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This paper reports detailed lattice dynamical studies involving experimental inelastic neutron-scattering
measurements and theoretical shell model calculations of the vibrational and thermodynamic properties of the
garnet mineral almandine §&l,Si;O;,. Inelastic neutron-scattering studies using the time-of-flight technique
provide the measurement of the phonon density of st@€xS) of almandine, which have been interpreted
based on the model calculations. The calculated DOS is in good agreement with the inelastic neutron-scattering
data and has been used to compute various macroscopic properties like the specific heat, thermal expansion,
equation of state, and mean-square atomic displacements.

[. INTRODUCTION mode phonon frequencies of pyrdpeand the crystal
structure'®’ elastic properti¢§” and mean-square atomic

Garnets with general formul&;B,C30;, (WhereA, B, C  displacement$ of garnets. Calculations of the thermody-
are cations are used in several devices including computemamic properties of garnets using models of the density of
memories, lasers, and microwave optical eleméfiise gar-  states(based on observed elastic properties and Raman and
net minerals belong to an important group of rock-forminginfrared frequencies have also been reportét®
silicates, which are important constituents of the earth’s The mineral almandine finds several important geological
crust, upper mantle, and transition zone. They are distinapplications®?! The phase equilibria of multicomponent
guished by their chemical diversity, close structural similari-System$”including almandine have been extensively used as
ties, physical properties, and petrologic implications. Garnet§eothermometers and geobarometers. Almandine is also

are cubic(space grouga3d, a=11.5-12 A) and possess known to exhibit interesting magnetic behavior at low tem-
relatively high refractive indexr(=1.7—1.94) densitiesp( peratures. Magnetic susceptibility measureniéesreal an-

- 1 tiferromagnetic ordering in synthetic almandine at 7.5 K.
=35-43 gm/cn”l). and .hardnes$6.£’3—7.5 mhops Garnets Low-temperature heat capacity measurements using adia-
are hosts for aluminum in the earth’s upper méartlend at

: " Rite batic calorimetry also indicate Jatransition at 8.7 K attrib-
h|gh_ pressures_, transform to silicate perovskitea pre- uted to magnetic ordering of the Fesublattice.
dominant constituent of the earth’s lower mantle. Rare-earth It is of interest to understand the stability of almandine

containing garnets exhibit a rich variety of colors across thg,nder lower mantle conditions. Earlier, aluminous garnet
visible spectrum, which makes them useful as gemstones. phases were believed to be abSeint the Earth’s lower
The six ideal end-member garnets are pyropemantle (due to the phase transitions of garnets to silicate
Mg3Al;SisO,, almandine  FgAI,Si;O1,,  spessartine  perovskité > at high pressune Recent observations of a new
MnzAl,Siz0,,,  uvarovite  CaCr,Si;O;,,  grossular tetragonal almandine-pyrope phase as inclusions in lower-
CaAl,Si;0;,, and andradite G&e,Si;0;,. Because their mantle diamond$ has revoked the interest in understanding
cation composition changes continuously, the knowledge ofhe equation of state- and high-pressure behavior of
their mixing properties is essential to the understanding oflmandine-pyrope garnets.
the chemistry involving garnets and rock substances. Accu- A major geophysical goal is to predict the thermodynamic
rate characterization of the structural, vibrational, and therproperties and phase transitions of mantle-forming phases at
modynamic properties of constituent end-members phasake pressure and temperature they experience in the earth’s
are therefore very important. interior. An essential prerequisite for these studies is an ac-
X-ray diffraction®” infrared, and Raman spectroscdby, curate understanding of the phonon density of states. In this
ultrasonié*® and calorimetric studiés'? have been used to paper, using a combination of theoretical lattice dynamical
understand the crystal structure, phonon frequencies, elastialculations and inelastic neutron-scattering studies, we have
constants, compressibilities, specific heat, and thermal exstudied the phonon density of states and its manifestations in
pansion of several end member garnets. Inelastic neutrovarious thermodynamic properties of the garnet end-member
scattering measurements of the acoustic mode phonon diatmandine. The calculations enabled microscopic interpreta-
persion relation’S of pyrope, the vibrational spectrum of tions of the measured inelastic neutron-scattering data. The
hydrogarnets? and the phonon density of states of crystal-model has also been fruitfully used to compute various mi-
line and glassy samples of grossufataimed at understand- croscopic and macroscopic properties including the crystal
ing the anomalies in heat capagityave been reported. The- structure, elastic constants, phonon frequencies, density of
oretical calculations have been used to study the acoustitates, specific heat, thermal expansion, equation of state,
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and mean square-atomic displacements of almandine; the re- Almandine
sults are overall in good agreement with the experimental
data. The organization of the paper is as follows: Section Il
gives the experimental details, while Sec. Il describes the
lattice dynamical studies. A discussion of the results is given
in Sec. IV, while Sec. V presents the conclusions.

