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For two silicates with the garnet structure, MdpSizO1, (pyrope) and FAl,SisO1, (almandine), a rigid-ion
lattice-dynamical model provides good agreement with the observed vibrational spectra. On examining the
estimates of thermodynamic functions, as derived from the calculated phonon density of states, the agreement
of entropy with the calorimetric data reported in the literature is not as satisfactory as that for other garnets.
The situation can be notably improved at all temperatures in a most simple way if ardisteder equilibrium
concerning the distribution of the Mg or Fe atoms around their sites is assumed to take place; the variation
of such equilibrium with temperature accounts for a sluggish “erdésorder” transition around 100 K.

1. Introduction terms, such as GAl,;SizO;, (grossular) and G&eSizOi2
(andradite). Instead, if Ca is replaced by Mg or Fe, as for

In recent years _the stu_dy of_the vibratipnal spectra of sil_wgle MgsAl,SizOr2 (pyrope) and FeAl,SizOr, (almandine), the
crystals in comparison with lattice-dynamical estimates derived agreement with the experimental data (in particular, entropy)

from atom-atom empirical potentials haslled to asubstantially ¢ notably inferior; here, the situation at and above room
improved interpretation of these spectra in solids; furthermore, temperature could be notably improved in practice if the

th?_(;e_xtent ofbapp#caﬂog oflsuc_h emplrlc:fatl)potennalfs and their possibility of a low-temperature ordedisorder transition
validity can be checked, also in view of better performances. concerning the Mg or Fe atoms was considéred.

Following our interesy in the field, which started from The complexity of the problem suggested further investiga-
molecular crystal$; 2 we tried to extend our Boravon Karman tion, on one hand, to improve the picture of the available
lattice-dynamical calculations to inorganic crystals of ionic gy erimental data or, on the other hand, in quest of a reasonable
character, many of which exist in nature as minerals. Here, we poristic model affording a better agreement of thermodynamic
considered an extensive series of compounds, including oxides,ggtimates with their experimental counterparts, including the
silicates, and carbonatés!’ In all these cases, for the sake of low-temperature region in proximity to the oreetisorder

relative simplicity, a rigid-ion model was used. transition. Furthermore, the performance of a model considering
Our calculations involved the whole Brillouin zone, so that, 3 free-energy minimum with respect to that of a model
in addition to Raman- and infrared-active vibrational frequen- considering minimum energy has also been taken into account,

cies, estimates of several physical properties depending on theyt |east as a potential future development in dealing with such
phonon density of states could also be verified; among thesecomplex cases.

properties, particularly important are thermodynamic functions
such as entropy and the heat capacity in a wide range ofo procedure of Calculation

temperature, as well as atomic displacement parameters (crystal- ) ) L
lographic “ADPS”). Our calculations proceed according to the classic rigid-ion

lattice-dynamical model and follow a well-established schéfne.

All these theoretical estimates were always shown to be in '™ 2 A -
Using a set of empirical atofratom functions derived from

good to excellent agreement with the corresponding experi-

mental data. Therefore, such a satisfactory behavior of atom the best fit to the vibrational frequencies of a group of oxides
atom potentials has confirmed the practical possibility of using and silicates (see Table 1), the second derivatives of the potential

them to obtain reasonable estimates not only of “first-law” €N€rgy with respect to the mass-weighted atomic shifts are

functions such as energy or enthalpy but also of “second-law” evaluated; then, the so-called dynamical matrices are obtained

functions such as entropy and free energy. As a consequencePy Summing the corresponding derivatives multiplied by

on improving such estimates, there is a reasonable prospect ofXPC1drp-p), Whereq is the wave vector andp—y 'is the
their eventual application to interpreting chemical equilibria in diStance vector between the atomandp’ concerned; for the
solids at different temperatures or phase transitions. Coulombic contributions, a summation over the reciprocal lattice

