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Effect of hydrostatic pressure on the electrical conductance
of polycrystalline magnesite(MgCO,)
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The room-temperature conductance of polycrystalline magnesite was measured, for different hydrostatic
pressures up to 3 kbar. The electrical conductivity decreases with increasing pressure, indicating that the
conductivity mechanism is dominantly ionic. The@{P) plots are curved and obey a second-order polynomial
law. The curvature is interpreted, in the usual manner, either in terms of a pressure-dependent activation
volume model or by asserting that the pressure activates additional conduction modes. Additionally, a theo-
retical InG(P) equation was derived, by assuming that the activation volume is not single valued, but follows
a Gaussian distribution function. The three models were employed to analyze the experimental data and
estimate the activation volume for the conduction mechanism. The analyses provided compatible zero-pressure
values of the activation volume. The results are discussed in relation to those reported for dolomite.
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[. INTRODUCTION ionic matrix. Besides, the collection of the values of the ac-

tivation volume for the mixed crystal and its compounds is

Calcite (CaCQ), magnesite (MgCg and their mixed desirable, for understanding the influence of the lattice con-
crystal dolomitg CaMg(COs),] constitute the calcite family, Stant variation(long-range effecf) and the modification of
which is the most well known and representative groupthe environmentthe structural units which surrounds the

among the carbonate salts. The calcite group members shdf@nsferring charge carrier, to the value of the activation vol-

the rhombohedral crystal structure, which is also called théime. We have already reported the results for dolofhite,

calcite structuré= There are potential differences betweenWhile, in the present paper, we study the conductivity phe-

the calcite group members and the typical ionic crystals,nomena under pressure in magnesite. Apart from the interest

such as sodium chlorideThe structural units of a simple in the pure research on carbonate salts, our results may con-

ionic material are single cations and anions, which are ioni:[r.IbUte to more advantggeous tec_hnologlcal applications,
i . ) . since carbonates are widely used in the industry for prepar-
cally bonded; the carbonate matrix consists of cations and a

trioxygen carbonate radical. The Cl ions have a spheric g refractory materials, cements, paper, rubber, and pharma-

v in the simole NaCl struct d t eutical products. Recalling that the calcite-type materials
symmetry in the simple NaLl structure and serve as centreg, . widespread earth materials, our results may also be used

of symmetry. This is not the case for the carbonates; thg, e microscopic interpretation of long-range electrical
carbonate radical forms an equilateral triangle, with the OXYgeophysical phenomert&!®

gens located at the edges and the carbon placed in the
centert* Although the calcite group crystals are classified as
ionic materials, they exhibit the feature that the bonding in-
side the carbonate is covalent whereas, as recently found for The transport experiments under pressure provide infor-
magnesité, the bonding between the cation and the carbonmation for the identity of the conduction mechanism and
ate is strongly ionic, with a small but significant covalent probe the volume changes induced by the formation, migra-
contribution. The specific crystal structural and bonding petion and association of defect$.Concerning the transport
culiarities, which the calcite-type crystals exhibit in compari-phenomena, pressure studies may define the origin of the
son to the features of simple ionic crystals, render them intransport mechanism; i.e., whether an ionic, electronic or
teresting materials for pure, theoretical and experimentalprotonic mechanism operat&s:®Besides, the effect of pres-
study. Moreover, the calcite-type crystals constitute a propessure is quantitatively described through the evaluation of the
complete set of materials for working on the field of mixed activation volumev®*.
crystals, as magnesite and calcite are the end members of the For the ionic crystals, the conductance measurements in
mixed crystal dolomite. the vicinity of room temperaturéRT) usually determine the

A systematic investigation of the dielectric and electricalactivation volumev*®in the association region, through the
properties of the calcite family have been conductedollowing equation:®!9-2?
recently>~'In those papers, we studied the effect of mixing
on the defect structure establishment and on the dipole dy- dInG _
namic. The free charge transport phenomena were also stud- P )5 Y¥o
ied through dielectric relaxation experiments.