Il. EXPERIMENT

The natural polycrystalline sample of almandine is puri-
fied using chemical and magnetic analysis. Structural analy-
sis from neutron powder diffraction indicates that the alman-
dine sample is of a single phase. The inelastic neutron-
scattering experiments were carried out using the high-
resolution medium-energy chopper spectrom@gtfRMECS
at the Intense Pulsed Neutron Source of Argonne National
Laboratory. The HRMECS spectrometer is based on the
time-of-flight technique and is equipped with a large detector FIG. 1. Polyhedral representation of the structure of almandine,
bank covering a wide rangé-10° to 1409 of scattering F&AI;Si301,. The dodecahedra around Fe atoms, octahedra
angles. By choosing a relatively high incident neutron energyaround Al atoms, and the silicate tetrahedra are shown.

(E, around 250 meYy, measurement of the scattering func-
tion S(Q,E) over a wide range of momentum and energy Ill. LATTICE DYNAMICAL CALCULATIONS

transfers can be undertaken and the data can be averagedype garnets crystallize in cubic systefm(space group

i —1 i —
iosver{eaec\?gge tganegnilﬁfrgr elf?eth[i\}gl A uﬁif-:—) Tr'ﬁ p;r;)rcrz]e?it:}re OfIa3d). The body-centered cell contains eight formula units
wavevectors over the Brillouin zoney according to tr?e i?wco-mc AsB2C301,, whereA, B, andC (=Si for silicate gamefs
Y ' gtot are cationsA, B, and Si cations forms three types of coordi-
herent approximatioff* In general, the energy resolutidrE

; : d nation polyhedra(Fig. 1) with O anions: a dodecahedron
(full W'.d th. at half-maX|mur_1) of HRME_C S varies from-4% aroundX chtion z(m %ct;hedron aroucation and a tetra-
of the incident energy,) in the elastic region to-2% near hedra around Si. In view of the structural complexity which
the end of the neutron energy-loss spectrum. A polycrystaly,, o large number of atoms in the unit cell, we have
ggitzﬁzflﬁ C:L:OSE;;QN?; gl?ﬁiidsllgii?:eﬁs?ssl?%(all%?'nunaarried out lattice dynamical studies using an atomistic ap-
: roach involving semiempirical interatomic potentials.
X2 mnt), which was mounted on to the cold plate of ap g P b

high-nower closed-cvele helium refricerator at a 45° anale The calculations have been carried in the quasiharmonic
wigtJh tﬁ)we incident neu)t/ron beam Suchga geomeiry minimizge pproximation using the interatomic potentials consisting of

. . . oulombic and short ranged Born-Mayer type interactions
multiple scattering effects. In order to reduce multiphono g yer yp

; . Merms, given b
scattering, the phonon measurements were carried out at low ' 9 y

temperature$6 K and 15 K. The low-temperature specific

2 ’ —
heat! data and magnetic susceptibility measurenfésisow V(r)= e” z(z(k) ta exr{i _ E
that there is an antiferromagnetic to paramagnetic transition Ameg r R(k)+R(k")| r®
at temperature around 7.5 K. We have carried out additional 2