On applying the same procedures to silicate garnets, satisfac-hai been a?tOpfth' lculati besides th tically acti
tory results in line with the others were obtained for Ca-rich . S aresult orthese calculations, besides the optically active
vibrational frequencies and their interpretation, if the wave

- o - — vectorq is varied all over the Brillouin zone, the phonon density
* Corresponding author. E-mail: carlo.gramaccioli@unimi.it. . . . .
* Dipartimento di Scienze della Terra, Univeisita of statesg(vi)_ can also be obtalneo_l. for this purpose, in our
*CNR, Istituto di Scienze e Tecnologie Molecolari. works a particular “uneven” sampling reduces the number of
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TABLE 1: Empirical Potentials Used Here E= Z o, )Avihw M, + [exptw,/kT) — 1174
Atomic Charge (Electrons);
O Calculated by Difference with Respect to the Charge Balance S=FE/T-— 3|<|\|Zi g(v; )Av; In[1 — expw,/KT)]
Si Mg Fe Al
—1.418 —1.482 —1.097 —1.286 CV -
Stretching Potentials: 3R | g(v; )Avi(—hwi/KT)? expw/KT)/fexpw/kT) — 1] 2
Energy (kJ/moly= A{exp[-2B(r — C)] — 2 exp[-B(r — C)]
A B c whereE, S andC, are the molar estimates of vibrational energy,
- entropy, and specific heat at constant volume, respectikely,
l\sﬂ'_f) 2798.03 0.756 24 164173 and h are the Boltzmann and the Planck constamisjs
g—0O 58.0805 1.503 04 2.304 94 . .
Fe-O 73.7643 1.489 95 220857 Avogadro’s number, and is the absolute temperature.
Al—O 264.3066 1.374 06 1.909 97 A similar procedure holds for the theoretical evaluation of
O-++0 (<5.50) 5.97077 0.851 46 3.676 60 the crystallographic atomic displacement parameters or “ADPSs”

Bending Potentials for the Bond Angfe (asU’s); here, in view of the anisotropwlso the eigenectors

K (mdyn/rad) = A+ B cosf + C cog 8 are important:
A B c _ -1 -2 «T
0-Si-0 0125690  —0.62573 111716 U(p) = [INm(p)]*} i(27v1) “Ee(p) &(p)
O—AlI-0 0.482 90 0.659 45 0.047 47 . . . .
0—-Mg—0 0.164 46 —0.090 38 ~0.318 14 whereE; is the mean energy of the vibrational modgp) is
O—Fe-0O 0.038 89 the mass-adjusted polarization vector of the afpithat is, the
Si—O-Si 0.13883 portion concerning this atom (three components) of itine
Al—O—Al 0.120 07 eigenvectoré; of the dynamical matrix corresponding to the
Si—O-Al 0.181 20 ; ; : . 0
mode, andn(p) is the atomic mass; here, owing to vibrational
Bending-Stretching Potentials anisotropy, rather than being over the density of states, the
K (mdyrrrad)= A+ B(8 — 109.47) (8 in deg) summatiory; is extended to all the modes in the whole Brillouin
A B zone#!
O—-Si—0/Si-0 0.100 91 —0.054 80 . . .
O—Al—0/Al-0 0.140 44 —0.001 49 3. Vibrational Frequencies
Stretching-Stretching Potential (mdyn) Observed values for the Raman- and infrared-active funda-
Si—0/Si-0 0.115 38 mentals of pyrope and almandine are reported in Tables 2 and
Al—O/AI=0 0.047 44 3, respectively, together with the corresponding calculated

o o ) values. Here, the experimental data reported in refs 22 and 23,
points in the Brillouin zone to be considered to about a hundred, \yhich were the basis for reference in our former wdhave
thereby saving computing time very notaby° been implemented with new data obtained by Hofmeister et al.

