PHYSICAL REVIEW B 67, 064110 (2003

Spinodal equation of state for rutile TiO,

E. Franciscd, M. Bermejo? V. Garca Baonza, L. Gerward? and J. M. Recib
!Departamento de Qmica Fsica y Analtica, Universidad de Oviedo, E-33006 Oviedo, Spain
’Departamento de Bica, Universidad de Oviedo, E-33007 Oviedo, Spain
3Departamento de Qmica Fsica, Universidad Complutense de Madrid, E-28040 Madrid, Spain
“Department of Physics, Technical University of Denmark, DK-2800 Lyngby, Denmark
(Received 2 October 2002; published 28 February 2003

We present a general computational scheme to extend the spinodal equation @Batate Baonzeet al,,
Phys. Rev. B51, 28 (1995] to the interpretation of the cell parameters response to hydrostatic pressure in
orthogonal lattices. As an important example, we analyze the pregsiredlume V) —temperaturéT) data
of the rutile phase of TiQ We show that results adib initio perturbed ion calculations and very recent
x-ray-diffraction experiments of isothermal compression on this system closely follow the spinodal conduct.
The computational scheme permits the incorporation of temperature effects in the static calculation as well as
in the room-temperature experimental data. Overall, we find highly consistent results and good theory-
experiment agreement for a significant series of observables, including structural paramedérdiagram,
bulk modulus, linear compressibilities, and thermal-expansion coefficient. The observed discrepancies in the
pressure first derivative of the bulk modulus can be traced back to the difference between the theoretical and
the experimental spinodal pressure.
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[. INTRODUCTION using a single experiment at a given reference temperature,
in contrast to other models found in the literatfirié.is also
The pressurefd) —volume {/)—temperaturéT) equation important to emphasize that the isothermal SEOS can be
of state(EQS is a fundamental equation in many areas ofeasily reorganized to express the pressure as an explicit func-
basic and applied condensed-matter research. The pressti@n of the volume, or vice versa. All these distinctive fea-
response of the structural parameters and the phase seres make this equation of state specially adequate for our
quences induced by hydrostatic pressure in crystalline matgurposes.
rials have been among the topics more extensively studied in The main objective of this work is to show that the SEOS
the last decade. This trend has been fueled by developmenign be easily extended to describe the behavior of linear
in instrumentation and improvements in the experimentaktryctural parameters with pressure in orthogonal lattices. A
techniques that now allow the accurate characterization ofacond objective is to analyze the performance of the SEOS
polymorphs ~ at different conditions of pressure andi, yhe gescription of the higp-and highT data of TiG,. The
temperature. . stable phase of this material at normal conditions, rutile, has,
The fresh flow ofp—V—T data has St'm“'atfd the theo- among many others, the interesting property of being a crys-
retical analysis. In th|s_ line, Gala:lB_aonzaet al‘ have re- tallographic analog of stishovite SiQa significant high-
cently proposed and discussed a different EOS based on the t7 oh in the Earth's | Friflee struc-
so-called pseudospinodal hypothesis. This spinodal equatio%reSsure quariz pnase In the Earth's lower mantiee struc
of state(SEOS has been proved to be valid for a variety of wral .e}nd elastic behavior of ruFlle T@t severap amj_T
solids and liquids up to several Mbar. Its most remarkablgeonditions has beelr13 1rAecentIy investigated theoretitafy
feature is the power-law pressure dependence of the bufnd experlmentallffl. " The theoretical bulk modulus at
modulusB given by a divergence exponemt It has been  Z€r0 pressureRy) lies in the range 200-240 GPa and its
confirmed that this exponent takes a universal value of 0.85irst pressure derivative at zero pressusg)(between 4 and
not only for crystalline solids, but also for liquids, polymers, 6. The experimental data show narrower ranggsvalues
molten salts, or liquid metafs® This is an attractive feature cluster around 210 GPa arfg}, around 6.7, although this
of the SEOS approach because it can be applied to systerhigh value should be taken with cautibhThe temperature
undergoing phase transitions. Originally the SEOS was dedependence of the volumetric thermal-expansion coefficient
rived as a simple and efficient fitting tool, but a series ofa,(T) is known also with some ambiguity since Toulokian
high-pressure studies has revealed its multipurpose usefut al'® and Saxenat al’ report two different sets of values.
ness and theoretical relevarite. Furthermore, thes/a ratio of the rutile tetragonal unit cell
Since temperature effects can be easily incorporated in th@oes not follow the so-called inverse relationstiince it
SEOS through a simple Mie-Gneisen model, this equation increases with pressure and temperature.
becomes a complete EOS containing five characteristic Our work is organized in three separate goélsto de-
parameter§:® Among the useful properties of this equation velop and discuss a general strategy for descritprgT
we recall here thaf) its temperature dependence is given by —V data with the SEOS, as well gs-T—a data with the
the temperature dependence of the spinodal pressuréii and so-called linear SEOS, whereis any unit-cell parameter;
its five parameters can be determined either theoretically dfii) to report theoretical results on the pressure and tempera-
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ture response of the volume and lattice parameters of the p |t By, |77
rutile TiO,; and(iii ) to examine the consistency of the SEOS X=|1+ — } =\t 5P| (6)
in the description of structural, thermal, and elastic proper- (= Psp L
ties obtained from our theoretical calculations and severaand
experimental sources.
The layout of the paper is the following. Section II, with K*(— psp)l‘y v
three subsections, contains the details of the proposed fitting M= 1—y = (1— 7)36. @)

