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Thermal conductivity of disordered garnets from infrared spectroscopy
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The thermal conductivityk) of garnets is calculated from a formula originating with Debye, adapted to treat
the vibrations in a solid as a collection of damped harmonic oscillators. Our model utilizes phonon lifetimes
obtained from Kramers-Kronig analyses of existing IR reflectivity spectra, as well as new data presented here,
and calculatek at ambient conditions within a nominal uncertainty of 6% of the experimental values for eight
natural samples with well-constrained chemical compositions. Agreement is good for the remaining garnets
with uncertain compositions. Two series of natural mixed crystals were studjedzAl,Si;O,,, where theX
site has varying amounts of Mg, Fe and Ca and2) CaY,Si;0;,, where theY site has Al and/or F€ . The
model predictsk at ambient conditions for the end members. The occurrence of a minimkkméar the
midpoint of each compositional series correlates with the maximum widths of the IR peaks. Thus, disorder on
crystallographic sites largely controls the thermal conductivity of mixed crystals. We also tested the model
using available data on synthetic yttrium garnets. Agreement is good for YAG. ObservatiaB08b discrep-
ancy between calculated and experimektaf YGG and YIG suggests that these unconfirmed measurements
should be repeated.

DOI: 10.1103/PhysRevB.65.144305 PACS nuni§er66.70+f, 78.30—j

[. INTRODUCTION BZ,* and optic modes outnumber acoustic for all but the
simplest structures, which means that optic phonons should
Thermal conductivity(k) is an important material prop- Nnot be neglected. Based on these observations, and on the

erty. Geophysical applications require knowledgé ahd its association of low thermal conductivit_y with solids having a
response to pressure, temperature, and phageprogress is  1argé number of optic modes, Hofmeistersed the damped
impeded because measurements of thermal conductivity ar@rmon'c oscillator model to obtain phc_)non_ _Ilfet|mes. from
uncertain. Even at room temperature, differences of 20—30941dths of IR modes and to compu_teA S|mpl|f|ed.ver3|on .
occur in inter-laboratory comparisofglthough theoretical O_f the formula for the lattice contribution at ambler_1t Cor.'d."
approaches such as molecular dynamics explain certain aions (k_O) reproduces measurement; for phases W!th 9I|V|ne
tributes of thermal conductivitythe accuracy is insufficient 2nd spinel structureSThe few experimental determinations

for most applications. We therefore have developed a semf-hat were not replicated are either obtained from poorly char-

empirical model that relates thermal conductivity to spectro2¢terized ~samples or —are inconsistent with other

16
scopic daté:> The present paper discusses the dependence erasurement?.

the lattice contribution at ambient conditions on chemical To test the revised fprmula against more comphc_ated
composition and site-substitutional disorder. structures, and to examine the effect of site-substitutional

Debyé proposed that the thermal conductivity of an in- disorder, the present paper applies the damped harmonic os-

sulator could be obtained by equating phonon scattering t illator model to phases with the garnet structure. Garnets
molecular collisions. This analogy to the kinetic theory of [9eneral formul&zY,T50,,] are important due 1o their tech-
gases was developed by Peiédad Klemeng. Most authors nological and industrial applicatiort$;*® ubiquitous occur-
focused on the acoustic modeee Ref. 5 for a reviewThe ~ '€NCe in surface rocks,and their likely existence deep in-

. ) ) 0 _ _ .
central shortcoming of these models is the lack of consensuide the Eartff” The three cation sitesX( Y, andT) with

regarding the phonon lifetimes, which were approximated i €ir range of size and coordination numbers allow for an
various ways from the Gneisen paramet&rThe calcula- extensive variety of chemical substitutions. We benchmark

tions differ greatly from measurements at ambient condiiN€ model against natural gamets because cooroborating
tions: discrepancies range from70 to +430% for simple  thermal conductivity measurements eXist" #we use ex-
rare gas solids and alkali halidésee tables in Ref. 10 isting IR reflectivity spectr®~2*and provide new IR spectra

Higher accuracy { 16 to +64 %) was obtained applying a I;O_r a thorough comparisog. Wel pg;;:ilctor f]a”.‘p'es Iacki?g
different type of semi-empirical model, originating with 9I"€Ct measurements, and evaluifer synthetic garnets for

Einstein}z1 to acoustic modes of glasses and various mixed'Nich few confirmed measurements exist.
crystalst? We did not pursue this approach _because itas- | THE DAMPED HARMONIC OSCILLATOR MODEL
sumes that no coherence exists between motions of neighbor- FOR THERMAL CONDUCTIVITY

ing atoms.

Optical modes were thought to be unimportant because At room temperature only the lattice contribution to the
their group velocity is zero at the center of the Brillouin zonethermal conductivity should be important. If heat is trans-
(BZ). However, acoustic modes dissipate at temperatureterred randomly in local equilibrium, then the contribution of
above a few hundred kelvin through vibrational phonon scattering to thermal conductivity is obtained by
interactions:® optic modes have finite velocities inside the analogy to the kinetic theory of gas®sPeierlé and
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Klemen$ derived summations of the form parameter description of the peaks, the; lf@quency is a
3 3Nz function of y;, I';, andf;. The oscillator strength is
1 p 5
klat_§ m jgl igl Cijuij Ti (1) Fio_i(max)
fi=———s—, 5

whereu;; is the group velocity € dw; /dq;, whereﬁj is the i

wave vector andw;=2mv; is the angular frequency of a \where the conductivity is defindd?°as
given mode, 7; is the mean free lifetime between scattering

events,p is the densityM is the molar formula weightj o(v)=vey(v)/2. (6)
=1 to 3NZ sums over the normal modes of a crystal with
atoms in the formula unitZ formula units in the primitive The above Lorentz model represents IR data extremely
cell, andj=1 to 3 represents the orthogonal directions. Thewell,*° even for complex substances with over 100 peaks.
Einstein heat capacity of theith vibrational mode, Electron band systems are also amenable to the andlysis.
The Lorentz model is widely applicable because the corre-
Xi2j exp(Xij) sponding quantum mechanical equation éohas the same

R — (2)  form as the classical equatiéh
[1—exp(Xii)] ) . : . .
1 Sometimes the fit requires other peaks in addition to the

is calculated per mole and for constant volume; fundamental modes expected from symmé?-*The ex-

= hvi(éi,-)/kBT, h is Planck’s constant, arg, is Boltzmann’s tra pands, arising throygh resonaces anq overtong/
- combination modes, complicate classical dispersion analysis.
constant. IR and Raman modes are measurefj=a0, and

= Hence, a Kramers-Kronig analysis was used to extract the
the sum ovey is assumed to be represented on average bijie|ectric and optical functior®. 28 *Virtually the same val-
these zone center parameters. The factog @il Eq. (1) iS g5 forT; are obtained from Kramers-Kronig and classical
approximate, just as in the kinetic theory of ga$eShe dispersion analyses of reflectance for crystasd glasse¥’
factor p/ZM provides the volume coresponding to that im- tpe ropyst nature of this method of analyzing IR reflectivity
plicit in the summation(The factor ofZ was neglected by a4 s covered elsewhet®®® For well-resolved peaks, the
Hofmeistef as it does not affect the and T derivatives) uncertainty in FWHM is similar to that of the TO frequency.
The following sections summarize how the componentsyyerjapping peaks present problems, but in these cases, the
(ci, u;, andr;) are obtained. For details see Hofmeister. HWHM can be obtained®33
For the Raman modes, which have Lorentzian shapes, Eq.
A. Lifetimes of optic modes (4) should hold** However, Raman line shapes are subject to
Phonon lifetimes can be extracted from IR reflectancdStrumental broadening. IR data sufficed for determining the
spectra by modeling the vibrations as a sum of an appropri'-'fet'mes for optic modes for olivine and spinélsuggesting .
ate number of damped harmonic oscillatBf<? each with that IR spectra of garnets adequately represent all the optic

frequency w;, damping coefficientT’;, and oscillator Modes.
strengthf, . The complex dielectic functione= e, + i €,) for
n oscillators is B. Lifetimes of acoustic modes