H — -1
runs with E,=40 meV at small wave vectorx<4 A™%), where,r is the separation between the atoms of a tyaad

at 6 K and 15 K to separate the magnetic and phonon COr and R(k) andZ(k) are, respectively, the effective radius

tributions. Background scattering was subtracted from th%nd charge of theth atom.a=1822 eV, b=12.364, and

data by using an empty-container run. Measurements of elagz 5 o .
tic incoherent scattering from a vanadium standard provide% =100 eV A® have been treateql as constants; this choice
as been successfully used earlier to study the phonon den-

detector calibration and intensity normalization. sity of states and thermodynamic properties of several com-
The phonon density of states can be obtained from thé Y Y brob

measured scattering functi®Q.E) which in the incoher- plex solids?® The effective charge and radius parameters

ent approximation is given B¢ used in our calculations are given in Table I. The van der
PP 9 Waals interaction has been introduced only between the oxy-
gen atoms. The stretching potential between Si-O bond is of
2 2 the form
W)= D o) QT 9EM)
Sinc(Q.E) € > g (n+1), _ _
k (b%) My TABLE |. The potential parameters used in the shell model
(1) calculations.

where the population factan=[expEksT)—1] %, 2W, is Fe A Si ©
the Debye-Waller factor, anu, andg,(w) are, respectively, z 1.66 2.31 2.40 —1.40
the mass and displacement weighted density of states of ag (A) 1.47 1.27 1.03 1.89

oms of typek.
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TABLE II. Comparison between the experiment&ef. 6 (at
293 K) and calculated structural parametéas 0 K). For the space
group la3d, the Fe, Al, Si, and O atoms are located at
(0,0.25,0.12% (0,0,0, (0.375,0,0.2% and (u,v,w), respectively,
and their symmetry equivalent positions.

Experimental Calculated L

a(A) 11.523 11.5336 o
u 0.0340 0.0359 —e—Expt. 15K
Y 0.0490 0.0464 One phonon 15 K

w 0.65278 0.6539 —O—Expt. 6 K
----- One phonon 6 K

V(r)=—Dexd —n(r—ry)%/(2r)], ) (b)

One phonon

whereD=2.3¢eV,n=100A"% r,=1.80 A. The polariz- | [\ \ ----- Multi phonon

ibility of the oxygen atom has been introduced in the frame- —

work of the shell modéP?° with the shell charger(O)= =

—2.0 and shell-core force constaf{O)=110 eV A 2. ™
The calculated structure and elastic constants of almand-

ine (Tables Il and Il) are in very good agreement with avail-

able experimental data. The calculations have been carried PRI N

out using the current version of the software DISHReS. -

27) developed at Trombay. S
The phonon density of states is calculated by integrating o 20 40 60 B0

over a 4x4x4 mesh of wave vectors in one octant of the E (meV)

cubic reciprocal space unit cell. The experimentally mea-

sured phonon density of states is weighted with the neutron- FIG. 2. (a) The experimental neutron-weighted phonon density

scattering cross-section of the constituent atoms. To compaks states a6 K and 15 K (averaged over wave vect@®=10

with the experimental data, we have calculated the neutron-15 A~ for an incident neutron enerdy, =250 meV). The mul-

cross-section-weighted one phonon density of states, givetiphonon contribution shown ifb) has been subtracted from ex-

by perimental data to obtain the experimental one-phonon spectrum.
(b) The calculated neutron-weighted one-phonon and multiphonon

4Aab2 spectrum. The multiphonon spectrum is essentially the same at 6 K

g(”)(E)=AE kgk(E), (4) and 15 K. The calculated spectra have been convoluted with a

