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Estimation of the isotope effect on the lattice thermal conductivity of group IV
and group 1ll-V semiconductors
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The isotope effect on the lattice thermal conductivity for group IV and group IlI-V semiconductors is
calculated using the Debye-Callaway model modified to include both transverse and longitudinal phonon
modes explicitly. The frequency and temperature dependences of the normal and umklapp phonon-scattering
rates are kept the same for all compounds. The model requires as adjustable parameters only the longitudinal
and transverse phonon Grisen constants and the effective sample diameter. The model can quantitatively
account for the observed isotope effect in diamond and germanium but not in silicon. The magnitude of the
isotope effect is predicted for silicon carbide, boron nitride, and gallium nitride. In the case of boron nitride the
predicted increase in the room-temperature thermal conductivity with isotopic enrichment is in excess of 100%.
Finally, a more general method of estimating normal phonon-scattering rate coefficients for other types of
solids is presented.
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INTRODUCTION an isotope effect in silicon of 60% at 300 K. The magnitude
of this last effect is significant because, if confirmed, it could
The thermal conductivityk, of almost all pure electrically prove technologically useful in the thermal management of
insulating crystals has a universal behavior as a function o$ilicon-based power electronics systems.
temperature: starting just below the melting point, the ther- The magnitude of the isotope effect in these materials is at
mal conductivity increases & * or faster with decreasing first surprising since a simple estimate using standard Debye
temperature, reaches a maximum=ab.059, , whereép is  theory of lattice thermal conductivity yields increases in all
the Debye temperature of the crystal, and falls offTdsat  cases of 5% or less. A more thorough and complete under-
lower temperatures. The high-temperature behavior is due tstanding of the isotope effect in these materials must recog-
scattering of phonons amongst themselves via umklapp praiize the importance of normal phonon-phonon scattering
cesses. The probability of these processes occurring falls offrocesse&! 13 These scattering processes, which were con-
exponentially with decreasing temperature, causing the phesidered many years ago by Callawéydo not themselves
non mean free path and the thermal conductivity to risecontribute directly to the thermal resistance, but result in a
Finally, when the phonon mean free path becomes on theedistribution of momentum and energy amongst phonons
order of the dimensions of the crystal, the thermal conducmore likely to undergo umklapp scattering. In the case of
tivity falls again, mirroring the temperature dependence ofdiamond, it has been arguéd™that the effect is of the right
the specific heat. Any impurities or imperfections in the crys-order of magnitude to explain the experimental result, al-
tal will also scatter phonons and decrease the thermal corthough assuming infinitely rapid normal processes can only
ductivity. This latter effect is particularly noticeable at the qualitatively fit the dat4.
peak in the thermal conductivity, where phonon-phonon um- For the case of germanium, the analysis of Asen-P&lmer
klapp processes and boundary scattering are both present buodified the Debye-Callaway model by treating the contri-
weak. Since the early work of Pomeranchik has been butions of longitudinal and transverse phonons explicitly.
known that isotopes, due to their mass difference, can scattdhis approach fixed the boundary and isotope scattering rates
phonons and decrease the thermal conductivity. This effeatsing the known values of the crystal dimensions and isotope
was discussed also by SlatiGeballe and Hufl provided  content, respectively, and fit the data using six adjustable
unequivocal evidence for the influence of isotopes on thgarameters: the four coefficients for normal and umklapp
thermal conductivity with their experiments on natural abun-scattering for the transverse and longitudinal modes, respec-
dance and isotopically purified germanium. tively, and the two umklapp scattering exponents. A similar
With the ready availability of isotopically purified source approach was adopted by Reif al® for the case of silicon.
materials, the isotope effect has undergone reexaminatioWwhile these models give very satisfactory fits to the experi-
over the last decade. Isotopically purified diambrddis- mental data, there is no justification given for the magnitude
plays a room-temperature isotope effect on the order of 40%f the phonon-scattering coefficients. For instance, the coef-
at room temperature. In a very thorough investigation of thdicient for umklapp scattering of longitudinal phonons in Ge
isotope effect in germanium, Asen-Palne¢ral® showed that is chosen to be five times that for transverse phonons,
an isotopically purified sample had 30% larger compared whereas on the basis of the simple model of Leibfried and
to natural abundance Ge. Very recently, Rufal® reported  Schiananrt® one would expect the opposite to be the case.
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The purpose of the present paper is to model the latticén these expressionsry() ~? is the scattering rate for normal
thermal conductivity and isotope effect in Ge, Si, and dia-phonon processesrg) ! is the sum of all resistive scatter-
mond using an approach similar to that of Asen-Palmeing processes, andr¢) 1=(ry) 1+ (7g) !, with super-
etal.® but employing phonon-scattering rates calculatedscripts L and T denoting longitudinal and transverse
from a simple model and using parameters derived fronphonons, respectively. The quantitiés and 6 are Debye
known phonon-dispersion relations for these crystals. Usingemperatures appropriate for the longitudinal and transverse
this approach, we can fit the experimental data for both natushonon branches, respectively, and
ral abundance and isotopically purified germanium and dia-
mond, and for natural abundance silicon. The recent results ké
of Ruf et al® on isotopically enriched silicon are not consis- CL(TFW ®)
tent with the model, however. The latter experimental results ™
must be considered anomalous, as they exhibit a factor of and
larger thermal conductivity of the isotopically enriched
sample in the boundary scattering regime, in spite of the fact Y= h_"’ 6)
that the crystal dimensions are nearly the same. Additionally kgT"’
the results of Rutt al. indicate an enhancement in the ther- . .
mal conductivity of the isotopically enriched sample overHe.reﬁ is the Planck constark; is the Bolzmann c_ons_tant,
natural abundance silicon of roughly 60% that is essentially” is the phonon frequency, an:d_(_T_) are the angnudmal
independent of temperature up to 400 K, a behavior qualita transverspacoustic phonon velocities, respecnve_ly.
tively different from that in germanium and diamond. Fi- The temperature de_p(_andence and the_ magnitude of the
nally, we use the model developed here to estimate the isAgtnce thermal conductivity calculated using the Callaway
tope effect on the lattice thermal conductivity of silicon model are dependent on the temperature and frequency de-