Magnesite is itself a challenging system for transport exiwherek denotes the Boltzmann’s consta@tjs the sample’s
periments, since covalent bonding exists in a dominantlconductancey is the Gruneisen constant, anel, is the iso-
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thermal compressibility of the matrix. Provided that the termresults in the distribution in the activation volume values. To
vkq is practically negligible, the following simplified ap- a first approximation, the Gaussian distribution in the activa-

proximate equation is valid: tion energy is assigned to the modification of the potential
barriers. It seems reasonable to consider that the activation
s —kT( dIn G) _ @) volume values follow the Gaussian distribution function:
P T 1 (vact_ vgct 2
The significance of theyk, term for the analysis of the f(12Y = exp( ——2) (5)
rough experimental data, will be discussed in detail in Sec. V2m.o 20

IV. There is no physical argument that imposes the activa,
tion volume to be pressure independ&hThe percentage
variation of the activation volume®® with respect to pres-
sure is expressed by the compressibikfij! of the activation
volume?*

where v3% is the central value and is the broadening pa-

rameter. According to Eq(2), the conductance decreases
exponentially as pressure increases, for a simple mechanism
that is characterized by a constant activation volume:

Uact

G(P)/G(O)=exp< KT P

1

Uact

. (6)

-l S

&vac
= ') R 3
The last equation can be modified to include the effect of the
If we assume thak®"holds a constant nonzero value and distribution in the values of the activation volume:
that|x®°'P|< 1, an analytical approximate expression for the

conductance as a second-order polynomial of pressure can be G(P) +°°f act, (P27 duict
derived* Go) . ) G0 "
ac act, aci
ST o [ 0

—w 27O 20

where we have labeled the ambient pressure as zero pressure act

and we assumed the quantities and y are constant. Xexp — v P | deect @

Modified theory of the ionic conductivity under pressure. kT '

It has long been known that the activation enekg¥* of the . N . .

conductivity mechanism in many insulators is not single vaI-The integral appearing in Eq7) is rather a routine on&.So,

ued, but it follows a distribution functiof? For the calcit¢, ~ =d- (7) becomes

dolomitel® and magnesit&* we found that the activation G(P) o2 [ P2 P

energy for long-distance charge transport is distributed. De- —zexp(— (_) _vg°< _) ) (8)

pending on the specific type of material, the activation en- G(0) 2 \kT kT

ergy E* can be either directly identified to the migration gy taking the logarithm of the latter relation, we get

enthalpyh™ for the transfer of free charge carriers, or, most

likely, it can be regarded as a sum of the migration enthalpy G(P) o2 , vE°

plus a portion of association energ§*sfor the formation of " G0 20kT)2 P —(ﬁ P. 9

defect dipoles(i.e., impurity-vacancy agglomerales:?° If

the association energy is presumed, in the latter case, &¥e conclude that a conduction mechanism, with Gaussian

single valued, we may state that the distribution in the actidistribution in the activation volume values, provides curved

vation energy results somehow from the distribution of theln G(P) plots, which obey a second order polynomial law. A

migration enthalpy. Thus, the distribution in the activationsecond-order polynomial fit to the experimental data directs

energy is assigned to the spatial variation of the height of thegeadily to the evaluation of the central Vam@Ct and the

potential barriers. It is reasonable to assume that the activavidth parametew.

tion energy values for the conduction mechanism accumulate Modified equations, which include a distribution function

around a central value. It is convenient to consider that th@or the activation energy, have been proposed in order to fit

distribution around the central value is Gaussian, as it occurghe thermal depolarization curves of insulat®réé31a great

for the bound defect motiof(. > number of distinguished papers have established, both theo-
Consider now the simplified picture for the activation vol- retically and experimentally, that the relaxation mechanisms

ume as being the volume change, when we take two states g@ced by the thermally stimulated depolarization current

the transport process: a ground state and an excited®one(TSDC) experiments, are characterized by the Gaussian dis-

The volume change depends on the size of the transferringibution in the activation energy, in most cases. To the best

charge. Now, assume that a certain type of ion migratesf our knowledge, the idea of a distribution of the defect

through a crystal environment, where the potentials are sparolume parameters has not been worked out yet.

tially modified. When the moving charge is instantly located

at a saddle point higher than another one, then, the volume IIl. EXPERIMENTAL DETAILS

change should be larger than that caused when the same

carrier is located at a lower saddle point. Hence, the activa- Both the single crystal and the polycrystalline Mgg£O

tion volume values are expected to het single valued. salts share the name of magnesite. Our samples come from