Crystalline solids have three acoustic modes which can be
probed through Brillouin spectroscopy. In theory, their life-
times are also represented by Ed). However, these line-
widths are broadened by instrumental factrSrillouin

and spectra are collected wheig is small*® At zone center,

5 acoustic frequencies are zero, and their lifetintewerse
fjijjw with width) are infinite or undefined. The modes travel far,
(30) but have no energy, and thus this representation is not appro-

priate for calculation ofk. Instead, zone edge values of
wheren; is the real part of the index of refraction, is the FWHM are used to calculatk (as in calculations otC,)).
imaginary part, an&f;=1. The transverse optic (TPfre-  Zone center values are appropriate for optic modes, but zone
quency ;= w;/27) occurs at maxima i,(v) and the lon- edge values are used for acoustic modesbothk andC,))
gitudinal optic (LQ) frequency is determined from minima because the acoustic modes are converted to optic modes
in the imaginary part of 1k,(v)+ie,(v)]. The damping through zone foldingi.e., doubling of the unit cel and it is
coefficientI’; is related to the lifetime their zone edge value that is transferred to the zone cEhter.
The appearance of acoustic modes in IR spectra allows
determination of their lifetimes directly from the dielectric
—=Ti=27XFWHM, (4 functions. FWHM of the resonating acoustic modes are close
' to that of the IR mode#3Furthermore, the ratio FWHNY/
where FWHM is the full width at half maximum, in fre- of 4.3 to 6.2% for olivine and spinel-type minerals obtained
guency v units, of each peak ine,(v). In this three- from Brillouin scattering is comparable to FWHM/of 2 to

" feX(wi-w?)

e=ni+ndi=e, + > —
©

=1 (0f - 0?)?+T0?

(3a

n

62=2n1n2=2 )
i=1 (wjz—w2)2+ szwz
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4% determined fory-Fe,SiO, from IR data>® This ratio  sounds speeds at zone center to zero at the maximum values
from IR data is smaller because IR widths are not affected byf q. Potentially, the acoustic contribution kaould be over-

instrumental broadening. In lieu of direct measurement okstimated from using linear dispersion in E#j) by ~25%.
acoustic mOdeS, acoustic lifetimes can be estimated from thﬁ a more realistic form for dispersion of the acoustic modes

narrow widths of the weakest IR peaks. truly were needed, greater disparities would exist between
N Debye’s and Einstein’€,, models, which utilize contrasting
C. Heat capacities of phonons dispersion relations, and poorer agreement with experiment

Equation(2) assumes that the atoms of the solid vibratewould exist. Neither effect is observéti®*“°Overestimation
independently and at a constant frequency. Use of a constaaf group velocities seems to be compensated for by other
frequency means that the group velocity is zero, and thus dactors.
regards Einstein heat capacities, the summation in(Bgs The role played by the acoustic modes is limited by the
made only over the number of modes. Sumningp obtain  particular mechanism involved in heat exchange. Beyer and
Cy provides the correct high-temperature limit, but the re-Letchet (pp. 255—260 describe how compressional waves
sponse at low temperature is more rapid than the experimembove about 100 K are attenuated through collisions with
tally observedr® dependence. Yet the agreemenBaf with  other phonons in the solithermoelastic logswhereas TA
Cy is reasonablé}** even for the complex structures found phonons do not suffer thermoelastic losses because shear
in minerals™® waves do not produce volume changes. Thus TA modes do

Debyé* treated the crystal as an isotropic, continuous men gt participate above 100 K. The LA phonons lose energy
dium. The basis of the model is a Iirlear relationship betweepacause heat is transmitted from the compregsetl to the
angular frequencw and wave vectog. The extrapolation of  rarefracted(cool) regions of the sample(Different loss
the linear relationship to the zone edge provides the fremechanisms pertain at Cryogenic temperatmr'ébe impor-
quency used to comput@y, . Debye’s model is an improve- tance of the acoustic modes in calculatikg for complex
ment over Einstein’s, in that it reproduces the essential feastructures is further diminished by their scant number com-

tures ofC,,, but it is not exact either. pared to the optic mod€€37 for garnet
More accurate formulations fo€, exist***® For the

present model of thermal conductivity, little benefit is gained
by using the more complicated equations. Einstein’s formula E. Group velocities of the optic modes

suffices for optic and acoustic modes, and the effect oh In principle, the dependence of frequency grfor the

¢; can be neglected. Although E@) assumes noninteracting various optic modes, determined through inelastic neutron

phonons, it should be valid when scattering is present. This na(INS h h th ical mod
claim is based on the quantum mechanical derivation of thgcattermg( )_measur_ements_or through theoretica mod-

) ) eéls, could provide the information needed for the full sum-
Lorentz-Drude model, in which the frequency represents the

o mation in Eqg.(1). However, the dispersion relations derived
transitions between staté5.The frequency has the same

LY . : . from INS trace only the peak centers of the LO and TO
meaning in interacting and noninteracting systems.

modes across the BZ. This description of phonon properties
represents only the quasiharmonic aspects, i.e., the effect of

_ phonon interactions is not revealed. Vibrational energﬁ at
For smallg, a linear relationship exists with: hence, the =0 is not limited to isolated frequencies but is distributed
group velocitydw/dq equals the phase velocity/q.33 Thus,  between the LO and TO modes, and belowig—TI'/27.%°
near zone center, the longitudinal acougtid) group veloc-  The finite peak width measured at zone center, which is re-
ity equals the speedp of the compression wave and the lated to phonon damping via collisions must also carry over
transverse acoust{d@A) group Ve|0city gives the shear speed to INS relations. Below is a qualitative analysis of the effect
us. Acoustic frequencies at zone edge can be obtained eith®f interactions on group velocities.
from extrapolation of Brillouin frequencies, or from using ~ From INS curves, the group velocities of optic modes are
ultrasonic measurements of the sound speeds in Debye’s fofommonly smaller than those of acoustic modes, but are
mu'a[wLA: Up(67TZNZ/Vpc)l/3 Wherevpc iS the Vo|ume of W|th|n a faCtor Of lO(eg, Ref 4;]- Slmllal’ grOUp Ve|OCiteS
the primitive unit cel]. are expected because no simple distinction exists between
A reasonable representation @f, is obtained by assum- the optic and acoustic branches away from the critical points
ing that linear dispersion of the acoustic modes at zone cerizone center and edge’¥ and because optic branches are
ter represents the entire Brillouin zoffeln calculating the related to acoustic branches through folding of the BZ,
closely related transport propetitylinear dispersion is also a Which occurs, for example, when the unit cells are doubled
valid assumption, and the sound speéaisd corresponding by ordering.

frequencies neag=0) are taken to represent the acoustic Suppose that the dispersion of the optic modes is repre-

modes over the entire BZ. Given the approximations underS€nted by their behavior near zone center. From the classical

lying Eq. (1), the directional dependence wf for the acous- damped harmonic oscillator model, the mean value cén-
fic modes is an unneccessary complication. not be zero because the finite lifetime of the phonon suggests

Near the edge of the Brillouin zone, the frequency is con-2 finite group velocity.(Exactly atq=0, a standing wave
stant and hence acoustic group velocities decrease from thexists, but not at smadj : excitation of phonons by photons

D. Speeds, frequencies, and participation of acoustic modes
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high group velocities are a consequence of the dielectric con-
stants varying spatially as well as depending on
frequency**?° Hence, over each IR peak, a value similar to
the sound speed is one possible average of these two ex-
tremes 0 and ;. The mean group velocity should be closer
to 0 than to ch; becauses,=0 at frequencies distant from
the peak, whereas on the edges of the peaks small and
the group velocity is reduced.

