ sumed 16 kbar triple point, we make the assumption that
phase diagram of A®O, shown in Fig. 3, the volume AV,, and AV, are both small[since dT/dP),, and
change accompanying the structural transitiddl/,, re- (dT/dP),,, are both~0 near 16 kbdrand thatAV,,~

verses sign from positivéfor P<<16 kbay to negative(for =~ —AV,,, . Therefore, Eq(8) can be simplified and rewritten
P>16 kbay asP increases. If real, this implies, on the basis as
of the Clapeyron equation

(dT/dP) .y =[2(dT/dP) .y (dT/dP)yy J/[(dT/dP)
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From the denominator of E¢9), the near vanishing sum of 80 =
two phase boundary slopes of approximately equal magni- - o - AgrSOy o Ko nd s (1955
tude but opposite in sign requires the sl¢peT/dP),., ] of [ A 28 Tl

a new structural phase boundary constructed at 16 kbar to be 60}

mmimigmmhom s

B OISty
very large. From this point of view, it is interesting to com-
pare the phase diagrams of /&, and NaSeQ, .'® The
low-temperature structure of hMaeQ is orthorhombic space
group Fddd and the high-temperature structure has been
suggestet to be similar to the structure of N8&O,-I, paral-
leling the low- and high-temperature structures, respectively,
of Ag,SO, . The temperature of the orthorhombic-hexagonal |
phase boundary for N&eQ, increases with pressure but is 5 ! ‘ . ‘ ‘
concave toward the pressure axis and reaches a triple point a 0 10 20 30 40 50 60
36 kbar. This is exactly the pressure where the slope of the Pressure (kb)
Na,SeQ, orthorhombic-hexagonal phase boundary appears
to change sign. For the reasons explained above and summa-FIG. 4. Activation energy vs pressure calculated for the high-
rized in Eq. (9), the phase boundary between the low-temperaturen-phase from IngT) vs T(K™1) data on heating. The
pressure—high-temperature and high-pressure—highnset figure shows the schematic trendxffor a-Ag,SQ, in com-
temperature Ng5eQ structures has a largéT/dP value of  parison with isomorphous N8O,-| and phaseA of AgTISO, (sus-
10 °C/kbar. These structural similarities between,2@, pected hexagongalThe dotted line is a linear extrapolation of the
and NaSeQ, prompt the question of the possibility of a new high-pressure Ag0, data across the pressure region whexe
structural, first order phase transformation for,8@, in the ~ "eaches a minimum.
16 kbar region at high temperature. To our knowledge, no
crystal structure data are available for 8@, at pressures 11.4 kbar(which we include only with skepticism in observ-
higher than 1 atm. According to Pistoritishowever, “itis  ing completeness of data reporting since it was the first heat/
possible but improbable that the maximum is due to a newtool cycle of that experiment and the sample may have un-
high-pressure phase intervening-at6 kbar” since no DTA  dergone some annealing as have samples of AgfiS@
indication was found. With regard to the DTA results, theprevious stud}f), the pressure dependence @ for
importance of a largedT/dP),.,, discussed above is two- Ag,SO, is anomalous in comparison with the isomorphous
fold: (i) from the Clapeyron equatiof®), AH,_,, =0 which  Naand mixed AgT| analogue sulfates. At approximately 5-8
makes DTA an insensitive technique to any possible phaskbar, Q. drops precipitously toward a low value of 28—-33
change; andii) the near vertical attitude of a possible II-lll kJ/mol at~16 kbar and then recovers to a value 60
boundary for AgSO, would make traversing it virtually im-  kJ/mol at~30 kbar. Above 30 kbaQ for Ag,SO, follows
possible during isobaric temperature runs as in the Pistoriug similar, monotonic, linear pressure dependence and is simi-
study [note, however, that isothermal pressure runs wouldar in magnitude to the hexagonal phase o8&, and the
not be superior to isobaric temperature runs in this case fdnigh-temperature AgTISE which is also expected to be
the reason stated ifi) abovd. We conclude that the absence hexagonat® The dotted line in Fig. 4 between 12 and 29
of any DTA indication for a structural phase boundary inter-kbar, bridging the drop irQ. for Ag,SO, , shows that the
secting the low-pressure orthorhombic-hexagonal phasknear extrapolation of the high-pressure trend can be reason-
boundary at approximately 16 kbar is insufficient evidenceably fitted to the low-pressure data. From the general simi-
for precluding it(consequently, a high-pressure x-ray crys-larity of the pressure dependences of Qg for all three
tallography study is plannedHowever, despite having just sulfates in Fig. 4, we expect the high-pressure—high-
argued for its possible existence, from arguments that wiltemperature structure of A§O, to be hexagonal as well.
follow, we do not expect to find any structural differences forThe striking departure of. for Ag,SO, in the 8—30 kbar
Ag,SO, between the low- and high-pressure regions at temrange from linearity, and in particular, the initial decrease of
peratures above approximately 450 °C. Q. with increasing pressure up to 16 kbar, was consistently

At the transition in the low-pressure regionR 16 kbar, observed in all three experiments. A decreaseQinwith
the jump in conductivity may be easily understood in termspressure is uncommon for ionic conduction if a simple
of an increase in structure “free” volume wheraV,  volume-controlled mechanism of conduction is adopted. We
~3-4.5 %*® However, the increase in conductivity at the therefore look to other nonstructural factors that may facili-
transition in the high-pressure region Bt>16 kbar as tate the transport of the mobile Adon in a reduced volume
shown in Fig. 2b), albeit somewhat muted compared to thelattice.
low-pressure behavior, cannot be similarly explained since In a recent study! the distinct conductivity behavior of
AV,<0. Ag® and TI" with regard to cation conductivity relative to