Subsequently, the distribution in the activation energy valuethe large deposits of compact polycrystalline magnesite,
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which are located in the island of Euboé&areece.’ Their
exhibiting characteristic is the whitesnowlike color. This
material is known in the literature with the specific name
leukolite, which is interpreted as “white-stone,” when trans-
lated in Greek. The analysis performed by the Institute of
Geological and Mining Resear¢fGME) (Greecg, gave the
following results: 47.90 % wt MgO, 2.80 % wt Si, 0.02 % wt
Al, 0.13 wt % Fe, 0.41 % wt Ca, 0.02 % wt Mn, 0.02 % wt
Sr, less than 0.01 % wt K, 0.04 wt% Na and 0.31 % wt
hum|d|ty [llllllllolo(l)llIIIII2I0|0(I)IIIIIII3IOOO
The experiments were performed in a piston type pressure P(bar)
vessel, which employs oil as the pressure transmitting fluid.
The conductance measurements were obtained by a Boonton FIG. 1. Atypical InG(P) plot for polycrystalline magnesite. The
75¢c bridge. The typical dimensions of the specimens weresolid line is the second-order polynomial curve that best fits the

approximately 0.5 mm4 cne. An extensive description of experimental data points. The dashed line is the straight line that fits
the pressure apparatus and the details concerning the expefl€ low-pressure conductance data.

mental procedure, have been reported in a paper that ap- (j) One or more additional mechanisms become activated,
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peared recently. as pressure increases and, consequently, t&¢Rih plot de-
parts from linearity. Consequently, the slope provides the
IV. RESULTS AND DISCUSSION apparent activation volume value, for each pressure value. In

the low-pressure limit, we may obtain the act@adal) acti-
Electrical characterization of the conduction mechanism. vation volume value that corresponds to the zero-pressure

) state. By fitting the linear Eq2) to the data points up to
Since the pressure vessel accommodates a two-electrodgqs,t 650 bar. we gaf®=(22+1) cmi/mole, atT=300 K
sample holde?,we checked if the conductance is masked bYand Uact:(z:l_ié) cnéimole. atT=290 K. Wé note that the

the probable space-charge contribution: In the working fréjaiter constant values of the activation volume correspond to
quency of 5 kHz, we carried out successive measurements gfe |ow-pressurézero-pressujemechanism.

certain constant pressure values, throughout the pressure (i) A unique mode of migration operates and the activa-
range. We concluded that the conductivity is within the Xt volume is pressure dependent. So, the slope of the con-
perimental errors, time independent. The latter investigationy ,ctance plot, at any pressure, gives the valua®6(P).

is highly desirable when unknown materials are electricallyrpq percentage variation of the activation volume is ex-

studied; it has been reported that the space-charge ContrinFessed through the compressibili§, which is defined via

tion is present in rocks, even at a frequency of 1 RAiz. Eq. (3). The analytical second-order approximation of Eq.
Moreover, the conductance is actually frequency dependenty) nresumes that the compressibility of the activation vol-
but its decrease upon pressure stems from the reduction Ae «2t is constant and«®P|<1. However, we tried a

the dc conductivity. Tt?us, thle pr'essufrehderivqtivg of thel CONKolynomial fit, and found that a second-order polynomial
_ductance directs to the evaluation of the activation vo UMegqiation best fits the experimental points

indeed, at least for the low-pressure reg{8ee Refs. 33 and
9). Finally, the pressurization cycle is not accompanied by In G(P)=In G(0)+aP+bP?. (20

any hysterisis phenomenon. A decrease of the conductanQ?Sing Egs.(2) and(3), we may prove readily that
upon pressure is typical for ionic materials and can be inter- ' '

preted as the reduction of the mobility of the moving species 1= —kT(a+2bP), (11
on pressure. The conduction mechanism is impeded, as the .
increase of the pressure brings the structural units of the k%= —2bl(a+2bP). (12)

material close together. We do not observe even the slightest
increase of the conductance upon pressure. Consequentlaf

. . . . e
there does not exist any obvious electronic conductio

In Table | we present the coefficierdsandb, which were
rived by fitting Eq.(10) to the experimental data points.

n - . .

s . o . Additionally, the zero-pressure value of the activation vol-
O L)

nechanisnt,” neither do traces of humidity detected in the ume and its compressibility, which were obtained through

sample’s analyses, introduce a protonic-type conducﬁ@ity._EqS. (11) and (12), are depicted. We stress that E40)