For each peak, the dispersion relationshif} is

T L)
a Sample 1
Py71 Al19 Gr10

0.8 p

04

Reflectivity

0.2

> > w 2
0 q'QZE(E) : (7)

Differentiating Eq.(7) gives

Jw c
u=—= .
-3 99 €Y1+ (qcl2eY®) del dw)

®

Dielectric Functions

-4 The dependence efon w in the damped harmonic oscillator

model is complicate@Eq. (3)], so as a first approximation,
4000 goes as a2 plus other terms. Substituting E€}) into Eq.
(8) yields

3000
u~w/qera, (9)

2000
wherea is a lattice constant. This approximate formula for
1000 group velocities of the optic modes as classical damped har-
monic oscillators has the same functional dependence as
Deybe’s dispersion relationship for the acoustic modes.
Equation(9) overestimates (as~100 km/sec) because the
denominator in Eq(8) was neglected during differentiation.
Alternatively, one could argue that polaritrons are ob-
served in IR reflectivity experiments, i.e., the phonons and
photons are couplet. For polaritrons at lowg, the group
velocity equals ai; wheren; is obtained for frequencies
below v (i.e., the low-frequency limit is used for a solid
with one vibration. The group velocity rapidly increases

from O for (i=0 to these large valud$.The average value
over the zone again lies somewhere between these extremes.
. . / . Because INS curves provide group velocities that are ap-
0 200 400 600 800 1000 1200 propriate for noninteracting phonons, and because only ap-
Wave number cm’) proximate values for u at smafj can be inferred from the
damped harmonic oscillator model, we assume that the optic
modes are represented by an average spegdFor phases
Calculated values of dielectric functiors (thin line) and im(1k) with th_e olivine _StrUCture* which has 84 VIbrathnaI modes, or
(thick line; values along right axis(c) Calculated absorbtivity val- for spinels, which have 4? total modes, a SIm_plg average,
ues. (d) Calculated values of the real and imaginary parts of the<U>:(US+UP)/23 resulted in an accurate description lof
index of refraction (,+in,; n, is the solid line,n, is the dashed ~FOr garnets, with a larger number of total moded40, a
line). The calculated data reveals problems with the analysis aroun#€ighted average, that accounts for double degeneracy for

Absorptivity (mm‘1)

Optical Functions

FIG. 1. IR spectra and derived functions for samplséde Table
II). Sample composition at top of figur@) Raw reflection datab)

450-500 cm? due to poorly resolved peaks. the shear wave, is proposed:
requires smally for an interaction. For frequency regions (uy= 2ustUp (10)
distant from the absorbing frequencies, the dielectric func- 3

tion is real wheree, = 0 (Fig. 1). In these transparent re-
gions above and below the TO frequency, the group velocityn anticipation of a larger number of interactions and slower
equals the phase veloctfy[u;=w;/q;=c/n;(w;)]. These group velocities.
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TABLE |. Source data for samples with new spectral data presented in this paper.

Samplé? Approx. compositior? Source ID Locality and notes
1 Py;1Al 1GraUvsAn, SFS4 Frank Smith Kimberlite, South Africa
10 Pyy7Al 4G5 SBB23 Bobbejaan Kimberlite, South Africa
14 Py,Al ,oGr0AN, UV, SRV# Roberts Victor Kinberlite, South Africh
16 Pyi1Al 45Sp Gry3 SM 13484 Gore Mountain, Essex Co., N¥
2 Glyg Algs ¢ Georgetown, CA'
8For details see Hofmeistet al. (Ref. 57. €Also see BoydRef. 75.

®From data in Table 1EEPAPS depositRef. 60]. Also see Capoiscio and Smy(Ref. 76.
‘Provided by R. M. Hazen and J. R. Smyth. 9Also see Levin(Ref. 77, Deeret al. (Ref. 19, p. 50.
dFrom the U. California, Davis, mineral collectiofAlso see PabstRef. 78.

F. A simple formula for the thermal conductivity of insulators Fe ions and from the manner in which the edge-sharing
at ambient conditions polyhedral distort to accommodate these substitutféfis,

Because the optic group velocities may be represented Bt pyrope-aimandines usually contain some Ca, whereas
an average, and because the lifetimes of individual pdaksMg and Fé* can occur in grossular-andradites. In some
vary little (also shown belowEq. (1) simplifies. The sum of our samples, subordinate amounts of spessartine
over the directions is ignored as only the bulk valueka$é  [Mn3Al,SizO,] and uvarovite [ CaCr,Si;O,,] are also
sought and the dependencedis assumed to be represented Present. Also, in the Ca-rich gamets; ibns commonly and
by zone center behavior, giving extensively replace &f, creating hydrogarnefS:*For con-

venience, compositiondable ) are simplified to mole % of

1p W1 p (u)? the end members, e.g., Rl 1:SpGrsAnzUV,.
ko=3 71 (W Tzl C=3ZM (1) Cv. (11) In synthetic garnets, yttrium occupies thesites, while
another trivalent metal ion speciéal, Fe, or Ga occupies
All parameters are at ambient conditions. both theY and T sites. Electronic properties are altered by

Considering the frequency dependence of the terms in Egeplacing yttrium by lanthanide iort&:5:°20Our YAG sample
(12) supports the validity of converting the sum to an aver-contains 5.5% Sm.
age. From Eq(9), u; is proportional to frequency. From Eq.
(2), ¢; varies inversely, but weakly, with; . An inverse re-
lationship betweer; and v;1%provides a lower limit tor; as
it is equivalent to critical dampin®y. Henceuizrici goes as
viZ/ vilvi=1.

Using an averaggEq. (11)], as Deby® proposed, rather

The garnet structure is isometric, space grda3d.
The species found at Brillouin zone center ard;JR)
+5A,4+8E4(R) + 14T 4+ 14T54(R) +5A,,+5A,,+ 10E,
+17T4,(IR) +16T,,, whereR denotes Raman active bands,
andIR denotes infrared active bands. An additional acoustic

A ._mode ofT,, symmetry is split into one longitudinal and two
than a sunfEq. (1)] is justified because average pmpert'estransverse components. From site-group anafjsisthe IR

are used in the kinetic theory of gases. Pefesisd subse- modes are assianed to the following motions: & O-T-O
guent researchers used summations because the models con- 9 9 2

cerned only the three acoustic modes. But for a large numb ymmetric tetrahedral bend; 3;=T-O a_symmetrlc tetrahe-
of vibrational modes, averaging is preferable. For garnetsar! stretch; 3v,=the OT-O asymmetric tetrahedral bend;
with 3 acoustic and 237 optic modes, the acoustic modes cah R= rotation/libration  of the TO, tetrahedra; Z
be ignored, and the average FWHM of the IR modes is as={ranslation of T, tetrahedra; and B and 3Ty

sumed to represent all optic modes. =translations of the dodecahedral and octrahedral cations.
This approximation neglects mode mixing. Symmetry analy-

IIl. STRUCTURE AND SYMMETRY ANALYSIS OF sis cannot be used to predict activity of an overtone because
GARNET the anharmonic interactions producing overtones and combi-

nations are not restricted by selectitdnOur band assign-
The garnet structure is depicted by alternating cornerments present the simplest combinations and additions that
linked TO, tetrahedra andf Oz octahedra, with the cations  describe the overtones.

housed in distorted dodecahedral interstfe&dge sharing Some of our samples are irregularly birefringent. Such
is present between the dodecahedral sites and the octahedopltical anomalies have been taken as indicating symmetry
and tetrahedral sites. reduction through partial ordering of cations on thand/or