carbide, boron nitride, and gallium nitride. pendence of the scattering rates comprising)(! and
’ ' (mr) "1, their coefficients, and the Debye temperatures and

phonon velocities. Thus extreme care must be exercised
when selecting these parameters. In the following section,
we discuss our process for making these selections for the

Following the approach used by Asen-Palthere calcu-  types of crystals considered here.
late the lattice thermal conductivity using the Debye-

MODIFIED DEBYE-CALLAWAY MODEL OF LATTICE
THERMAL CONDUCTIVITY

Callaway formalism and sum over one longitudina]  and PHONON-SCATTERING RATES AND DEBYE
two degenerate transverse{ phonon branches: TEMPERATURES FOR GROUPS IV AND lII-V
SEMICONDUCTORS
K=K _+2kKT, (1)
For pure single crystals, we assume that the resistive scat-
where tering rate is the sum of scattering rates due to phonon-
phonon umklapp scattering, point defect scattering due to the
KL= KLt Ko 2 presence of isotopes of different mass, and scattering from
The partial conductivities ; and «, , are the usual Debye- the boundaries of the crystal:
Callaway terms given by (Tlﬁ)_l:(Tb)_1+(T:')_l+(Tlé)_1 @
s [T TEOX and
k1=3C.T fo (& 1)2 dx, (39
(7R) = (1) " () TH+ (78) ®
o TE(X)XYE 2 . . .
[ L dx In this approach, unlike that of Asen-Palnfi¢he isotope and
_1 3 0 m(x)(e*-1) boundary scattering, as well as the umklapp scattering, de-
KL2_§CLT L 4 X ’ (3b) .
o_IT Te(X)X"e pend on phonon mode, as should be the case since gach of
0 rk,(x) rk(x)(e"— 1)2 dx the former rates depends on the ph_onon velocities, which are
different for each mode. We now discuss the forms of these
and similarly, for the transverse phonons, scattering rates.
Ca. s [0 e(x)x‘e" Phonon-phonon umklapp scattering
kn=3CrT | - gz 9% (48

That phonon-phonon umklapp processes should give rise
- 4 ) to an exponential behavior of the lattice thermal conductivity
01T Te(X)x"e « at high temperatures was proposed long ago by P&ieviso
0 l(x)(e—1)2 suggested the forrecT" exp(@/bT) with n andb on the or-
T0Xe (4b)  der of unity. On the basis of the model of Leibfried and
T < dx Schiamanrt® and comparing the thermal conductivity of sev-
™n(X) TR(X)(e"— 1) eral pure crystals, Slack and Galgindifisuggested the fol-