From the density of states (with the normalizing condition: and with additional Raman measuremenié/ith respect to our
Yi g(vi)Av; = 1), the estimates of thermodynamic functions can previous result§ there are only a few variations: for instance,
be derived, according to well-known expressions in statistical for pyrope the value of aiy frequency now reported as 309
mechanics: instead of 342 cmt is in much better agreement with our lattice-

TABLE 2: Frequencies (cnm?) for Infrared- or Raman-Active Modes in Pyrope at Room Temperature

T, (TO)
obg? 140 200 238 260 279 339 365 385 423 458 478 536 583 664 878 906 976
obg3 134 195 221 259 3367 336 383 422 455 478 535 581 650 871 902 972
calda 162 205 249 277 317 363 380 397 441 457 506 526 545 620 887 934 955
cale® 153 170 231 235 273 317 381 417 432 476 494 556 611 681 841 878 974
T1, (LO)
obg? 152 218 240 263 280 353 370 400 422? 474? 5287 556 618 667 889? 940 1063
obg3 152 218 223 263 357 357 400 423 475 530 557 620 650 890 941 1060
calca 164 209 257 300 319 370 400 404 453 497 557 526 610 642 898 957 1015
calc® 156 173 231 257 273 319 402 432 443 486 532 610 636 710 877 913 1068
Tag
obg3 208 230 272 285 318 350 379 490 510 598 648 866 899 1062
Chopela% 208 ? 306-310 318 342 347 380 490 510 598 647 866 899 1062
obgse 222 322 353 383 492 512 598 650 871 902 1066
calca 166 185 259 318 334 368 403 475 546 638 671 891 937 1027
cale® 193 227 247 297 323 353 367 473 515 607 644 844 876 1062
E Axg
obg3 203 342 365 439 524 626 911 938 362 562 925
Chopela3 206 309 379 439? 523 627 867 938 362 561 925
obgse 211 344 375 525 945 364 563 928
cald2 207 313 369 408 553 571 868 880 351 574 935
cale® 207 308 364 431 507 633 816 943 343 524 851

aQur calculated valuésusing potential no. 4. There are slight differences with respect to our older values, due to the introduction of additional
terms in the Coulombic lattice sums, to improve convergehbdEw Raman data, from Chopelas (personal communication, 19@®served
values by Kolesov and Geigétthese authors only have observed an additionglifie at 135 cm* and an E line at 284 cm?.
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TABLE 3: Frequencies (cnt?) for Infrared- or Raman-Active Modes in Almandine at Room Temperature

T1 (TO)

obg? 112 138 158 196 236 318 345 376 412 448 468 525 561 635 865 889 952

cal®a 142 166 179 220 272 291 362 396 432 458 501 533 557 604 899 944 962
T1 (LO)

obg3 115 147 160 205 246 322 347 396 422 518 461? 534 597 638 923 8827 1038

cal@a 143 168 185 230 273 298 364 398 437 518 473 538 588 616 908 962 1004

Tag

ob$® 166 198 212 239 293 312 355 474 498 576 628 862 892 1032

cal®® 138 180 202 225 326 354 365 459 537 622 652 900 948 1020
Eq Asg

obg® 163 326 368 421 521 593 910 920 347 553 910

cal®® 170 275 346 396 529 554 858 891 343 563 920

a Calculated valuésusing potential no. 4.
dynamical calculations. Conversely, in the new measurements TABLE 4: Thermodynamic Functions for Pyrope (J/mol-K)

a Tog frequency around 342 crshould not be a fundamental; 2 Different Temperatures®
for almandine, there are only a few changes in the attribution T(K) Cy(obs) Cy(corrf C,(vibr) Sobs) Scorrp Svibr)

of the observed frequencies. 20 0.84 0.43 0.43 0.20 0.11 0.11
The possibility of using a different potential set independent 40 11.0 6.2 5.8 3.15 1.59 1.55

of fit to these particular substances has also been considered:; gg gg-‘s‘r gi-z ‘213-(7) %é? zg'g 1%-63

this set (“BEST") was derived by the best fit to a series of oxides 100 937 122.0 78.7 125 16.7 30.2