Natural silicate K3Y,Si;O;,) garnets typically have diva- Y sites® but also have been interpreted as originating in
lent X cations and trivalenY cations. Two distinct composi- strain®®°’ The IR spectra of optically anomalous samples
tional series  (pyrope  [MgsAl,Si;O,]-almandine  show no departure from cubic symmetfyand some bire-
[FeAlL,Si;0;,] and grossular [ CaAl,Si;0;,]-andradite  fringent samples are metrically cubitand thus we obtained
[ CaFe,Sis0;,]) dominate®® The two series result from the and analyzed IR spectra of the garnets assuming that they
mismatch in size between the Ca ion and the smaller Mg andiere cubic.
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FIG. 2. IR spectra for sample 10. Functions presented as in G, 3. |R spectra for sample 14. Functions presented as in Fig.
Fig. 1. 1. Strong overlapping peaks near 450 ¢nmake the analysis for
IV. EXPERIMENTAL PROCEDURE lower wave numbers untrustworthy.
New IR data were obtained from the samples described iand a KBr beamsplitter for the range of 450—4000 ~¢érat
Table I. Chemical analysd3able 1a, accessible by EPA®S  a resolution of 1.0 cm!, or a silicon bolometer and mylar
or from the authorswere obtained with a Cameca SX-50 beamsplitters(3, 6, or 12 um) for wavenumbers below
Electron Microprobe at the University of California-Davis 600 cni ! at a resolution of 2.0 cm'. Between 1500 and
using standard techniqué&SOperating conditions consisted 3000 scans were collected from each sample. Spectra were
of a 15 KeV acceleration voltage, 10 nA current, and 10collected using a Spectratech FTIR microscope from samples
second counting times. Chemical zonation was not observedf 1 to 12 mm diameter with random crystal orientation that
Infrared reflectance spectra were obtained at ambient tenwere polished on one side. A Kramers-Kronig anaRfsi8
perature using an evacuated Bomem DA3.02 Fourier transwas performed on merged reflectance spectra using Wooten'’s
form interferometer(FTIR). We used an HgCdTe detector approximation for extrapolating to high frequenc$? and by
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FIG. 4. IR spectra for sample 16. Functions presented as in

Fig. 1.

assumingR is constant below the range of measurements;
We also approximateR as being constant at high frequency
for 6 of the samples, and found little to no change in the’
average peak width. Parameters are extracted as described#§ at ~
Sec. Il. Uncertainties in peak positions ar®.1to 1 cm*.

Absorbancies were calculated using

a(v)=

Procedural details were given previously.

B 2mvey(v)
ny(v)
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a ' Sample 2
Gro99.5 Al0.5

o 9o
o

Reflectivity
o
N~

-
8]
o

100

50

Dielectric Functions

>3000 - b

Optical Functions
»

I
] 1
L‘-M.‘\. N Ill'

0O 200 400 600 800 1000 1200
Wave number (cm'1)

FIG. 5. IR spectra for sample 2. Functions presented as in
Fig. 1.

V. SPECTROSCOPIC RESULTS

The IR spectraFigs. 1-5 are consistent with previous
studies of silicate garnets. Three strong peaks attributed to
the Si-O stretch are observed in the 800—1000 tnegion,

a cluster of strong peaks occur in the region of O-Si-O bend-
400-600 cm?, and many weaker peaks associated
with the more loosely boun&X cations are seen at lower
wave numbers. The pattern of intensity in Figs. 1-4 re-
sembles the pattern observed for pyrope-almandies,
though our samples have notably higher Ca content. Sample

(12 14, with the highest grossular content, deviates the most

from the general pattern. In the 400-500 chregion, sev-
eral strong peaks overlap, which is responsible for the
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TABLE Il. Spectral data for samples not previously published. Mode assignments are those for almandine in Hofmeister and Chopelas
(Ref. 59 after Tarte(Ref. 61 and Mooreet al. (Ref. 53. TO: transverse optic wave number. LO: longitudinal optic wave number. FWHM:
full width at half maximum of transverse optic pedkoscillator strength from Eq4).

16-Pyy;Al 4Gry 5P

TO LO FWHM f TO LO FWHM f TO LO FWHM f
B(vs3) 960.6 1054.4 14.4 0.196 960.2  1045.7 12.8 0.187 959.4  1047.2 12.8 0.212
C(v3) 891.1 885.6 19 0.180 893.4 885.0 16 0.210 892.9 886.1 14.6 0.190
D(vs3) 858.9 933.3 32 0.771 867.6 930.1 18.8 0.481 866.7 930.0 20 0.537
overtone 813.0 814
overtone 774
E(v,) ~653 644.5 645.9 22.2 0.015 643 647 22 0.031
F(v,) 569.2 611.5 12.2 0.164 567.9 606.2 13.3 0.130 568.3 607.5 11.7 0.162
G(vy) 526.9 548.4 13 0.037 526.6 546.2 11.8 0.041 526.7 544.3 11 0.036
Gar(va) 506.9 506.9
H(Ty) 470.6 469.9 10 0.098 473.6 470.2 10 0.294 470.9 468.3 9.5 0.244
I(vy) 441.1 525.0 13.3 2.26 450.7 524.3 12.6 0.376 4455 524.4 9.4 1.61
overtone 432 432
J(Ty) ~420 419.2 420 6 0.083 416 416 9 0.170
K(R) 376.4 399.0 19 1.83 380.8 400.9 16.6 0.859 379.1 400.8 16.4 1.72
L(R) 347 349.7 8 346 349.2 11 0.372
M(T) 330.2 348.2 20.7 2.07 332.4 340.6 20.8 0.670 329.5 337.3 17.8 0.916
O(Ty) 249.2 254 20 0.637 243 248.8 26 0.396 240 248.0 26 0.613
N(Tx) 191.4 217 211 3.07 200.1 217.6 34.1 0.615 203.8 216.3 24 1.20
Pumg(Tx) 183.8 217.6 13.3 0.077 182 216.3 10
Q(Ty) 140.2 148.4 9 1.30 136.9 150.0 16 1.58 159.1 162.7 9.4 0.405
PedTyx) ~163 158.4 162 12 0.348 132.3 148.8 17.2 3.43
R(T) 121.7 130 17.6 6.94 114.9 125.0 24 4.05 112.2 123.0 18 5.57

14-PyoAl,(GrpAn,Uv, 2-Glgg Al s

Mode TO LO FWHM f TO LO FWHM f
B(vs3) 955.5 1045 17.2 0.302 909.4  1009.0 13.7 0.191
C(v3) 885.6 875 22.8 0.348 857.9 884.7 8.2 0.103
D(v3) 861.8 923 26.4 0.606 838.3 885.0 12.1 0.149
E(v,) 644 ~648 18 0.0307 618.8 625.0 10.5 0.0187
F(v,) 565.6 605.2 13.3 0.202 541.8 578.3 12.1 0.0875
G(v,) 523 545.2 14 0.0867 506.6 506.7 9.4 0.0223
H(Ty) 475.6 472 9 0.484 471.6 468.9 7.9 0.184
1(vy) 449 521.7 437.2 530.0 4.7 1.94
Jo(Ty) 432 ~2 ~0.08
K(R) ~376  ~398 391.9 404.4 4.6 1.18
L(R) ~360 356.5 355.6 5.0 0.0250
M(T) ~335 ~340 302.0 302.5 3.0 0.0931
N(Ty) 242.5 247.5 3.5 0.452
O(Ty) ~240 ~250 ¢ ¢ ¢ ¢
PcdTx) 206.0 207.8 2.0 0.154
N(Tx) 194
Q(Ty) ~134 ~144 185.0 189.4 3.0 0.409
R(T) ~100 ~115 156.7 158.9 2.7 0.148

&The Gr component includes small amounts of An and Uv, see Hofmeistr (Ref. 57 for precise compositions.
®The Al component also includes Sp.