procedure for the isothermal—V andp—a data as well as
the temperature dependence of the SEOS. In Sec. Il walthough standard fitting routines may be used to objn

present our theoretical results and the discussion of the iSdeB(’) from a set of ¥//V,,p) data, the following procedure
thermalp—V data and the thermal response. The main conhas shown to minimize the errors associate®$o

clusions are collected at the end of the paper. (i) take an initialpgp;
(i) compute thex andy vectors using Eq95) and (6);
II. SPINODAL EQUATION OF STATE (iii) compute the least squares,

A. Fitting scheme -1

> (1-x)2

Mopt:[Zi Yi(1=X)

The universal isothermal SEOS is given by the

H 5
expressioft
P and

*

K :
V(p)zvspex"[_ﬂ[p_psp]l oW 6= [~ Mop(1-%) 1%

whereK* is an amplitude, and the spinodal voluivg, and

the spinodal pressurpg, are the volume and divergence

pressure along the pseudospinodal curve, respectively. They ) _

are related to the more familiar quantitigs, By, andBy, B. Linear spinodal EOS

by the equations An important characteristic of the spinodal hypothesis is
that the isothermal compressibility,(p) and the thermal

(iv) take a newpg, and minimize thed(psy) function.

[ pspl” expansion a,(p) follow the same power law in the
Bo= K* @ pressuré
K,(P)=Br(p) ' =K*[p—ppd 7, (®)
Y- )
O [—psl’ a,(p)=a*[p—pps - 9
and If we assume that these universal relations hold for the linear
compressibilitiesc,,
1/0a

Vo=VeXp| — | . (4) —_ 22| —k*rp— -y
R =Y «alP)=- 355 =Kilp=ped 7 0

The exponeny is a universal parameter of the SEOS thatthe SEOS can then be used to represaiiad,p) data,
takes a fixed value of 0.85 which is strongly supported bywherea is a lattice parameter of an orthogoriabt neces-
both previou&® and recent resultsMoreover, a detailed nu- sarily cubio unit cell. Usinga instead ofV in Eqg. (5), the
merical analysis of this parameter shows that it deviates fronfitting parametemM , is related toK} and the zero-pressure
0.85 in less than 3% for a variety of substances in differentinear compressibilityxo,= «,(0), by
phases. Thus the isothermal SEOS becomes a two-parameter . .

EOS, sincek*, V,, andpg, can be evaluated from, and Ka=(1=7)Ma(—psp)” 1D
B, provided the zero-pressure volurkfg is known. and
The usual fitting procedure has been to use a Levengerg-

Marquard routingusually implemented in commercial pack- (1—y)M,

ages to obtain the characteristic parameters. However, a Kofm, (12)
simpler and more robust procedure may be performed by s

noting that the SEOS can be linearized in the form where pg, has been taken from thev(V,,p) fitting. For

orthogonal unit cellsa=B=y=90°, the volumetric com-
pressibility «, is related tox,, xp, andx; by x,= ka+ xp
'”(V_O) =y=M(1-x), () 4 k.. Thus these systems offer a test of the consistency of
the linear fitting: the relatiolM ;+Mp+M =M and K*
where =K} +Kj +KZ should hold.
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The pressure derivative of the linear compressibilities isdence of the linear compressibilities with temperature can be
given by evaluated. As a result, the expression for the thefifiredar
expansion coefficient for the unit-cell parameteis