and silicates not including these garn€tslowever, the results 120 1253 145.4 1113 625 711 47 4
of these calculations are markedly inferior to our older ones, to 140 156.0 165.8 143.2 84.2 95.1 67.0
the point that some estimated values according to “BEST” are 160  184.7 187.6 173.2  107.1 1186 88.1
irreconcilable with the observations, and for this reason none 180  210.9 210.2 2008 1305 1420 1101
of them are reported in Table 2. For instance, the intermediate 228 ggg-g gggi gig-g i?‘;é 122'2 iggg
Aiq frequency calculated in this way for pyrope is nearly 100 545 5756 2730 2697 2009 2114 1778
cm* higher than the corresponding observed value. It may be 260 2035 2909 2884 2238 2340 2002
interesting to note that for reasons of symmetry in garnets all 298 323.1 320.7 319.2  266.3 2757 2416
the Ag frequencies involve motion of the oxygen atoms only; 400  382.4 378.4 377.8 3710 3789 3445
such observations indicate the possibility of attaining potentials 288 jég-g i%g? Z‘ég-g gig-g ;‘2‘71-3 g%-z
g{c:rrﬁnsr(a(sg:erlzrlzlousglg\)l/v;\ccountmg for the polarizability of these 700 4520 450.6 1505 6100 6132 5787
In conclusion, the data in Tables 2 and 3 clearly show a *Observed da'aa from Haselton and Westrifrand above 400 K
lattice-dynamical interpretation of the vibrational spectra of oM Tequi et af* The C, data have been obtained by subtracting

. . C, — Cv = oTVk from the observed values, using the physical constants
pyrope and almandine based on ateatom potentials to be reported by Hofmeister and Chopefd$.The corrected values for the

satisfactory; however, the interpretation of the vibrational spectra specific heatC, and the entropy.(corr) andS(corr), respectively]
of garnets is not easy due to the notable number of atoms inhave been obtained by adding the equilibrium contribution due to
the unit cell affording a thick distribution of vibrational disorder to the vibrational estimated,[vibr) andS(vibr), respectively].
frequencies, together with the possible presence of combinations,The corrected values are f& = 4050 J/mol.
overtones, and also spurious peaks which are often encountered ) )
experimentally; for this reason, some details in the current Measurements of phonon o(l;spersmn curves for pyrope have
interpretation of the spectra still need confirmation. Probably 2€€n performed by Artioli et atsuch results and the calculated
the most significant check of the validity of the model is Valués obtained by these authors are reported in Figure 1,
provided by examining the 4 modes, which are only three in together W|th our calculat!ops; the agreement is quite good,
number, and for this reason confusion is unlikely; here the thereby confirming the validity of our model.
agreement is indeed very good. Due to the particular symmetry
of garnets, as we have seen, these vibrational modes imply
oxygen atoms exclusively, but such atoms are linked to all the
other atoms in the structure, thereby providing a test of more  Estimates of thermodynamic functions for pyrope and al-
general value. mandine are reported in Tables 4 and 5, respectively; in these
For pyrope, the most reliable agreement with the experimental tables, the purely vibrational contributions to the heat capacity
data has obtained by Chaplin et?alThis work has been taken  and the entropy are reported in columns 4 and 7, respectively.
here as the best basis for interpreting the vibrational spectra; inHere, it is easy to notice that room temperature and higher
any case, our own rigid-ion calculations provide comparable temperatureour purely vibrational estimates ateo low for
results, thereby justifying their extension to the whole Brillouin entropy even if the contribution of magnetic spin disorder
zone (see below). Since the potentials used by these authoraAS’ = 3RIn 5= 40.14 J/moK is added for almandine; instead,
were exclusively derived from the best fit to the spectra of other at these temperatures the calculated values dfi¢la¢ capacity
substances, their transferability has been confirmed. Here(Figure 2) are always reasonahlea point which provides
especially, rather than because of the slightly better agreementadditional evidence in favor of our vibrational model and
with the experimental data, the superior performance of Chaplin potentials even in these cases, thereby excluding substantial
et al.’s results is evident; such a superiority is most probably influence of anharmonicity.
due to having used a shell model to account at least partially Because of the considerably smaller ionic radius éfRed
for the polarizability of the oxygen atoms. Mg?" with respect to that of Cd, and since the “ideal” highly