°N and O peaks assumed to be accidentally degenerate. Peak width is therefore counted twice in the average, which may slightly overesti-
mate the average FWHM.
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TABLE lIl. Experimentally derived values for the thermal conductivities of garnets, physical data for those garnets, and spectral widths
from garnet samples of comparable compositigndensity;Cy, : heat capacityup andug: longitudinal and transverse sound speeds; expt.
k: value for thermal conductivity listed in source or calculated from thermal diffusivity given in source;kcaimdel value for thermal
conductivity calculated using the data in this table; No.: spectral sample nuiQgr;average full width at half maximum af, peaks(see
Table II). If density is estimated, value was obtained from interpolation using values indDeér(Ref. 19.

Sample Compositiofi p Cy" Up Us expt. k calc. k No.* Wave
g/cm3 J/mol K km/s km/s W/m K W/m K cm™t
SO sP Py,,AlLSpy 3.72 330.0 8.9 5.55" 4.30Y 3.94 18 12.9
H4432 Py;0Al,oGrio 3.75 329.9 8.90 5.00" 3.18 2.98 1 17.0
KG1P PyesAl 36Grg" 3.86" 332.8 8.83 4.96° 3.23% 3.44 40 14.6
CBS® Pys Al 3,Grg 3.82 332.2 8.82 4.98 2.90" 3.01 10 16.5
Diment¢ PysaAl 47 3.93 334.1 8.7% 4.94¢ 2.03 3.03 10 16.5
SOAL' PY.oAl 16SPs 3.95 334.6 8.7¢ 4.94Y 4.30Y 3.31 33 15.1
SO RHf Py,Al 56 3.99 335.7 8.7¢ 4.93Y 4.50Y 3.32 33 15.1
H1232 PyaAl 4Gl 3.93 3345 8.7% 4.93Y 3.31 3.30 16 15.0
KG2° PY40Al 46Gr4" 3.92" 3345 8.7% 4.93" 3.14% 3.29 16 15.0
Dreyer® Al 1o5? 4.32 3433 8.43 4.73" 3.60 4.86 41 9.6
H20? GrzpAnyg 3.75 345.4 8.47 4.96" 3.09 3.24 B44 13.5
H4322 GrygAny Al 3.32! 3355 9.04' 5.304 5.19 4.01 B28 11.5
SO HS GiAnAl K 3.65 331.8 9.21 5.42" 7.00Y 5.90 EDN 8.9
H7002 Grg;Ang 3.62 332.2 9.21 5.42" 5.65 5.17 B51 10.1
H192 GrgsAng 3.55 331.3 9.28 5.46" 5.62 5.98 B24 8.7
SO GR' GrgeAl 1Sp 3.62¢ 330.7 9.27 5.46" 7.20 7.16 B12 7.4
YAG ¢ Y 4sYbAG 4.64 3717 8.52P 4.97° 7.85Y 8.85 YAG:Sm 5.3
YAG YAG 455 371.2° 8.52° 4.97° 10.3 8.86 YAG:Sm 5.3
YIG' YIG 5.29 426.4 7.41¢ 4.309 7.40 3.97 YIG 9.7
YGG' YGG 5.66 414.1 7.39 430 9.00 6.31 YGG 5.8

#Horai (Ref. 16.

PKanamoriet al. (Ref. 21).

‘Chaiet al. (Ref. 9.

9Diment and PrattRef. 69; composition of sample estimated from density.

®Dreyer (Ref. 66. Sample described as “almandine,” no other data given. Physical parameters are for pure almandine. See discussion in text.

fSlack and Oliver(Ref. 17.

Ipatelet al. (Ref. 18.

hCompositions and densities recalculated from their cell parameter and refractive index aftet BeéRef. 19 Compositions given in sourddef. 21
[KG1-PyeAl g KG2—PyAlsg] are not consistent with their given physical data, whether considered together or singly. Grossular was assumed as the
third phase for reasons explained in the text.

iCompositions from samples at the same localities in Rossman and @Reés49.

IComposition estimated from density. Garnet from a similar locality was described by Agar and Kikefe79 as Gg,An,PAS,, where PAS is com-
bined pyrope, almandine, and spessartine content.

“The composition listed in Slack and Chrenk®ef. 69 explicitly ignored F&" (An) content although they noted the characteristic bands in the samples’
spectra. Inspection of those spectra led to the given estimates of An content; the compositions are otherwise as listed in the source. Desés is estim
from these compositions.

'Low density presumably indicates inclusion of®as hydrogarneiRefs. 19, 49. If sample were grossuldno F€"), density corresponds to 0.6*Siper
formula unit replaced by 4H Barring impurities, this is a minimum value for the'Htontent of this garnet; such samples are known, though not com-
mon, and the presence of impuritiesongarnet phasg# this sample is not unlikely. Molar weight is lowered to correspond to hydrogarnet content.
™Molar weights were calculated form the composition, see Table IV for examples.

"Interpolated from endmember values: pyrdpef. 54, almandine, grossular, and andradiief. 80.

°Chaiet al. (Ref. 9 calculated G=358.9 J/mol K. Given the endmember values used above, and assuming nearly ideal(Réfingg, this value is too
large.

PYogurtau et al. (Ref. 8.

9Eastman(Ref. 82.

"Zharikov et al. (Ref. 83.

SFor garnet with composition Py62 Al36 GfRef. 73.

Chaiet al. (Ref. 74.

USee Babusa et al. (Ref. 67, for a garnet with a similar composition.

VInterpolation or extrapolation from existing data.

“Calculated using thermal diffusivity of source and calculated heat capacity listed in the table.

*Compositions in the other tables.

YValue fork inferred from the figure.

“Because Fe (Al) and Mrf* (Sp) are so similar, in the absence of any available IR data on pyrope-spessartines this pyrope-almandine is substituted.
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irregularities in this spectral region. Spectra of the nearlyrelated to specific site substitutions, i.e., inclusion of Fe
pure grossulafFig. 5 almost replicate the previous mea- appears to broaden peaks more than doés Fef. sample
surements of other grossulars with low concentrations of imB24 to EDN. For the pyrope-almandines, exchanging Ca for
purity ions?258 FE" (at constant My broadens the pealsf. sample 1 in
The dielectric functions obtained from Kramers-Kronig Table Il to sample 18 in Table 2&ef. 60]. Substituting Ca
analysis for samples 1, 2, 10, and 16 are classical in appedier Mg (at constant Fe') also broadens the peasf.
ance and the resultant parametéfable 1)) should be trust- sample 10 in Table Il to sample 40 in Table @ef. 60].
worthy. Sample 14 has a negative spike for gaadielectric ~ Substitution of Ca in pyrope-almandine strongly affects the
function and the absorbance, which is attributed to an unreSi-O stretching modes, whereas the exchange of Mg-Fe
solved doublet at 449 cnt. The analysis is unreliable at mostly affects the low-frequency modes associated with cat-
lower wave numbers, and sample 14 is not used in comparion translations.
sons of calculated with experimentalalthough it illustrates
the effect of high Ca content. For sample 1, alsobecomes VI. AVAILABLE EXPERIMENTAL VALUES OF THERMAL
slightly negative from the region betweer 475 and CONDUCTIVITY FOR GARNETS

500 cni*, but the values appear credible. To the best of our knowledge, Table Il contains all pub-
Table Il follows previous nomenclatte and band |ished experimental values féron natural garets, exclud-
assignment§>?**The P mode is split in sample 16 into a jng spessartines for reasons discussed below. Also included