— 3
k12==C+T
3 01 /T
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TABLE I. Zone-boundary frequencieb; | of transverse and longitudinal phonons, respectively, for
germanium(Ref. 34, silicon (Ref. 35, diamond(Ref. 36, silicon carbidgRef. 37, boron nitride(Ref. 38,
and gallium nitride(Ref. 39, 6; and 6, are Debye temperatures calculated from these frequencies. For
comparison, we showr, and @, , calculated from phonon velocities; and v, using Eq.(13), and Debye
temperaturedsy determined from the specific heat.

Material fr fL VT Iz 01 0, 01, 0., Osh
(THz)  (THz  (ms™H  (msH (K) (K) (K) (K) (K)
Ge 31 6.9 3540 4920 150 333 371 516 374
Si 5.1 12.4 5840 8430 240 586 638 919 645
C 25.5 38.0 12800 17500 1233 1820 2138 2922 2220
SiC 11.0 18.9 8840 12430 524 900 946 1330 1185
BN 21 31 10500 15000 1003 1479 1376 1789 1750
GaN ~6.3 ~9 4130 7960 301 434 631 1010 650

@Average of two nondegenerate TA modes al®hlyl in the wurtzite structure Brillouin zone.

lowing form for the umklapp scattering rate for phonons of The umklapp scattering rate thus depends on the transverse

velocity » and Grineisen parametey. and longitudinal Debye temperature, phonon velocities, and
., - Gruneisen parameters and, as such, will be different for dif-
7y (0)=BywTe 9 ferent phonon modes. Since it is assumed that heat is carried
with only by acoustic phonons, we must be careful to choose the
parameters corresponding only to these modes. This has been
fy? discussed in detail by SlaéR.For instance, using a value of
Bu~ M2’ (10 Debye temperature calculated from the specific heat at low

temperatureswhich for diamond is roughly 2200 Kclearly
whereM is the average mass of an atom in the crystal. Theys not suitable, since this value would average in all phonon
found that this expression could fit the thermal conductivitymodes, both acoustic and optic, and would be too high an
of several pure crystals above the maximum in the thermaéstimate for the acoustic modes only. Another approach
conductivity to within 20%. Several other expressions usingyould be to calculate the Debye temperature for each acous-
other values fon andb for the umklapp scattering rate have tic branchi from the acoustic-mode phonon velocity accord-
appeared in the literaturé-*' Clearly the values chosen are ing to
sensitive to other parameters used in the fit; for instance,
choosing too high a value for the Debye temperature requires o2
a larger value ob or a larger value of the coefficie, . b (T
Abele€? also attempted to include normal processes, but that

approach, in which the exponential behavior of umklapp prowhereV is the volume per atom. This has been done in the
cesses is ignored, is suitable only for temperatures Wetast for diamond:?* This again yields an overestimate &f
above the Debye temperature. In view of the results of Slackecause it neglects dispersion of the phonon branches near
and Galginaitis, we choose here to fix the umklapp Scattering']e zone boundary_ C|ear|y we want to Consider phonons of
rate for longitudinal and transverse phonongraplacinge  frequency only up to but not exceeding the maximum fre-
with x) guencywp, at the zone boundary. For the crystals consid-
Ko\ 2 ered here, these are available either from inelastic neutron-
[Tb(X)]lZBb<—B) x2T3e 03T (119  scattering experiments or lattice-dynamical calculations.
h Table | displays the zone-boundary frequencies and the De-
with bye temperatures calculated from them. Also shown for com-
parison are the Debye temperatures determined from the
. ﬁyf phonon velocities and from the specific heat. The differences
Bu=m (11b  are quite large and obviously have affected the choice of
L7L parameterd andBy, in the umklapp scattering rate in previ-
and ous analyses of the thermal conductiVif.