, (&Ka) 'YK; YKa (13)
= p) = =" pa dpyyT)

Tl (pepyp?tt (PP aa(T)=Ko(T) ;‘i(r , (18)

with equivalent expressions for theeand c components. If ) ) )
we now defineB,= 1/k,, we obtain with equivalent expressions fos,(T) and a.(T). Once

again, the consistency of the above equations can be checked

. vBa by means of the independent evaluatioregf(T) using Eg.
Ba=Tp—pd T (14 (17) and using the sum,(T)+ agp(T) + aoe(T), Which

has to be fulfilled in orthogonal lattices.
which is analogous of Eq3) as a function of pressure.

Finally, a direct integration of Eq10) gives Il RESULTS AND DISCUSSION

K: A. SEOS description of isothermal theoretical and

a(p) =aspexp{ Ty [P—psl' 7], (15 experimental data

with similar expressions fob(p) andc(p). From the last The fitting procedure has been applied 1,18), (a,p)

equation, it is clear that the equilibrium volume given by Eq.@nd €,p) pairs in rutile TiGQ using theoretical and experi-
(1) is exactly recovered from the cell parametey®, andc mental data. The theoretical values have been obtained from

provided thatk* =K* + K} +K* and Vep=aseCop- ab initio perturbed ion calculati_ons. This model ?s a localized
Hartree-Fock scheme appropriate for the description of struc-
tural and mechanical properties of ionic materigse Refs.
20, 21, and references thergiBy minimizing the Gibbs
Recalling that the spinodal pressure depends onlyT on energy of the crystal at static conditions, we generate data for
and using the Mie-Gmeisen equatiof’, Eq. (16) is readily ~ the volume and lattice parametessand ¢ as pressure is
obtained*® applied (see Ref. 22 for details In the minimizations, the
internal parametek of the unit cell has been fixed at the
experimental value of 0.3048.For the sake of complete-
ness, we have carried out calculations releasing this con-
0 - ) ) straint. We have found that this freedom does not signifi-
wherep$p is the static pseudo_spmo_dal pressufe=0 K a_md cantly modify the energy-volume curve: at zero pressure the
zero-point effects neglectedSince in Eq.(16) the quotient  gptimum x value is found to be only 3% higher than the
y®IV is assumed to b& independent, all thermal effects are experimental value. For other computational information, we
collected inE,;,(T), the vibrational thermal energy of the refer to our recent work on the anatase phase of,fiD
solid. We have used the Einstein model to deternting(T) Furthermore, we have used two sets of experimental data:
since, except at very low temperatures, no significant imQone set contains the isothermal compression data from Ming
provement is gained by using more sophisticated modelgnd Manghnani obtained in x-ray-diffraction experiments on
such as the Debye thedty. . a polycrystalline sample of TiQ™ In that work, there is
Equation(16) is the practical way to include thermal ef- getajled informationwith 18 pointg of pressure effects on
fects in the SEOS. Its use requires the determinatiqnggf V, a, andc up to 10.6 GPa. The second set contains the
once the Einstein temperatufig and the Groeisen param- recent results obtained by Gerwaet al’® from x-ray
eter y© are known. The static pseudospinodal pressure ipowder-diffraction measurements performed in high-
computed as follows. 1B, and B are known at any refer- pressure anvil cells at room temperature: 7 points for the
ence temperaturé,, they determingpgT,e) through Eq.  volume and 12 points for the lattice parameters in the ranges
(3). Then pgp is computed from Eq(16). WhenB, and B 0-7.97 and 0-14 GPa, respectively. Fitting the Birch-
come from a static calculation of a set of/{/,,p) pairs, Murnaghan EOS to these data without fixiBg gives B
using the fitting procedure described above, B).gives =210+10 GPa and,=6.6+0.7.
directly pgp. Once pgT) is available, all thermodynamic Results of these fittings are presented in Figs. 1 and 2. In
properties are obtained from the expressions derived in ththese plotsf refers to eitheV, a, or ¢, andf to their corre-
previous two subsections. The zero-pressure thefumdl-  sponding zero-pressure values. It is apparent that the ob-
metric) expansion coefficient as a function of the temperatureserved and simulated behavior of the three variables follow
is given by accurately the spinodal conduct. The root-mean-square de-
viations of the fittings can be transferred to uncertainties in
1 dpgT) the inputf values. We have found that these uncertainties are
Bo(T) dT (7 |ess than 0.3% and 0.1% in the experimental and theoretical
fittings, respectively.
Analogously, thermal effects are incorporated into the lin-  We should note that a direct comparison between the cor-
ear SEOS by means of thg(T) function, and the depen- responding theoretical and experimental SEOS curves is not