Ca and an Fe peak, consistent with two-mode behior are synthetic yttrium garnets for which IR reflectivity data
wherein peaks for the mixed crystal are seen at frequencigsyist. Most of the thermal conductivity data were obtained
appropriate to the end members with intensities proportionagg years ago and may be faulty, as suggested by inconsistent
to the amount of each end member component. Most peakg|ues ofk among compositionally similar samples. Uncer-
follow one mode behaviofvegard's law wherein the fre-  tainties in ascertaining sample compositions and suspected
quencies vary between those of the two end members. roblems in the measurddvalues are summarized as fol-
The weak modes appearing in the gap between the Si-¢ys.
stretching and O-Si-O bending regions are assigned to over- Kanamoriet al?! provide chemical compositions that are
tones. For sample 1, thd and K modes (441.1 jnconsistent with their reported values for the cell parameter
+376.4 cm'=817.5 cm') and the F and O modes and refractive index. These properties depend nearly linearly
(569.2+249.2 cm '=818.5 cm') together produce a on compositions for most garnet*63Therefore, the com-
very strong overtone observed at 813.0 ¢mThe funda- positions for their samples in Table 11l were calculated from
mentals implicated individually have high oscillator their cell parameters and refractive indices, assuming that the
Strengths, and this is responsible for the Strength of the OVE%amp]eS are mixed Crysta]s of pyrope, almandine, and gros-
tone. The peak at 814 cm for sample 10 probably repre- sular. Mn (spessartinemay be present, but minor amounts
sents an overtone from a combination of th@ndM modes  gre unimportant to our analysis, as discussed below.
(473.6+332.4 cm*=806.0 cm') and the F and O Hora*® provides a locality and a density for his samples.
modes (567.9243 cnm'=811 cmi'). However, these His samples most likely came from the Francis Birch collec-
modes are not as strong and so the overtone is not prominemion at Harvard, which has been discard&dVe requested
The | and M modes (450.%332.4 cm'=788.1 cm')  chemical composition data from the author, but these are not
with the E and Q modes (644.5136.9 cm'  available. Therefore, estimates of compositions for Horai’s
=781.4 cm') are implicated as the source of a weak over-samples were made based on known garnet compositions
tone at 774 cm! in the same spectrum. The 432 ¢l  from the source localities and by calculation from end mem-
overtones in the spectra for 10 and 16 are more difficult tcher density value¥’
explain, but may represent incursions of an acoustic mode. The k value reported for sample H123 is close kae-
Sample 16 shows no other overtones on a cursory analysiported by Kanamoret al?! and Chaiet al? for similar gar-
although some overtones from strong modes such as thenets. The most recent stitiyvolves a contact-free method
and K (445.5 and 379.1 cm'), Gg, and M (506.9 and  and should be accurate, suggesting that the valuksieér 3
329.5 cml), andF andO (568.3 and 240 cm') may oc-  W/m K for earlier studies of Ca-rich pyrope almandines rep-
cur as features near the noise level. The spectrum of samptesent the true values.
14 is problematic enough that analysis of its overtones is Diment and Praff provide densities and some description
futile. Sample 2 has no observable overtone combinations.of their samples. Their two spessartines are porous, and the
Table 2abo(accessible by EPAPSor from the authors  grossular sample has a low density, suggesting a large com-
gives complete IR reflectivity parameters from previousponent of 4H substituting for Si*, and are thus dismissed
studies on other garnets relevant to this sttfdy:>*For the  from the comparison. The composition of their “almandine”
synthetic garnets, thg andI'; values for the most intense is estimated from its density. However, its reporkeid 30%
peaks differ from the earlier repéttdue to an error in the lower than any other measurement, even for samples with
computer program used in the classical dispersion analysissimilar chemistry(Table 1ll). Because of this disparity, we
The FWHM for the mixed crystals is larger than thoseconclude that Diment and Pratt's measurementkofor
near the ends of the binafgf. samples 40 to sample 3 in almandine-rich garnet is not reliable. Their other samples
Table 2a(Ref. 60]. The purest grossuldsample 2, Table )]  seem to be low by similar amounts compared tof anala-
has the narrowest peaksee Table 2bThe differences are gous samples.
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Dreyef® provides only the mineral name “almandine” for T T T T T T T T
his sample. Natural specimens of pure almandine are 10| 7
unknown!® We infer that the true composition is Afto Alg,

by comparison ok values(Table ). 9 Patel YAGSS S
The compositions inferred for the pyrope-almandines are Slack YAG

relatively reliable, probably within-5 wt. %. The chemistry s -

of these minerals tends to be uniform for a given locality. &

Pyrope-almandines usually include a few percent of Mn, butg -L Gros5? i

for our purposes, such low Mn content can be treated as if i&.
were Fé". This approximation is reasonable because spesz5 & YGG
sartine and almandine spectra are nearly identftaihd their 5F H194 A Groo? 7
densities and sound speeds are siniiidf Hence, the physi-
cal properties used to calculate of almandine compare
closely to those of spessartine, and tHeiralues should be Py77
very close. Spessartine-rich garnets occur in nature kasfd 4
such garnets is publish&#f°but the compositions cannot be
reliably estimated. These samples are not considered furthe —, g I..\P 44 i
Grossular-andradités have much less certain composi- Py49 Y
tions, due to the common occurrence of impuritiesy., H" . . . . . . .
and Tf).49%9 Sample H432, in particular, has a density > 3 4 5 6 7 8 s 10
about 0.27 g/crh less than that of pure grossular, which Measured k (W/m K)
implies considerable hydration, and therefore it cannot be
accurately modeled using the available IR spectra of essen- FIG. 6. Comparison of experimental and calculated thermal con-
tially dry Samp|e§_2 Estimates of the compositions of Ho- ductivity. Data from Table 1ll. Circles: pyrope-almandine samples;
rai's other grossular-andradites in Table Ill primarily dependtriangles: grossular-andradite samples; diamonds: synthetic garnet
on compositions reported by other authors for garnets fron§amples. Samples with labels are discussed in the.text. Py77, Py49,
the named localities. Sample H20, the only andradite, i€Y44 Gro5, and Gro0 samples from Slack and Olifef. 17.
probably the driest®**%°giving the most reliable composi-
tion. discussed above were excluded from the comparison. Densi-
Slack and OliveY’ studied five natural garets but list the ies were obtained from linear interpolatihHeat capaci-
k value only for grossular. Values for their other samplesties depart from the assumed linearity, due the mixing effects
(Table ”l) were obtained from their Iog-log pIOtS. Slack and in solid solutions, but this effect is small for pyrope-
Chrenkd® provide chemical analyses of the same materialsgrossular® and should be smaller still for the other series
Optical spectroscopy revealed noticeable levels 6f Feut  ith lesser disparities in cation size. Sound speeds were lin-
the andradite contents were not repoftédlowever, calibra- early interpolated from existing dat@able III).
tion curved® suggest that most of the Fe is divalent in the The results(Table 111, Fig. 6 are in excellent agreement
grossular. The peak heights in the optical spectra show thafith experiment, considering the experimental uncertainties
the hessonite has the same amount df'Fas the grossular. in both composition ané. Uncertainties in the input param-
From these considerations, we infer the compositions reeters are small in comparison. Figure 6 shows an excellent
ported in Table lIl. match of calculate# with measurements that have been con-
Slack and Olivet” also measured of YAG, YIG, and  firmed by multiple studies on similar material, and recapitu-
YGG. Patelet al'® analyzed various samples in the solid- |ates the problems inferred from comparing the various ex-
solution series YAG-YbAG, not including YAG, but pre- perimenta] determinations with each other.
sented results ok graphically only. Thermal conductivity ~ Measurements ok for pyrope-almandines from several
results from Slack and Oliver are generally higher than studies cluster near 3.3 W/m K, and these values are returned
those reported by other authors for similar compositiongyy Eq. (11), within a nominal experimental uncertainty of
(Table 1Il). Their k values for YAG and both pyrope- 50, The calculation for pyrope-spessartine is in good
almandines diverge from recent studies of similar mate?ials,agreement with the measurement of Slack and Oligiven
and are thus suspect. Klein and Croft80% higher mea-  the need to approximate the input parameters for the spessar-

A H700

Calculate

A H432 *VIG .

n

surement of 13 W/m K for YAG is clearly incorrect. tine component, and our estimationtofrom a graph. How-
ever, their pyrope-almandine samples have thermal conduc-
VII. CALCULATIONS AND DISCUSSION tivities that are ~25% higher than the calculation. This

difference is almost certainly due to experimental errors as

similar garnets have lowée® The thermal conductivity mea-
Thermal conductivity was calculated from Eq$0) and  surement of Diment and Préttis substantially lower than

(12) using physical properties appropriate to the compositiorany of the other measured results for pyrope-almandines

of each garnet with experimentally determindd The (Table Ill), and can be discounted. The disparities of 25—

FWHM were obtained from similar, but not exactly the 33% seen between these measurements and the calculations

same, garnetdable Ill). The few problematic measurements (Table 1ll) is the same size as that found in interlaboratory

A. Evaluation of the accuracy of the model
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TABLE IV. Physical data and calculated thermal conductivity of spectral samples. Peak widths from certain samples on this table were
used to construct model values of thermal conductivity in Tabléthiéy are identified thejebut the physical data in this table is adjusted
to the composition of these samples themselves. Table headings are similar to those in Thblenblecular weight. YIG and YGG are
omitted since all data would be identical to Table IlI.