4. Evaluation of Thermodynamic Functions at Low
Temperature
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() 001 TA TABLE 5. Thermodynamic Functions for Almandine at
Different Temperatures (J/mol-K)?
120,0 T(K) Cy(obs) Cycorrp Cy(vibr) Sobs) ScorrP vibr)
X 10 16.2 56.0 0.1 23.8 19.8 0.0
100,0 15 15.0 19.3 0.2 30.1 35.5 0.1
X s 20 143 6.6 0.8 343 389 0.2
0.0 o) 30 16.6 5.2 4.0 40.4 40.9 1.0
’ 85 40 247 12.1 11.5 46.2 431 31
é@ 50 36.3 235 22.1 52.9 47.0 6.8
60,0 3 60 50.0 41.9 36.7 60.7 52.9 121
& 70 64.7 65.2 52.1 69.5 61.2 19.1
400 £ 80  80.2 925 684 792 716 270
100 1118 143.6 1019 1005 97.8 45.7
o 120 143.3 175.2 134.3 123.8 127.1 67.2
200 1 140 1734 195.4 164.9 148.2 155.8 90.3
160 201.5 213.9 193.2 173.3 183.1 114.2
0.0 . . , 180 2274 233.0 219.2 198.6 209.4 1385
0,00 0.10 0.20 0,30 040 0,50 0,60 200 2509 252.3 2429 2238 2321 160.0
220 2726 271.2 2645  248.8 256.8 183.9
(b) 111 LA 240 2928 288.8 2840 2735 281.3 207.9
260 311.6 306.0 302.4 2977 306.1 2324
1400 e | 280 3284 321.1 3183 3215 3294 2555
298  341.9 333.6 331.4 3426 3499 2758
1200 325 360.6 350.9 349.2 373.0 3798 3055
<o A o 350 3737 364.9 363.6  400.4 406.3 3319
1000 A 400 396.5 397.3 396.5 451.8 4549 3804
' S AR 420  403.7 396.6 3959 4710 4748  400.3
o ZA@ 500 4295 423.0 422.6 5443 546.1 4715
800 S A O 600 453.0 445.4 4451 6251 625.7 551.0
o A0 700 470.6 460.7 460.5 696.5 6957 6210
60,0 O@ 800  483.7 470.8 470.7 7606 7585  683.8
R =) 1000 498.6 486.3 486.2 871.0 866.0 7912
400 <>§ aObserved data from Anovitz et #1The C, data have been obtained
20 by subtractingC, — C, = o®TVk from the observed values, using the
200 physical constants reported by these authbfhe corrected values
for the specific heat and the entrog®,(corr) andS(corr), respectively]

00 T " ; " " have been obtained by adding the equilibrium contribution due to
0.00 0.05 0.10 0.15 0.20 0.25 0.30 disorder to the vibrational estimates,[vibr) andS(vibr), respectively].
The corrected values are fAlE = 4500 J/mol and\Eqagn= 450 J/mol.
(©) 111 TA

180,0 - shifting the Mg or Fe atoms from the 24c site, four equivalent,
symmetry-related sites would be involved, with consequent
o statistical occupation of/,. Following such an assumption,
complete configurational disorder would involve an entropy
increase of BRIn 4 = 34.45 J/molK; as a first approximation,
A by adding this contribution to our theoretical estimates, the
1000 = corrected results became indeed in good agreement with the
800 DZ A corresponding calorimetric data above 240 K.
@X Without affirming that the “real” situation indeed corresponds
) to our inference, it might be interesting to extend such a heuristic
procedure to low temperatures as well, for which disorder would
not be complete. A very simple way of accounting for this
situation could be the following:

00 , . , : i Let us imagine there is equilibrium in the solid state between

0,00 0.10 0.20 0.30 0.40 0.50 0,60 the disordered form and the ordered form. Accordingly, the

Figure 1. Acoustic phonon dispersion curves for pyrope: (a) transverse partly dlsorderqq crystal pan be considered 'to be a temperature-
(TA) modes along [001]; (b) longitudinal (LA) modes along [111]; (¢)  dependent equilibrium mixture of these two independent forms,
transverse (TA) modes along [111]. The frequencies (vertical axis) are as they were different substances; in view of their great chemical
reported in cm?, whereas on the horizontal axes the fractions of the similarity, the vibrational spectrum can be considered to be
corresponding reciprocaprimitive unit-cell distance are reported:  practically identical for both of them, and the mixture to be an
trlanglgs., calcu!?eted values by Artioli et & .diamonds, qbserved values  iqaal solution. Therefore, the molar excess of entréygof
by Artioli et al. squares and crosses, our calculations. the mixture with respect to that of the ordered form will be the
following:

160,0

140,0

120,0

> 1o 0

60,0

40,0

B9

20,0

(=]

symmetric 24c site in thia3d group for all such atoms is more
or less of the same size for all the garnet structures, for Ca- AS= xAS’ + AS,,, =

poor terms the possibility of configurational disorder becomes 3xRIn 4 — RxIn x+ (1 — X) In(1 — X)]
reasonable; such a possibility is connected with statistical
displacement of the Mg or Fe atoms from their “ideal” position whereAS’ = 3R In 4 is the molar excess entropy of the pure
and might also explain the anomalous behavior of their ADPs disordered form with respect to the ordered counterpastjts

as observed from crystallographic measuremg@s. slightly molar fraction, and\Syix is the entropy of mixing. At a given
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Figure 2. Heat capacities at constant volunt@® ) and values of entrop$ (J/motK) for almandine and pyrope as a function of temperature (K):
squares, calculated values; diamonds, observed values; triangles, purely vibrational contributions.

temperature, if both forms in the crystal are at equilibrium, it mixture might not be as satisfactory, in view of the different
magnetic interactions between the ions; should such inconve-
niences occur in practice, in any case, they would be evident
only for incomplete disorder of this kind, that is, at very low

will be

DL =X = Keg=

exp(—AF°/RT) ~ exp(—AE/RT) expASR)

is possible to deduce the molar fractigrand the correction

Table 4.

“order—disorder transition” taking place at low temperature; a

temperatures. Therefore, for almandine, according to our model,
there should bewo kinds of disorder, one magnetic and the

whereAE is the excess energy of the “pure” disordered form other configurational, the latter deriving from partial occupation
with respect to that of the ordered form. Therefore, on assigning of sites around 24c.

a certain value practically independent of temperaturkEoit

Here, a rough assumption would be that the equilibrium
constantsKeq between the “disordered” and the “ordered”
ASto be added to the vibrational entropy at different temper- magnetic form are the same for both the “site-ordered” and “site-
atures; the results for pyrope are shown in column 5 of disordered” form, and vice versa; therefore, the respective molar
fractionsxp andx; can be obtained independently, on applying

On comparing these results with the corresponding experi- the procedure shown above. Following the scheme for ideal
mental data, the agreement becomes indeed reasonable, and gblutions, the entropy of mixing should be the following:
least in practice such a behavior approaches that of a sluggish