L?;Qtzlgﬁéfgéia\ffél|ngvfodr glc(,)ltosmv;fge reported for some 10N Cesults fror_n a pure mathematical procedure_, in contrast to
' ' Eq. (4), which is derived on the basis of physical arguments
(k¥*“=constant andx®°P|<1). We point out that a second-
order polynomial equation has also been selected in order to
In the following, we deal with a couple of pressure ex- analyze the conductivity plots of polymetsVarotsos and
periments: the first was performed® 300 K and the sec-  Alexopoulos proposed that the ratd® «,, wherex is the
ond one was carried out by cooling the pressure vessEl at matrix compressibility should be at most equal t&*This
=290 K. In Fig. 1, we present the logarithm of the conduc-can serve as an index for checking the quality of the analysis
tance G versus pressure, a=300 K. The experimental employed. The rati&® «,, wherex, is the compressibility
points indicate the nonlinear decrease of th&(®) plot.  of the matrix magnesite, is about 290,Tat 290 K and 415,
Within the ionic conductivity model, the curvature in the at 300 K.(A detailed discussion on the elastic properties and
conductance plot shares three interpretations: the compressibility data of polycrystalline magnesite are

Quantitative analyses.
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TABLE |. Results obtained by the second-order polynomial fit to the relative conductance detdb
denote the polynomial coefficients of Ed.0). Following the notation used in the text, modi&) assumes
that a unique conductivity mechanism operates, with pressure-dependent activation volume. The zero-
pressure values 0°°{0) and «*°{0) were derived via Eqs(11) and (12). Model (iii) asserts that the
activation volume is not single valued, but obeys a Gaussian distribuifnis the central value and
denotes the broadening parameter.

Model (i) Model (iii )
T a b 12(0) «3Y0) V5% o
(K) (1074 bar '} (1077 bar ?) (cm¥mole)  (GPal) (cm®mole) w7
290 —7.98-0.45 1.34:0.14 19+1 3.4:0.4 19+1 0.65+0.04
300 —8.36+0.41 2.04-0.24 211 4.9+0.6 211 0.76:0.06

given in the next subsectignThese values are about two which the three models share, is that they all point to iden-
orders of magnitude larger than those theoreticallytical zero pressure and th§® values for the activation vol-
predicted} but they are comparable to the large experimenume, and these values of the activation volume are actually
tal values reported for some ionic crystals, like erbium-dopedeal (not apparentones.

SrF, (Ref. 36 and sodium doped Caf’

(iii) A uniqgue mechanism, which is characterized by a  The role of the sample’s volume change upon pressure.
distribution in the values of the activation volume, operates.
For a Gaussian distribution, a second-order polynomial fit tqio
the data provides the set of paramete}$ and 0. Keeping
the notation of Eq(9), we get, in combination with Eq10),

The activation volume value is usually considered propor-
nal to the InG(P) plot, as implied by the approximate Eq.
(2). The condition that the ternyx, of Eq. (1) is consider-
ably small is necessary, so as to determine whether a correc-
ti to th tivati | I t i
W= — akT, (13) ézgire?jl_&lge activation volume values reported above is
. How should the conductance data under pressure be ana-
o= \2bKT. (14 lyzed when the specimen is a porous one? Which is the role

In Table I, we present the central valug® and the ratio ©Of the porosity reduction? We have recently proposed a new
o112, which were obtained by using EQL3) and(14). The modef® that provides the elastic term correction to the acti-

physical content of assumptiofii) is potentially different Vation volume evaluation:
than that of assumpticfiii ): The activation volumes derived

from assumption(ii), are zero-pressure ones. On the con- d In G(P) :_U_aCtJr( 2y, (P)+2k(P) (15
trary, v3%'is a mean activation volume and is pressure inde- P T kT YTk 3
pendent.

The activation volume values, which were obtained bywherex is the compressibility of the solid graitt&hich are
linear fit to the low-pressure data, are compatible, within theusually labeled as the “matrix” materiphnd it is certainly
experimental errors, to the zero-pressure ones, which welidentical to the compressibility measured for a single crys-
derived from the second-order polynomial fit. They are alsaal). « is the compressibility of the polycrystalline material,
in agreement with those obtained when adopting the Gausse., the system consisting of the solid frafmeatrix) and the
ian distribution model. The three different ways which wereintergranular porosity.
used to analyse the experimental data, provide comparable The compressibilities appearing in E45) were obtained
results and they certify the reliability of the zero-pressuf®€  from the bulk modulusiwhich is the inverse of the com-
values. Which of the above models best describes the curvautessibility versus the pressure data, for two different
conductivity plots is still an open question. Unfortunately, samples of dry polycrystalline magnesiteWe considered
there is not any experimental scheme that provides a firnthat the adiabatic bulk modulus data practically coincide to
answer to the aforementioned question. The common pointhe isothermal ones. Since, for the majority of the geomate-

TABLE Il. Comparative presentation of the RT compressibikgyof the matrix material, the compress-
ibility « of the polycrystalline material, and the right-hand-side elastic terms appearing (h3Eqn relation
to the zero-pressure pressure derivative of th&(iR) plot. The compressibilities were estimated by exploit-
ing two sets of data cited in Ref. 39, in the way explained in the text. Thedsan constant was set equal
to 1.7% All data correspond to ambiefiterg pressure.