Sample Composition Avg. FWH; pP M Cy°© Up Us k
cm ! glen? g/mol J/mol K km/s km/s W/m K

3 PysAl,Gry 9.4 3.61 407.39 326.00 9.f0  5.08° 5.59
18 Py;,Al 8" 12.9 3.79 429.62 330.84 892  5.00¢ 3.97
1 Py, 1Al 1Sp Gl " 17.0 3.74 429.62 331.22 8.60  5.00' 2.97'
40 PyeeAl 30Sp Gr,™ 14.6 3.95 441.90 332.87 8.83  4.96% 3.45
14 Py.,Al Gy 17.2 3.74 435.78 330.77 865 501 2.91!
10 Py7Al oG5 16.5 3.88 447.13 333.46 8.83  4.99¢ 3.04/
16 Pyi,Al 4sSp Gy g™ 15.0 3.92 452.78 334.50 8.¥7  4.93 3.29'
33 PY1Al5Grg 15.1 3.95 453.28 334.90 8.¥7  4.93 3.30
11 PyioAlg, 11.8 4.19 480.72 340.18 859 482 4.10
41 Alygo 9.6 4.32 497.75 343.29 8.43 4.73¢4 4.86
B43 G sANgg 5 9.1 3.86 507.31 351.56 8.50  4.849 477
B44 GhoAny, 135 3.78 491.44 345.60 8.47  4.96' 3.26
B35 GhANg S, 15.3 3.74 479.90 341.53 8.2  5.11¢ 3.07
M GrgsAngg 15.9 3.69 471.20 338.02 889 5.21¢ 3.05
B28 GlgoANyo 115 3.65 462.00 334.55 9.04  5.30 4.34
B51 GlggAngPys™ 10.1 3.64 454.23 331.58 9.f6  5.36¢ 5.21
EDN GrgAn Al 8.9 3.64 455.13 331.79 981  5.42¢ 5.79
B24 GlgsAns 8.7 3.61 453.35 331.30 9.9  5.46¢ 6.08
B12 GlgoAn, 7.4 3.60 451.04 330.44 9.3 550" 7.24
2 Glge Al s 6.3 3.60 450.69 330.29 9.833 550" 8.43
YAG Y 64 SN AG 5.4 4.64 603.81 371.20 852 497 8.88

aSee Tables Il and lIl.

bDensities calculated as linear combinations of the end member déinsifassumes ideal mixingrefs. 19, 63]. Endmember densities for
natural garnets taken from Deet al*° Density for sample YAG calculated from formula weight and cell volume.

‘Interpolated from endmember values: pyrdpef. 54, almandine, grossular, and andradiRef. 80.

dInterpolation/extrapolation from existing data.

®Data for pure pyropéRef. 84.

fValue is speculative for such high grossular content.

9Data for pure andraditéRef. 85.

PData for pure grossulaRef. 72.

iOn account of the high grossular content of these samples, these values are plotted separately in Fig. 6.

IYogurtau et al. (Ref. 81).

KFor garnet with composition RyAl;Gr, (Ref. 73.

'For garnet with similar compositiofRef. 67.

MOne of the minor components represents the sum of similar components, since their effeait sirch low concentrations is practically
identical. For Sample 1, Gr includes GAn+ Uv. For B51, Py includes Py Al + Sp. For samples 16 and 40, Al includes Al and Sp. See
the sourcegRefs. 22, 23 for precise compositions.

comparisong. Based on known difficulties in accurately The spread occurs because the water and Fe content affect
measuringk, and on the good agreement of the calculationthe density in opposite directions and the samples probably
with the five points in the cluster of pyrope-almandines anchave compositions diiffering from our estimates. Agreement
with the sole pyrope-spessartine, Eq80) and (11) accu- s unsatisfactory for Horai's sample H432 because this could
rately represent this type of garnet. contain ~50% hydrogarnet or consist of multiple phases,
The grossular-andradites provide a less stringent test dugased on its density. Its input parametéfable Ill) are
to fewer measurements, and to uncertain compositions. Theugh estimates. Similarly, the calculation matches experi-
calculation for the sample with high andradite content, whichmentalk for the purer of the two grossulars from Slack and
should be relatively dry, matches experiméhig. 6). The  Oliver’ Their “hessonite” sample has double the Fe con-
average of the calculated values for two grossular-richtent, with both ferric and ferrous species, but its experimental
samples of Hordf equals the experimental determination. k is no different than the nearly pure grossu(@able I1I).

144305-12



THERMAL CONDUCTIVITY OF DISORDERED GARNES. .. PHYSICAL REVIEW B 65 144305

8 b
Py/Al: k = 4.9-.060 Py+4.4e-4 Py%+2.8¢-6 Py* [R=0.996)
7 Gr/An
el ] Gr < 64: k =4.9-0.07 Gr+7.1e-4 Gr* [R=0.997] /
E I Gr > 64: k = 17.4-0.45 Gr+3.5¢-3 Gr* [R=0.971] /
_\9—: 6 A _
o £
36 C ] 2 >
3 =
X
4
7 S S S S S 3
0 20 40 60 80 100
Mole % Pyrope or Grossular . | . .
FIG. 7. Compiled sound velocity data for each of the pyrope 0 20 40 60 80 100

almandine and the grossular-andradite seffefs. 67 and 72—-734
Lines indicate linear fits to the data. Open squares and triangle Mole % Py or Gr

represent almandine-pyrope samples rich in Mn. -
FIG. 8. Dependence of calculated thermal conductivity on com-

) ) ) position for the pyrope-almandine and grossular-andradite systems.
This hessonite hals more than 1.5 W/m K higher thakof  Filled circles and solid line: the pyrope-almandine samples fit with

similarly impure grossulargFig. 6), suggesting that this a cubic polynomial; open diamonds and dashed line: the high-
value is too high. andradite trend fit with a quadratic polynomial; filed triangles and
For the yttrium garnets, few samples were measured andashed line: the high-grossular trend fit with a quadratic polyno-
disagreements exist among the data. The experimental valug¥al- Open circles: pyrope-almandine samples with high concentra-
of YAG provide a weak test. The thermal conductivity cal- tions of grossular or other garnets and W|dgr .peak V\(ldthS, which
culated using FWHM from YAG doped with 5.5% Sm lies lower their moo_lel values for thermal conductivity relative to purer
. . . pyrope-almandines.
close to the average of the experimental determinatibitgs
6, Table Il for YAG (Ref. 179 and for YAG doped with 5% g Relationship of thermal conductivity to physical properties
Yb.18 Patelet al® obtained nearly the sankefor 15% Yb as
for 5%, suggesting that theik value for 5% dopant is
slightly low (see the next sectignAt such low impurity
levels, substitution of different lathanide ions is unlikely to
matter, suggesting that the calculatiofable Ill) probably
provides the corredt at 5% dopant. The experimental value