ASx=—Rly;Iny; +y,Iny, +y;Iny; +y,Iny,]

similar case can be observed in Table 5 for almandine (see
below). Around the transition point, the process would actually wherey; = XoXg, Y2 = Xo(1 — X1), Y3 = X1(1 — Xo), andys =
involve anharmonic motion on its taking place, and for this (1 — xo)(1 — x1), since in this case there are four “substances”,
reason our proposed model, although “harmonic”, in some way differing from each other on the grounds of ordelisorder.
accounts for anharmonicity, in a very simple way, at least in Because the magnetic ordetisorder transition occurs at much

the transition region. It is interesting to remark thaich

anharmonic behalor is important at low rather than at high
temperaturesin line with some crystallographic observaticis.

lower temperature than that concerning “static” disorder, the
corresponding value of the excess enerf¥fagy should be
very low, and on the basis of the best fit of our model to
A similar treatment can also be extended to dealing with almandine, it should be around 450 J/mol. In any case, since at
magnetic disorder, although the approximation of having an ideal temperatures around 3@0 K there is already almost complete
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magnetic disorder, the inadequacies of such an approximationthe agreement for entrogfables 4 and 5) much better than
handling magnetic orderdisorder transformations are not so that for the specific heathere, a plausible answer is that the
important for most applications, and not at all for those at room experimental values of entropy actually result from an integra-

and higher temperatures. tion (in practice, a weighted average) of data at different
temperatures. A definite possibility is that at very low temper-
5. Discussion and Conclusions atures equilibrium is very difficult to achieve in a “frozen”

system, due to problems of activation energy; for this reason,
the experimental data for the specific heat might not be entirely
correct, and the errors are balancing each other when the
experimental values for entropy are considered instead.

A further point should be considered: on shifting an atom
from 24c to these “secondary” positionsther than energy,
entropy may become instead the determining facteor
instance, the probability density of some atomic positions
corresponding to theninimum free energgonformation might
show maximanot necessarilgoinciding with positional energy
minima; such a case is favored by the substantial increase in
configurational entropy=3R In 4) occurring when one atom
is displaced from a high-symmetry position, so that the
tsurrounding region is statistically occupied.

This might just be the case of pyrope and almandine, where
the displacement of the atoms from the high-symmetrical 24c
site implies a very low variation of packing energy, and
especially so if the shift corresponds to a low-frequency normal
' mode: Here, despite the apparent “static disorder”, the real
situation might indeed correspond to a sophisticated case of
anharmonic behavior, which is, however, far beyond the present
status of the art to be exactly handled.

Therefore, although the “static disorder” invoked here might
not necessarily correspond to “reality”, it may become indeed

This model implying the existence of temperature-dependent
order—disorder equilibrium accounts for ‘@onvibrational”
contribution to the specific heatso that especially in the
proximity of the “transition points” the measured values are
higher than those estimated by the harmonic model of lattice
dynamics alone, in agreement with the character of a very
sluggish higher-order phase transition. In this way, the observed
“anomalously high heat capacity” observed for pyrRsEé2°
might be explained; similar effects were also observed for
almandine at low temperatufé.3?

The reasonable behavior of our assumptions is shown in
Tables 3 and 4 (see the third and sixth columns): here, the
agreement with the observed data is satisfactory, especially a
temperatures which are not too low.

The inferior performance of our model at very low temper-
atures is due to several factors. Apart from the approximations
involved, the extrapolation of physical properties such as thermal
expansion parameters or the bulk moduli may be critical
especially in proximity to transition points; such an inconve-
nience surely affects the experimental estimates of the specific
heat at constant volumé€,, which are deduced from the
corresponding values, actually measured at constant pressure.
Moreover, our lattice-dynamical calculations have been per-

formed using the crystal data at room temperature 8hig. a heuristic assumption, since a reasonable agreement with
In some of our works: the possibility of using temperature-  ajorimetric data can be obtained. Such an assumption looks

dependent crystal data has been considered in detail; a majofngeeq reasonable, at least in view of the present difficulty in

d|ff|c_ulty arises because the values of bond lengths as they areysing more advanced theoretical ways to reproduce these

obtained from crystallography should be corrected for thermal experimental data.

libration (a correction depending itself upon lattice dynamics)
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