K My Gaussian of FWHM of 8 meV in order to correspond to the energy

resolution in the experimerwhich varies from 2 to 4% of the
whereA is the normalization constant abg, M, andg,(E) incident energy of 250 me\V The ordinate is in arbitrary units.
are respectively, the neutron-scattering length, mass, and par-
tial density of states of thith atom. The factor 4bZ/M,  wherel’; andCy;(T) is the Gruneisen parameter and specific
for Fe, Al, Si, and O atoms are 0.201, 0.055, 0.077 and 0.26Beat contribution from phonons in staté=qj, which refers
barns/amu, respectively. to the jth phonon mode at wave vectg) and B is bulk
The calculated phonon density of states was used temodulus. The volume thermal expansion is determined by
evaluate the specific heat. The thermal expansion in thintegrating over the contribution of phonons of wave vectors
quasiharmonic approximation is given by on a 4x4x4 mesh in an octant of the cubic Brillouin zone.
The explicit anharmonic contributions to the thermal expan-
1 sion (arising from the higher-order terms in the crystal po-
av=gy > TiCui(T), (5)  tentia) are also important and have been estimated using the
: formalism of Ref. 28.

TABLE IIl. Comparison between the experimenfélef. 9a)]
and calculated bulk moduluB and elastic constant§;; in GPa IV. RESULTS AND DISCUSSION
units. Another experimental value &=175 GPa has been re-

ported in Ref. %), The phonon density of states measurements in the energy

range of 15-150 meV carried out at two temperature of 6 K
and 15 K are shown in Fig.(8). The experimental one-

Elastic constant Experimental Calculated phonon spectra are obtained by subtracting the multiphonon
B 180.1+0.7 181.47 contribution from the experimental data. The multiphonon
Cu 310.1+1.6 317.68 contribution is obtained using the Sjolander formalfStthe
Cu 92.9+0.6 90.07 comparison between the experimental and calculated
Cy, 115.1+0.7 113.37 neutron-weighted one-phonon density of sta{€sgy. 2

shows that the measurements are in good agreement with the
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FIG. 3. The experimental neutron-weighted phonon density of 0.06+
states at small wave vectorQ&4 A~1) with incident neutron
energy of 40 meV at 6 and 15 K. There is no significant difference 0.04+
between the data taken at these two temperatures. The ordinate is in
arbitrary units. 0.02-
0.00
calculations. The phonon spectrum consists of a broad pho- Total
non band centered about 40 meV and another band around 0.01
115 meV. There is a gap in the phonon density of states
around 80 meV. 00053540 60 80 160 150 140
At small wave vectors@<4 A1) the observed spectra E (meV)

(rf;g;igti 2 nga;:ﬁlr? g rfgcnitt;gn?n;rgrzgtitor? (;(r:n\élnbtrsat(l)?nti earl%mlglgr.‘ :.thzhfogslll(;l;l:feﬂ partial den_sity of states for d?fferent at-
. - o . phonon density of stadsnormalized to
ions. We have carried out additional runs with, unity).

=40 meV at 6 and 15 KFig. 3). Above the Neel tempera-

ture (at 15 K), the magnetic contribution arises from para-r.3a. 4 5A. +8E.+ 14T+ + 14T+ +5A. +5A,. + 10E
magnetic scattering of the Fe ions, which constitute an iso- ¢~ 29 =9 o 29 T R !
tropic background falling off inQ according the square of +18T,,+16T,,.

the Fé" magnetic form factor. The observed spectra are

dominated by a broad phonon peak centered-46 meV,
which is in good agreement with the calculated phonon DO
(see Fig. 2 Below the Neel temperatur@t 6 K) the mag-

TheT,4, Eg, andA;g modes are Raman active aifig,
dre infrared active. There are large number of optically active
modes, which have been observed in spectroscopic

netic contribution is characteristic of the magndspin experlment‘%m the range of 111 to 1038 cm. This energy

waves density of states. The spin-wave dispersion curves ofange compares very WEE" with our calculated range of optic
almandine are not known. Theoretical calculatinsf the mo_?ﬁs of |12(|) ttoleZ6 Cn}t' density of Statee) |
magnon dispersion relations for the garnefGaGe; 0,5 in- € calculated one-phonon density of s Ay ). S
dicate that the magnon energies span the 0—2 meV rang r’10wn in Fig. 4’. and is used o compute the speqﬁc heat
which is outside that of the present measurem@bt-150 _V(T) as afunc_u_on of temperaturze. The_ anharmonic correc-
meV). The observed spectra at 6 K indeed resemble that dfon to the Spec'fg healp—Cy=ayBVTIis also calculated
15 K with only a slight increase of background around 150 0btain Cp(T).*" The calculated specific he&p(T) is

meV indicating that there is no magnetic scattering observe§ompared with the experimental data in Fig. 5. The anhar-
in our experiments. monic corrections are about 3.0% at high temperature of