A plot of Q. for the high-temperature phase of /&, other isovalent cations in a common SO sublattice and
obtained from measurements on heating, versus pressuredemmon structural framework was interpreted in terms of
given in Fig. 4 and a schematic of th®. trends for polarizability linked to their closed outer shell configuration,
Ag,S0O, NaS0O,° and AgTISQ (Ref. 18 is shown for viz. 4d'° and 5d0%%s?, respectively. The high polarizability
comparison in the inset figure. The high-presQQgedata are  of Ag™, apg+=2.4 A3 1% can affect ion-ion interaction or
from three separate experiments denoted by the differerttonding. Since the activation energy for ionic migration or
filled symbols. Apart from the higlp. value of 71 kJ/mol at  transport is the sum of three energies, i@,=E.+Eg

=
£
~ L3 i AgTISO,
E i Ph
S~
2]
o

N
o
T
..9;- :
~
Q¢ (kJ/mol)
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FIG. 5. Isothermal plots of IeT) vs pressure on heating from FIG. 6. Activation volume vs temperature for high- and low-
two different (low pressure, open symbols; high pressure, closecressure regions shown in the main and inset figures, respectively.
symbolg experiments. The dashed line separates the data into tw®he low activation volumes for AGO, derived from high-pressure
sets corresponding to the and 8-Ag,SO, phase regions. data are compared with BBO,-I and the high-temperature—

pressure phas€ of AgTISO, and are contrasted with the high
activation volumes for Ag50O, derived from low-pressure data.

+E,, whereE, is the Coulombic attractiof+ —) between
the cation and its anion surroundinge., Ag"-SO;? "), E, is
the mobile ion-ion repulsion energy- +, i.e., Ag'-Ag*),  shown in Fig. 5 for two temperatures in each of the
and E; is the elastic strai{nonelectrostaticenergy for a  B-orthorhombic phas€50 °C and 400 °Cand a-hexagonal
cation passing through the bottlenéflka pressure-induced phase(450 °C and 500 °Cregions. For all four isotherms,
reduction in any one or more components could give rise téhe conductivity decreases to a minimum at 16 kbar and then
an overall pressure-induced decrease Qu. Recently, increases to a value larger than what would have been pre-
Rosenberget al?! reported on the relationship between dicted by the extrapolated low-pressure dependence. This is
Ag™ electron cloud deformability on Agl~ bonding in host ~ consistent with enhanced conductivity caused by pressure-
KI from stress-induced frequency shifts in IR-active modesinduced weakening of the AgSQ,®~ bond. It is noteworthy
in the vibrational spectrum caused by application of a ddhat both sets of isotherms, below and above the orthorhom-
electric field. Their study has established firmly the signifi-bic to hexagonal transition, show the same feature but the
cant electronic deformability of the Agion and its unusual effect is more pronounced in the orthorhombic region indi-
effect on Ag'-1~ bond strength. Using a harmonic perturbedcating a possible structure/bonding environment dependence
shell model, adjusted for anharmonic effects due to site spedf the deformability of the Ag ion.
cific electric field-induced local strains around the Ade- Activation volume was derived from the pressure depen-
fect, Rosenbergt al?? had predicted earlier that a decreasedence of the conductivity using the first term of E8) and
in Ag™ [on (200 sited -1~ [on (100 siteg separation would is plotted versus temperature in Fig. 6 for the orthorhombic
cause a decrease in t200-(100) longitudinal force con- and hexagonal structures of 80,. For comparisonAV*
stant. This is an unusual response to pressure in any lattider the hexagonal phase of b80,> and the high-
that is characterized by repulsive-dominated interatomic potemperature regiofsuspected hexagonalf AgTISO, (Ref.
tentials. In light of pressure-induced mode softening evideni8) is also plotted in Fig. 6. For AGO,, the AV* data
in Ag*-defect hosted KI, we speculate that the negative presplotted in the main body of Fig. 6 are f&">16 kbar and the
sure dependence @, for Ag,SO, in the range 8—16 kbar AV* data plotted in the inset figure are fBr<16 kbar, as
presented here, may be a result of pressure-induced weakeieported earlief? For the high-temperature phase of
ing, possibly due to increased covalency, of theAg,SQ, the largeAV* values and their large positivé
Ag"-SO,%~ bonds. In this context, Wuenschhas shown dependence below 16 kbar parallel the behavior for
that the ion transport process does not depend solely on th&gTISO, while the smallAV* values and theill indepen-
geometry of the anion array but it is also affected by thedence for the high-temperature phase of,%@, above 16
bonding characteristics. A reduction in AgGQO,>~ bond  kbar parallel the behavior for N8O,-I. The similarity in the
strength would lead to a reduction B, and as a conse- AV* behavior of the high-temperature—high-pressure phase
guence, a decrease @\ . The overall effect of a decrease in of Ag,SO, and the hexagonal structure J$0,-I phase rein-
Ag"-SO,?~ bond strength is an increase in lattice compressforces our suspicion of a similar structure for &g, in the
ibility. Pressure reduced lattice volume and pressure reducdtigh-temperature region &>16 kbar. This interpretation,
bond strengths are antagonistie., hindering and enhanc- while in need of confirmation biyn situ high P, T structural
ing, respectively effects on ionic conduction. The minimum data, is consistent with both the Pistofitiand the Rosen-
in the pressure dependence @f may therefore reflect the berg et al®* results. Specifically, we do not anticipate a
competition of these two effects and the relative dominancetructure transformation at 16 kbar but the unusual maximum
of one over the other. in the solid-solid boundary between the orthorhombic and
The isothermal pressure dependence of the conductivity isexagonal phases can be explained by pressure-induced
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