C. Temperature dependence of the spinodal EOS

G
e )= P55t < Eun(T), (16

aOv(T) =

064110-3



E. FRANCISCOet al. PHYSICAL REVIEW B 67, 064110(2003

0 : ' ' i from their Birch-Murnaghan fitting (21t7 GPa). The val-

c/cy ues ofB; from the two fittings show some discrepan®y;

-Lr % =5.88 when the data from Ming and Manghndrire used,

5 | | but B;=6.83 if the two sets of data are included. A lower
- alay value for B} is found from the theoretical spinodal EOS.
g 3l i Since the agreement B, is very good, Eq(3) clearly es-

f( VIV tablishes that the difference between experimental and theo-
o 4 0 : retical spinodal values fdBy, is due to the differences in the
- corresponding spinodal pressures.

5t . To analyze further the difference between experimental

and theoretical spinodal values By, we have recovered

6 r 1 the energy-volumeE— V) curves by integrating the experi-

5 : : ' mental and theoretical spinodal equations. The results are

160 101 102 103 104 depicted in Fig. 3. It can be seen that, in spite of the good

[1'(P/Psp)]1_y agreement between the two curves around the equilibrium

geometry and in the left branches of positive pressures, there

FIG. 1. Spinodal fitting to theoretical data. Empty circlés)( IS @ clear deviation from each other dsdeviates fromV,,.
represent thaiP| values and solid lines the fitting functiohBg. ~ This deviation induces the change of curvature, which de-
5]. fines the spinodal pressure, to occur first in the experimental
spinodal energy-volume curve, as expected. It is clear from

possible since the abscissa of Figs. 1 and 2 contains theq. (3) that in order to producB values in good agreement
spinodal pressure, which depends on the source of the inputith experiment, a theoretical method must be able to deter-
data. The complete set of spinodal parameters resulting fromnine very accurately this change of curvature. In conclusion,
the p—V fittings are collected in Table I. In order to check all these aspects indicate the great sensibility of the SEOS to
the suitability of the fitting procedure described in Sec. Il A, different B, and B, parameters.

we have used a standard Levengerg-Marquard routine to fit Now, we proceed to the analysis of the behavior of the
the SEOS to théunweighted experimental data. The result- njtcell parameters under pressure. The observed and calcu-
ing parameters ar8,=211+9 GPa andB;,=6.8-2.6, in  |ated lower compressibility of the axis with respect to the
excellent agreement with the results from Table I. The expne is a consequence of the alignment of the sTedlge-
perimental spinodal curve yields a global good agreemendharing octahedra along theaxis. These data are well de-
with preexistent data. The value derived f8p from this  scribed by our proposed linear SEOS. First, it is interesting
curve when both the Ming and Manghn&hand Gerward g compare the values of th€*, M, and Vg, parameters
and co-worker® data are used in the fittin210.7 GP&  derived from the V/V,,p) fitting with those obtained from
agrees very well with the value reported in Ref(Z11.3 ~ the two linear fittings, i.e.K*=2K:+K%, M=2M,+ M,

GP3g and with the value derived by Ming and Manghridni andV,= a2 Csp (the factor is necessary to account for the

two molecular formulas in the unit cell of rutile, ag,
stands for the molecular volum@éAs it is evident from the
results of Table I, this test is accurately satisfied when the
experimental set of data is exclusively that of Ming and
Manghnanit® When the Gerward and co-worké&tsxperi-
mental measurements are also included in the SEOS fitting,
the agreement is not perfect but is still reasonably good. The
theoretical values of these three parameters are also approxi-
mately recovered from their linear analogues. Second, the
theoretical and experimental spinodal, and «q, param-
eters are consistent with each other and consistent also with
the value for the bulk compressibilityf,) derived from the
spinodal fittings to thep—V data. Our values are somewhat

10% X In (£/£,)

VIV, greater than those proposed by Ming and Manghnani after

-5 - ' ' simple linear fitting® (xg,=16.4X10 4 GPa !, ko,=9.1
1.00 1.02 1.04 1.06 X 10 % GPa'). We should notice in this respect that their