To understand the effect of the various physical param-
eters in Egs(10) and (11) on k, the calculations were re-
peated based on the known chemical compositions of the
samples with IR spectr@rable 1V). Density, molar weight,
and C,,, were obtained from linear interpolation based on

. o their compositions. The sound speeds of pyrope-almandines
for pure YAG by Slack and Olivéf should be within 5% of depend linearly on composition; the grossular-andradites also

the true value. This inference is based on the decrease rm a linear trend(Fig. 7). From this, we calculated the

FWHM of grossular as impurity level decreases, and on ougqng speeds of all samples based on the proportions of the
underestimate ok for YAG based orI') of a Sm-doped gpq membergTable IV).
sample(Table 1ll). Both the pyrope-almandine and the grossular-andradite
Our model agrees poorly with the determinations of Slackseries have & that is higher for the end members than for
and Olivel” of k for YGG and YIG (Fig. 6). Neither experi-  the intermediate solid solutior&ig. 8. Our calculation for
mental result has been corroborated. The YGG value is 30%he grossular-andradite binary mimics the experimentally de-
high: a discrepancy between experiments of this size isermined curve for the system YAG-YbAG, which has a
common? We believe our value for YGG represents the trueminimum at 60% YAG and a steep slope associated with the
k, within 5 to 6%, because the IR spectra were high qualityend membe(YAG) that has the higher thermal conductivity,
and all peaks were observe@able 2¢,%° although the whereas the trend towards the low-conductivity end member
widths of two could not be accurately determined. In con-is shallow!® Experimental determinations fdein the sys-
trast, the peak widths obtained for YIG are high compared tdems NaAlSiOs-CaAl,Si,Og and Mg, SiO,-Fe,SiO, behave
YAG and YGG and several of the weak peaks areanalogously®
uncertair?* Although the large FWHM explains whig of Thermal conductivity over the pyrope-almandine series is
YIG is lower than that of YGG, in agreement with the ex- described by a cubic fitFig. 8. Four of the pyrope-
perimental data{I") seems overly large, and so our model almandine samples in Table IV were excluded from the curve
value is probably low for YIG. Slack and Oliver’s value for fitting due to their high Ca" contents. Because the €aion
YIG is too high, but is probably not 45% too large, as sug-is noticeably larger than the Mg, F&", or Mr?" ions,
gested by the calculation. adding C&" distorts the crystal lattic&*®widens the peaks
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FIG. 10. Compositional dependence of the FWHWables II,
Ill, and 1V). Triangles with solid line: pyrope-almandines; open

Wave number (cm™) _triangles: pyr(_)pe-almandines with hig_h Ca which are not ir_1c|uded
in the curve fit. Squares and broken line: grossular-andradites. The
FIG. 9. Calculated values ok, for samples 41 (Aby, lines are cubic fits.

11 (AlgPysg), and 33 (AL GrgPyss), showing the widening of
cation-translation peaks with increasing disorder on Xhittice
site. Most modes behave similarly.

derlying reason for the mimima in the average FWHM is
disorder on the sites. The existence of the minima near the
middle of both series and the similar values for the average
FWHM near the minimum suggests that grossular-andradite
series is disordered by the same amount as the pyrope-
almandine series. Thus, the birefringence seen for these
amples, which is common in such garnets, is not compatible
ith ordering on the various sites.

(Table 11, Fig. 9, and lowers the thermal conductiviffig.
8). From the Py-Al trend, Dreyer’§ “almandine” sample
contains about 30% pyrope.

The grossular-andradite binary could not be adequately f

to any polynomial. Instead, the data were modeled by tWo  thg jmportance of the FWHM to the thermal conductivity
quadratic fits for the high-Al and high-Fe ends of the s emphasized in Fig. 11, which shows that the measkred
curve (Fig. 8). This complicated fit is needed to describe thecorrelates linearly with the average FWHM from garnets
asymmetry of the Gr-An series, particularly the steep rise ajyith similar composition. This correlation has scatter be-
high Gr contentFig. 8. Such a steep rise probably does notcause the sound speeds and other relevant parameters in Eq.
occur at high Py content for the Py-Al binary because(11) are not accounted for. The correlatitffig. 11) empha-
pyrope-rich samples have two pairs of IR peaks that argizes the wide variation in FWHM that is possible for one
degeneraté’® providing a large FWHM, which limits the rise. given structure, and confirms that phonon-scattering life-
The steep trend observed for doped YAG samples occurmes are represented by FWHM in IR spectra.

because YAG, similar to grossular, has narrow and well-
resolved IR peaks. VIIl. CONCLUSIONS

The model predictk=8-8.5 W/m K for grossular, 6  The results affirm the validity of utilizing phonon life-

W/m K for pyrope, and 5 W/m K for almandine and andra- times implicit in the damped harmonic oscillator model in
dite (Table V). The thermal conductivity of spessartine and

uvarovite should also be about 5 W/m K. From Fig. 8 and the 1ok ¢ ' ' ' ' ' i
experimental datdTable 11l), garnets with a high degree of
solid solution(i.e., most natural garngtsiill have k between

3 and 3.5 W/m K.

The nonlinear dependence kf(Fig. 8 must be due to
changes in the FWHM because all the other physical prop-
erties in Egs(10) and (11) depend nearly linearly on com-
position (Fig. 7). The average FWHM has a minimum near
the middle of the two binaries examined héfeg. 10. The
asymmetry of the thermal conductivity curvgsg. 8) is also
repeated in the FWHMTable 1V, Fig. 10. The precise na-
ture of the compositional dependence of FWHM is compli-
cated by factors such as accidental degeneracy. Chemistry
appears also to be a factor as thé Fend members for both e e 8
the Ca and Y garnets have broader peaks. Two-mode ean fem’)
behaviof? pertains because the existence of local modes pro- FIG. 11. Relationship of measured thermal conductivity to IR
vides additional opportunities for phonon-scattering; hencepeak widths obtained from similar samplégable 1lI). Triangles:
lifetimes are shorter and peaks are broader overall. Onepyrope-almandines; squares: grossular-andradites; diamonds: syn-
mode behavior can also provide peak broadefinthe un-  thetic garnets. The solid line is a linear fit to the daRa: 0.95.

Measured k (W/m K)
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Debye’s model of thermal conductivity, which treats phononspinels> the model is accurate to 5% when the input param-
scattering as analogous to the kinetic theory of gases. Theters are known. This accuracy rivals that of modern experi-
model replicatesk at ambient conditions when the experi- mental method$!? It allows evaluation of the accuracy of
mental data are confirmed through multiple studies and whethe earlier datasets, resolution of discrepancies, and predic-
the chemistry of the sample is known. The model provides gjon of k for intermediates and end-member compositions.
compositional dependence similar to that observed experijowever, being a phenomenological theory, application to
mentally. other structures requires calibration against reliable experi-

For the various garnets examined here, the weighted avmental data, to ascertain the relationship betweemd the
erage[Eq. (10)] represents the average sound speeds relevaghyund speeds.

to calculating the thermal conductivity. Garnets have 240
total vibrational modes. For olivines and spinels with 84 and
42 total modes, a simple average of the sound speeds, was
found to reproduce experimental valueskofIt is not clear
whether the type of average used to computéom the This research was supported by NSF, Grant No. EAR-
sound speed depends on the structure, or only on the numb@r12311. We thank R. M. Hazen and J. R. Smyth for provid-
of modes. Examination of substances with other structuresg samples; K. M. Campbell, T.J. Fagan, and R. B. Schaal
and with differing numbers of total vibrational modes is for help with spectal data acquisition and microprobe analy-
needed. sis; and J. D. Pasteris for helpful input. This paper represents
For the garnets, as previously shown for olivines andthe senior thesis of P.A.G.
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