— (9 In G(0)/9P); (GPa})

Ko(0) «(0) (v—3)0(0) $x(0)
(GPa'}) (GPa'}) (GPa'}) (GPa') T=290 K T=300K
0.0122 0.0134 0.0126 0.0089 7.98 8.36

0.0126 0.0145 0.0129 0.0097




4436 A. N. PAPATHANASSIOU PRB 58

rials, the difference between the isothermal elastic data and
the adiabatic ones, ranges from 0.5 to 1.3 %, at room
temperaturé® At ambient pressure, the value of the bulk
modulus directs to théambient pressujex=1/B. A linear
extrapolation of the high-pressure data, where porosity is re- Dolomite
duced, to the zero pressfitgields an estimated value of the
ambient pressure compressibiligg=1/B,. We estimated %
two sets of elastic quantities, corresponding to two experi-
mental data sets cited in Ref. 3B=74.6 GPa, B,
=81.74 GPa, dBy/dP=8.4 and B=68.9 GPa, andB,
=74.41 GPa,dB,/dP=8.4. Note that thedB,/dP values
(for the matrix materiglare compatible to those reported for
many ionic material$?

In Table Il we present the zero-pressure compressibilities L A R R R R
ko(0) and k(0), theelastic terms participating in E¢15) =50 30003 350
and the zero-pressure conductance derivatives. We see that vV ( A )
the both elastic terms af@ total) 0.24—0.30 % smaller that
the slope— (9 In G/9P);. Consequently, the approximate re-  FIG. 2. The room-temperature and zero-pressure activation vol-
lation represented by E@R), is excellent. The effects of the umes +** for the calcite-type carbonate saltd, magnesite T
matrix material compression and the contribution of the po-=300K); U, magnesite T=290 K); O: dolomite (T=294 K).
rosity modification do not, practically speaking, influence theThe results for magnesite are given in the text, while those for
activation volume values for magnesite. dolomite were published previously.

(o]
o

Magnesite

(cm®/mole)
[4¥]
T

act

U

Comparison with the results for dolomiteCaMg(COs),]. V. CONCLUSION

Recently, we measured the conductance of dolomite at
RT, for various pressure values up to 3 kBaFhroughout By varying the pressure, we found that the transport phe-
the pressure range, the conductance plots of both magnesigmena of polycrystalline magnesite are described, at room
and dolomite are quite _S|m|Iar; the logarithm of the CO”dUC'temperature, by the ionic conductivity model. The conduc-
tance decreases nonlinearly upon pressure and 0beys g, mechanism is imbedded throughout the pressure range
;econd_-order polynomlal law. In both cases, the conduct_anc&lp to 3 kba). The logarithm of the conductance decreases
is dominantly ionic, with apparent activation volume, which nonlinearly upon pressure. A second-order polynomial line

decreases upon pressure. Figure 2 .ShOWS the RT ZE1Best fits the experimental data points. The curvature in the
pressure activation volume values obtained by linear regres-

sion to the low-pressure region, in relation to the unitary Ce"conductance plots are interpreted through three modigls:

volume, for magnesite and dolomite. The activation volumeéjifferent a(_j_ditiona_l mechanisms are active_lted_ as pressure
for magnesite and dolomite are close together. It seems th&dments(ii) a unique mechanism with activation volume,
the two systems share the same type of conduction mech¥hich is pressure dependent, operatesjiior the activation
nism. We speculate that the size of the transferring ions anolume is not single valued, but follows a Gaussian distribu-
the migrating paths are probably the same. A direct inspecion fL!nctlon around a central valug. The data were analy;ed
tion on Fig. 2 implies that the activation volume decreasedy using each of the above-mentioned models. The activa-
slightly on increasing the unitary cell volume of the carbon-tion volume values, which were evaluated via the three mod-
ate salt. A small unitary volume imposes a large activatiorgls, are mutually compatible. The comparison of the present
volume value. This can be regarded as the strong lattice exesults to those reported for dolomite, indicates that the acti-
pansion, which occurs during the operation of the activatiorvation volume for the calcite-type carbonate salts, decreases
mechanism. slightly upon the volume of the hexagonal unit cell.
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