The other piece of information we require to calculate our
values ofB, are the mode Gneisen parameters. The situa-
tion is problematic, because for some of the crystals consid-
. ered here some of the mode @aisen parameters evolve
with from positive to negative values as the phonon wave vector
2 moves outward from the zone center to the zone é&tige.
+ hyt . o
Bl~——>—. (12p  Generally _speaklng, the longitudinal modes have

Mvz6r ~0.9-1.3 independent of frequency whereas the transverse

1/3
fiv, IKg, (13)

k 2
[TL(x)]*:BI,(zB) x?T3e™ 03T (12a
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modes along100 are in the range 0.3-1.0 for low fre- TABLE II. Natural isotope composition and associated scatter-

quency. In our model, we will use the longitudinal and trans-ing parametef” [Eqgs.(15) and(16)] for several group Il IV, and V

verse phonon Gneisen constants as adjustable parametergglements and group 1l1-V semiconductors. The fourth and fifth col-
umns display hypothetical isotopically disordered crystals and their

Phonon-isotope scattering associated scattering parameters, respectively.

Klemeng® first provided the calculation of the scattering Material Natural I'(10°%)  Disordered T 410 %4
rate of phonons by isolated defects of mass different from isotope isotope
that of the host in an otherwise perfect crystal. For the composition composition
resent cases of both longitudinal and transverse modes this
gcattering rate takes the f%rm B 19'9%1(1)8 13.5 50%1(1)5 22.5
80.1% B 50% “'B
VKAT C 98.9%'°C 0.75 500%'2C 16.1
[r,L(x)]*lzélﬁ%x“T4 (143 1.1%2%C 5006 13C
R N 99.63%N 0.19 50%°N 11.9
and 0.37%N 50% 5N
VAT Si 92.2%28Sj 2.0 50%28Si 11.8
4.7%2%Si 50% %°sj
[ﬂT(X)]*l:ﬁX“T“- (14p 3.1% %S
Ga 60.1%%°Ga 1.98 5096°Ga 2.18
Thus the scattering rate by isotopes also depends on the pho- 39.9%7Ga 50%7Ga
non mode throqgh the phonon veIo_C|ty. The mass-fluctuation 4 20.5%°Ge 6.08 5009%Ge 11.9
phonon-scattering parame}ﬁrfqr a smglg element made up 27 4%7°Ge 50%76Ge
of several naturally occurring isotopes is 7 8% 3Ge
m,—m|2 36.5% "“Ge
r=> C{T} (158 7.8% "%Ge
i m sic 2.09 145
with BN 5.12 16.1
GaN 2.74 3.7

m=>, ¢;m;, (15b)
! whered is the effective diameter of the sample. The value of
wherem; is the atomic mass of thigh isotope andt; is the ~ d Will be adjusted slightly for each crystal in order to fit the
fractional atomic natural abundance. The correct calculatiod > dependence of the thermal conductivity at the lowest tem-
of I for a binary compound\B composed of two different Peratures.
elements is given By
Phonon-phonon normal scattering
Mg

MA+Mg

Ma
Mpa+Mpg

2

F(B)}, Although normal phonon scattering is not a resistive pro-
cess, the Callaway model requires knowledge of this scatter-
ing rate in order to calculate the thermal conductivity.

whereM , is the average atomic massAfndMg is that of Herring?® has suggested several forms de.pending on the

B. The factor of 2 in front of the square brackets is due to thefrystal class. For the present crystallographic class of mate-

fact thatAB is a binary compound’ The values ofl” for ~ 'ials, following the approach of Asen-Palnfethe appropri-

several of the group IV and group l11-V semiconductors con-ate forms for longitudinal and transverse phonons are

sidered here are given in Table Il and are used to calculate

the phonon—isotop% scattering rates used in the model above. [m(w)] ™= Byw’T? (183

and

2
) I'(A)+

T(AB)=2

Phonon-boundary scattering

T -1_pT 4
The phonon-boundary scattering rate is assumed indepen- [rn(@)] 7= BnoT (18D
dent of temperature and frequency, and can be written as or in terms of the dimensionless variable

2
(B (173 [Th(X)]1=Bh(%) X2T® (193
and and
(Tg)—l=%, (17b) [r(X)] 1= %(%)xﬁ (19b
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Little is known about the magnitudeBy of the normal 1000
phonon-scattering rates. The usual approach is to simply us
these quantities as adjustable parameters without regard t =—=model (enriched)
their dependence on the properties of a given crystal. Here -+ - - data (natural)

we assert that these rates must be chosen to satisfy the fo — — —-data (enriched)
lowing dependence on phonon velocty: _ % model (disordered)

model (natural)

[y
(=4
o
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(208

and

-
o
T
-
o)
s

A

hermal Conductivity (W em™ K™)