[1‘(P/Psp)]w value for ko, (41.9x 104 GPa'l) derived from ko, and

Ko 1S more than 10% lower than the one directly obtained

FIG. 2. Spinodal fitting to experimental data. Symbols represenfrom the p—V Birch-Murnaghan fitting. . _
the experimental data of Ming and ManghnéRef. 15 (with error The linear SEOS can also be checked usingctizeratio.
barg and Gerwarcet al. (Ref. 13 (without error bars Solid lines ~ The Taylor expansion of Eq15) aroundp=0 gives the
represent the fitting functior{€q. (5)]. relation
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TABLE |. Parameters for rutile TiQderived from the fitting to the spinodal EOS of the experimental and
(statig theoretical ¥/V,,p) data.

SEOS theor. SEOS expt. SEOS expt?
B, (GPa 212.8 213.8 210.7
By 2.96 5.88 6.83
B (GPa't) —0.007 -0.029 —0.039
-p3, (GPa 61.13 33.17 28.50
K* (GPa 1) 0.155, 0.16(¢ 0.086, 0.086 0.076, 0.07%
M 1.915, 1.96¢' 0.963, 0.963 0.829, 0.80¢
Vep 1407, 1487 552, 552 481, 469°
Vo (bohP/molec) 207.15 211.16° 211.16°
Ko, (10* GPa't) 48.48, 49.61 46.77, 46.7T 47.45, 4584
Koa (10* GPa'l) 18.61 18.45 17.70
Koc (10° GPa 1) 12.40 9.87 10.43

3 xperimental data only from Ming and ManghndRief. 15.

bExperimental data from Ming and ManghndRef. 15 and Gerward and co-worke(Ref. 13.
oK*=2K;+K.

IM=2M_+M,.

Vo= 785Csp-

fStaticaiP| calculation.

9Experimental value from Isaadt al. (Ref. 7).

M0y =2K0a+ Ko -

All these results reveal that E(¢L5) proposed in this work

c(p,T/a(p,T)=tyg+t;Xp,
gives a very accurate description of the pressure response of

where the cell parameters of rutile TiO
c K:—K;
toza—spexp{ —(jc_—a)( — psp)1*7 B. SEOS description of thermal effects
-7 . .
*® In this section, we make use of the temperature-dependent
and SEOSJ[Eq. (16)] in two different situations. In the first one,

. K*—K* - thermal effects are incorporated in our static theoretical re-
t1= ~toX (K =Ka)(=psp) 7. sults with the aim of comparing them with the experimental
Fitting this expression to the Ming and Manghnani experi-data at room temperature. In the second one, we evaluate the
mental data vyields t,=0.64517 and t;=0.05536 behavior of rutile TiQ as temperature increases using the
X 1072 GPa'l, in very good agreement with the parametersexperimental room-temperature information as the reference

of these authorstg=0.645 andt,=0.056<10 2 GPa'!).  data in the SECS. _
A practical use of Eq(16) needs some input values for

¥® and 6z parameterésee Table li. We have proceed in two
different ways according to the two cases explained above.
As far as computation of thermal effects on the static calcu-
lations is concerned, these two parameters have been esti-
mated from the stati@iPI (V,p) values by means of the
quasi-harmonic Debye model of Ref. 22. Us'p&from the
theoretical SEO$Table ), we obtainp(300 K) and calcu-
late new theoretical curves f&f(p), a(p), andc(p) at 300

K. In Fig. 4, we can observe a good agreement with the
experimental data of Ming and Manghn&hand Gerward
and co-workers® In particular, Vo(300) obtained through
the thermal SEOS increases to 209.33 Bbohol from
207.15 boht/mol at static conditions, approaching the room
temperature experimental value (210.59-211.16
boh/mol). Our theoretical estimation fow,, at ambient
conditions is also in reasonable agreement with the experi-
mental data. In addition, the calculated linear SEOS at 300 K
produces linear thermal expansions, (@nd «) that recover
quite well the volumetric behavigisee Table I).

0.12 T T T T T

0.10

0.08 r

0.06

E-E, (hartree)

0.04

0.02

0.00 F

) L L

12 13 14 15
VIV,

1.0 1.1

FIG. 3. Integrated experimentétlashed ling and theoretical
(solid line) spinodal equations of state.
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TABLE Il. Zero pressure bulk and linear properties of rutile Ji&x T=300 K.