The partial densities of states for different atoms in al-1500 K. The measured specific heat shows an anomaly at 7.5
mandine, FgAl,Si;Oy, are shown in Fig. 4. The Fe atoms K, which corresponds to the Neel temperature of almandine.
m_alnly contrlbu_te n Fhe 0-50 meV range, while th_e Al and TABLE IV. Comparison between experiment&ef. 6 and cal-
Si atoms contribute in the 0-80 meV and the entire 0-14Q, 1 2ted isotropic temperature factds (A?) at 100 and 293 K
meV ranges, respectively. Above 80 meV the contributions P P Ro ’

are mainly due to Si-O stretching modes. The partial densi-

! > ; x Experimental Calculated

ties of states are used for the calculation of the isotropic 100 K 293 K 100 K 293 K

temperature factors for different atorfigable V) at 100 and

293 K. The calculated isotropic temperature factors are irFe 0.215 0.462 0.195 0.453

fair agreement with the available experimental data. Al 0.119 0.211 0.164 0.290
As the structure contain 80 atoms in the primitive cell, sj 0.107 0.172 0.150 0.277

there are 240 phonon modes at the zone center, which atg 0.221 0.344 0.252 0.429

classified as follows:
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FIG. 5. The comparison between the calculated and experimen-

tal (Ref. 11 specific heat data. Inset shows the comparison between
the calculation and experiment below 300 K.

® Expt. (b)
Calc.

0.98 4

Our calculation of specific heat does not include the contri- 0.96 4
butions arising from the spin waves. The experimental value
of C, is higher than the calculated phonon contribution be- 2 4
low 50 K. Above 50 K the calculated and experimental data 0.94+
are in good agreement. The calculated Debye temperature
varies from 510 K 84 K to 590 K at1500 K. The percentage 0.92 -
relative volume expansiglfig. 6(a)] calculated in quasihar-
monic and anharmonic approximations are in overall good

agreement with the available experimental d4t&o also, 0'900 2 a 15 16 20
the calculated equation of staEig. 6b)] is in very good P (GPa)

agreement with the experimerits.

FIG. 6. (a) Comparison between the calculated and experimental
data(Ref. 32 of cell volumes at different temperaturf¥+/V,qg
V. CONCLUSIONS —1]X100%, V: andV,qg being the cell volumes at temperaturies
This paper reports detailed lattice dynamical studies inand 298 K respectivelyb) Comparison between the calculated and
cluding inelastic neutron-scattering measurements and sheikPerimentalRef. 9b)] equation of stateV, andV are the cell
model calculations of the phonon density of states and theX0lumes at ambient pressure and presstreespectively.
modynamic properties of the garnet mineral, almandine. The
model agrees very well with the neutron and thermodynamic
data. The calculations have enabled a microscopic interpre-
tation of the experimental inelastic neutron-scattering data. ) ]
The calculated structure, elastic constants, phonon frequen- The natural sample of almandine was provided by Dr.
cies, specific heat, thermal expansion, equation of state, arttt K. Sharma, Wadia Institute of Himalayan Geology, Dehra
mean-square atomic displacements are also found to be fAun, India. We also acknowledge assistance from Dr. N.
good agreement with the experimental data. The interatomirishna Rao and his colleagues at the Ore Dressing Section,
potentials developed in these studies may be used to stuBARC, Hyderabad, India while purifying the natural poly-
the structural, vibrational, and thermodynamic properties otrystalline sample of almandine. Work performed at Ar-
the other garnet minerals, which may eventually lead to amonne National Laboratory was supported by the U.S. DOE-
understanding of the mixing properties of garnets. BES under Contract No. W-31-109-ENG-38.
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