For the time being, we will present these forms of the scat-
tering rate coefficients without proof and consider them as+ Q
empirical relations only. A more general case and further 1}
discussion is considered in the Appendix. Thus, in our ap-
proach, these parameters are only adjustable to the exter
that the Grmeisen parameter@vhich are the same values
used for the umklapp ratare allowed to vary in order to fit
the data. We shall see later that this assertion is justified by
the resulting values foy; andy, that emerge from the fits. 01 * )
The procedure thus is to fit the experimental data on natu- 1 10 100 1000

ral abundance crystals using only the transverse and longitu Temperature (K)

d'”?" phonon _Gmels_en constants as adjgstable parameters FIG. 1. Experimental data and model calculations of the thermal
(aside from slight adjustment of the effective sample dimen

- . ‘conductivity of natural abundance and isotopically pure germanium.
siond to fit the data at the lowest temperafurghe effect of A5 shown is the model calculation of the thermal conductivity of

isotopic enrichment is then calculated by allowiigto 4y jsotopically disordered Ge crystal whose composition is given in
assume its value appropriate for the purified form of eachrgpe 1.

crystal.

between these values and those found from the fit to the

RESULTS AND DISCUSSION thermal conductivity is quite good. Clearly the ‘@aisen
parameters for these crystals deviate significantly from the
The model fits to the lattice thermal conductivity of natu- nominal value ofy=2 chosen many times to describe anhar-

ral abundance and isotopically purified germanium, naturamonicity effects on the thermal conductivity.
abundance and isotopically purified silicon, natural abun- \We see that the model calculations can account quite well
dance and isotopically purified diamond, and natural abunfor both the magnitude and temperature dependence of the
dance SiC are shown in Figs. 1-4 respectively. The data fathermal conductivity as well as the magnitude of the isotope
germanium are from Asen-Palmet al® for isotopically  effect in germanium and diamond. In the case of silicon, the
pure Ge and Glassbrenner and Sfdd&r natural abundance magnitude of the isotope effect at room temperature reported
Ge (the latter data extend the fitting range up to several hunin Ref. 8 is much larger than that predicted by the model. As
dred Kelvin. Those for isotopically pure silicon are from can be seen in Table Ill the experimental data reported for
Ruf et al,’ whereas we again use the data of Glassbrennene isotopically purified silicon sample below 10 K require
and SlacR’ for natural abundance Si since these extend up tan anomalously large value of effective sample diameter
~1000 K. The data for diamond are from Olsehal® and  This is possible if there is significant specular reflection from
the data for SiC are from an ultrahigh purity single crystalthe surfaces of the sample. However, both the natural abun-
measured in our laboratory. The values)pfandyr used to  dance and isotopically purified silicon specimens were
generate the fits and the resulting values of the umklapp angrown and handled in the same way and presumably have
normal phonon-scattering rate coefficients are displayed igimilar surface condition$lt is not known why a reduction
Table 1l as are the calculated and observed magnitudes ai isotope concentration would influence the nature of scat-
the isotope effect at 300 K for germanium, silicon, and dia-tering deep into the boundary scattering regime. Further, the
mond. The mode Gneisen parameters as a function of pho-model neither predicts the observed 60% isotope effect in
non frequency for some of the crystals here have been casilicon at room temperature nor its near temperature indepen-
culated usingab initio lattice-dynamical models. These are dence from 100400 K. This situation is quite unlike that for
shown in Fig. 5 for the cases of Si, diamond, and BN. Sincggermanium and diamond for which the fit is able to repro-
the scattering cross section for phonon interaction goes as thRice quite well the magnitude and temperature dependence
average valugy?), we have calculated{y?) from these of both natural abundance and isotopically purified samples.
curves; these values are shown in Table Ill. The agreement has been suggest&ahat isotopically purified silicon with
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FIG. 2. Experimental data and model calculations of the thermal FIG. 3. Experimental data and model calculations of the thermal
conductivity of natural abundance and isotopically pure silicon.conductivity of natural abundance and isotopically pure diamond.
Also shown is the model calculation of the thermal conductivity of Also shown is the model calculation of the thermal conductivity of
an isotopically disordered Si crystal whose composition is given inan isotopically disordered diamond crystal whose composition is
Table 1. given in Table II.

enhanced thermal conductivity may find use in improvedtion in germanium and gallium nitride for natural abundance
thermal management of high-power silicon-based microelecof isotopes in these semiconductors is already close to maxi-
tronics. Further experimental investigation of the isotope efmum reduction achievable using isotope scattering.
fect in silicon would be desirable in order to confirm this
effect.