SEOS theor. SEOS expt. SEOQS expt? Expt.
¥8(Vo) 1.36° 1.50¢ 1.50¢
6=0.750p (K) 620° 567° 567°¢
Tret (K) static 300 300
Vo (bohP/mol) 209.33 211.16 211.16 210.5211.16°
a (bohn 8.3939 8.6746 8.6746 8.6746
¢ (bohp 6.0061 5.5966 5.5966 5.5966
ag, (10F K1) 18.85, 19.29' 20.90, 20.97 21.21, 20.49 23.52,22.5) 16.1%
g (10°P K™Y 7.23 8.25 7.91
age (108 K1) 4.82 4.41 4.66

dExperimental data only from Ming and ManghndRief. 15.

PExperimental data from Ming and Manghndfief. 15 and Gerward co-worker@ef. 13.
“Value obtained from thaiP!1 (V,p) data using the quasiharmonic Debye model of Ref. 22.
dAverage value of Ref. 7 over the whole range of tempera@@©—1800 K.

&alue computed in this work from the room-temperature isothermal elastic constants of Ref. 7 by solving the
Christoffel equations of the crystéRef. 25.

'Reference 15.

9Reference 7.

"o, = 2a0at g -

'Reference 26.

IReference 16.

KReference 17.

Concerning the second application of the thermal SEOSThe temperature dependencedf, By, andag, is displayed
we have evaluateqbgp using thepgy(300-K) experimental in Figs. 5-7, respectively, along with the experimental data
SEOS. Herey® has been obtained as the average value obbtained by Toulokiaret al'® and Saxenat al.'’ (collected
the reportedy® values in Ref. 7 over the whole range of by Isaaket al.”).
temperature$300—1800 K. On the other handjg has been Itis clear from Fig. 5 that the predictions derived from the
calculated after solving the Christofell equations of theSEOS, either experimental or theoretical, reproduce success-
crystaf® using the room-temperature isothermal elastic con-
stants obtained by Isaait al.” The study of thermal effects 1.06

on rutile TiO, has been performed in the range 0—2000 K. '
1.00 1.05 -
RN
i . = 1.04
0.99 | e T2 s &
N aa, T = 1.03
- T~ >°
0.98 ‘ =
AN & 102t
\ =4
< 097 ¢ : 7 1ol
0.96 | ] 100 |
0.99 ref : :
0.95 + 1 0 500 1000 1500 2000
h T (K)
0 2 4 6 8 10 12 14 FIG. 5. Molecular volume of rutile TiQ at zero pressure as a
p (GPa) function of temperature. Triangles and circles represent the experi-

mental data of Touloukiaet al. (Ref. 16 and Saxenat al. (Ref.
FIG. 4. Room-temperatureT (=300 K) spinodal equation of 17). The solid line is the thermal SEOS calculated from the
state for experimental and theoretical data. Bold and empty symbolgV/V,—p) experimental data af,.=300 K; the dashed line rep-
are the experimental data of Ming and ManghnéRef. 15 and resents the prediction of the molecular volume from the thermal
Gerwardet al. (Ref. 13, respectively. Solid lines represent the ex- linear SEOS calculated from the/g,—p) and (c/co,—p) data at
perimental SEOS fittings. Dashed lines were calculated from thd =300 K; the dotted line is the thermal SEOS calculated from
theoretical SEOS fittings. the theoreticahiP1 (V/Vy—p) data.
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220 ; . . scription of these properties. The largest deviation with re-
210 | ] spect to the experimental values Bf, is observed at the
------------- highest temperature, and is lower than 10 GPa. With respect
200 b ] to «g, , the experimental SEOS curve lies between the two
N\ e sets of experimental data in the high-temperature range. Be-
= 1907 " 1 sides, it is also to be noticed that the results obtained with the
5 150 - . T linear form are highly consistent with those of the standard
= . SEOS. The discrepancies between the theoretical and the ex-
B 170t : . : § perimental SEOS are again due to the different values of the
. spinodal pressures.
160 r . 1 A final issue that deserves some discussion is related to
150 - " | the comparison of the effects of pressure and temperature on
. the unit-cell parameters. Contrarily to the observed behavior,
140 : : — our predictions for the linear-expansion coefficieritee
0 500 1000 1500 2000 Table 1l) reveal a dilatation along theaxis greater than that
T (K) along thec axis asT increases. Since the thermal SEOS has

, , been derived from thp—V behavior at a reference tempera-
FIG. 6. Zero-pressure bulk modulus of rutile as a function ofture the behavior of the solid whehincreases can be un-
temperature. Symbols represent the experimental data of Saxe'&%rs:tood as an extrapolation to neaative pressures of the
et al. (Ref. 17. The §°"d line is the thermal SEOS Calcwat?d fr.om rutile response to hydprostatic pressgre. Th?s is in fact the
the (V/Vo—p) experimental data &le=300 K; the dashed line is behavior found in many solids that follow the so-called in-
the thermal SEOS calculated from the theoretia@Pl (V/V, . . .
~p) data. verse.relanonshlp guided by the mo!egular volume. Hazen
and Finget® have shown that the/a ratio increases in rutile
with temperature, breaking the inverse relationship since this
ratio also increases as pressure is applied. For this particular

fully the thermal expansion of rutile. As regards the behav'orsituation, the law of corresponding states does not work

of Bo(T) andaq, (T) (Figs. 6 and ¥, the divergence between .hary and at least two reference states at different tem-
the experimental data and the SEOS is greater than in ﬂ}?eratures are needed.

case ofVy(T). Nevertheless, although only the equilibrium
volume and they® and 6z parameters aT s are required,

the experimental SEOS provides a global satisfactory de- IV. CONCLUSIONS

In this work, we present a general strategy to descpibe

50 ' ' ' —T-V andp—T—lattice parameter data using the spinodal
45 | . equation of state. As concerns the isothermal behavior, the
Pl L : 5 EOS parameters are obtained by means of a fitting procedure
A that involves root-mean-square linear minimizations in each
35 1 step. To evaluate the thermodynamic properties of a solid at
”-; 30 - different temperatures using the spinodal scheme, we have
E 25 | shown that only the spinodal pressure at a"reference tempera-
3 ture, the Einstein temperatugg and the Graeisen param-
T 20 etery© are needed.
15 - For rutile TiO,, we can accurately describe with this func-
10 & tion the pressure dependence of theoretisttio and two

sets of experimentaroom-temperatutevolume and lattice
Sty 7 parameter values. The numerical procedure shows a great
0 : : : sensibility of B} to the input data. Our most complete fitting
¢ 500 1000 1500 2000 yields Bo=210.7 GPa and3;,=6.83, in very good agree-
T (K) ment with preexistent experimental values. The proposed lin-
_ . .. _ear SEOS has proved to be a stable function with linear
FIG. 7. Zero pressure volumetric thermal-expansion coefficient

of rutile as a function of temperature. Triangles and circles repre-Compress'bllltIeS that recover the bulk behavior. As expected,

sent the experimental data of Touloukiahal. (Ref. 1§ and Sax- Koc is found to be lower thffmoa’ our values being §I|ghtly
enaet al. (Ref. 17). The solid line is the thermal SEOS calculated higher than those previously reported by Ming and

15
from the (V/V,—p) experimental data aF,.=300 K; the dashed Manghngnll. _ ,
line represents the predictions from the thermal linear SEOS calcu- The @iP1 static calculations have been corrected to ac-

lated from the &/a,—p) and (c/c,—p) data atT,,=300 K; the ~ count for the thermal effects using the SEQOS strategy. At 300
dotted line is the thermal SEOS calculated from the theoreticalK, the theoretical prediction of the rutile unit-cell response to
aiPl (V/V,—p) data; the dashed-dotted line represents the predichydrostatic pressure is in agreement with the experimental
tions from the thermal linear SEOS calculated from thiP| behavior. In addition, the zero pressutg,, ag,, and agc

(alag—p) and (c/cy—p) data. coefficients derived from the theoretical and experimental
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SEOS show small differences. We have also evaluated thiereakdown of the inverse relationship observed in the rutile
thermodynamic properties of rutile in the range 0—2000 Kstructure of TiQ.

using the zero pressure experimental data at 300 K. Our re-

sults reveal that the SEOS produces a very good description ACKNOWLEDGMENTS

of the solid at high temperature in terms of the molecular Financial support from the DGICYT, Project Nos.
volume, the bulk modulus, and the volumetric thermal-BQU2000-0466 and PB98-0832, is hereby acknowledged.
expansion coefficient. Failure to predict the behavior of theL.G. is grateful for financial support from the Danish Natural
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