Using the average valueg;=1.1 andy, =0.7, we can
estimate the strength of the normal phonon-scattering rate for A Debye-Callaway model modified to include both longi-
gallium nitride and boron nitride and thus estimate the thertudinal and transverse phonon modes explicitly has been de-
mal conductivity. The results are shown in Figs. 6 and 7yveloped to describe the lattice thermal conductivity and iso-
respectively. The data for GaN are for a high-purity singletope effect in diamond, silicon, and germanium. The model
crystal. We see that the model can account well for both théises umklapp and normal phonon-scattering parameters that
magnitude and the temperature dependence of the thermag¢ale in a consistent manner with Debye temperature and
conductivity of GaN. The model predicts an isotope effect ofphonon velocity. The calculated magnitude of the isotope
5% in gallium nitride and greater than 100% in boron nitride.effect is in good agreement with experiment for diamond and
The latter effect is quite large due to the large isotope scatgermanium, but not for silicon. Finally, the magnitude of the
tering parameter of boron, which is, in turn, due to both theisotope effect has been estimated for gallium nitride, silicon
small atomic number of boron and the abundance of twcarbide, and boron nitride. The method used here also pro-
different isotopes of this element. vides a simple guide for estimating the magnitudes of the

To estimate the degree to which the thermal conductivitynormal and umklapp phonon-scattering rates given the dis-
of these semiconductors can feelucedusing isotopic disor- ~ persion relations and mode Grisen parameters.
der, we have calculated the thermal conductivity for isotopic
compositions at or near the maxim_um .amount of disorder; APPENDIX: OTHER FORMS OF THE NORMAL
see Table Il. The_ re.s.ults are shown in F|gures 1-4, 6, and 7PHONON-SCATTER|NG RATE AND THEIR APPLICATION
We see that significant fur.th.er reduction of the room- TO LITHIUM FLUORIDE AND SOLID NEON
temperature thermal conductivity below that for the natural
abundance of isotopes is possible in silicon, diamond, silicon In the treatment of Herring, the normal phonon-
carbide, and boron nitride. The thermal conductivity reduc-scattering rate is written as

SUMMARY
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1000 and
—— model (natural)

e data (natural) k3y3V
= model (enriched) Bn(2,3) = =

725 (22b)
x model (disordered) M#A2p°

wherev is the phonon velocity. Another form of the normal
scattering rate often employed to fit experimental data is

100 |
[Th(@)] 1=BywT?, (23)

for which the corresponding coefficient would take the form

kg ,}/2\/2/3

BN(1:3)"N’W;

(24)

-
o
T

Equation(23) has been used by Novikoet al!® to fit the
thermal conductivity of diamond for which they find
Bn(1,3)=4.4x10 ' K3, Using y=1.1 and v=1.28
x10*ms ™! in Eq. (24 we calculate By(1,3)=1.7
X101 K™3,
Another case where Eq23) was used in a Debye-
Callaway fit to the thermal conductivity is Lf.In this case,
1 : : the authors foundBy(1,3)=2.7x10 K3, Using V
1 10 100 1000 =1.01x10 ¥ m 3, y=153 and »v=5.3x10° ms ! as
Temperature (K) the appropriate average sound velocity in EFve find
Bn(1,3)=3.1x 109K ~3, again in quite good agreement
FIG. 4. Experimental data for the thermal conductivity of natu- with the fitted value.
ral abundance silicon carbide and model calculations of the thermal For different values ofa and b the normal phonon-

conductivity of natural abundance and isotopically pure crystalsscattering rate coefficient may be expressed as
Also shown is the model calculation of the thermal conductivity of

Thermal Conductivity (W cm ™ K™)

an isotopically disordered SiC crystal whose composition is given Kg bh,yzv(a+b—2)/3

in Table II. by~ —=| ———p—.

in Table Bn(a,b) 5 ) S (25
[Ti(@)] ' =Byw?T". (21)  This form for the normal phonon-scattering rate is similar to

i that for umklapp processes, Ed.2), except that the depen-
We have considered the casea,l)=(1,4) and @)  gence on Debye temperature is replaced by dependence on
=(2,3) above and have shown that the following equationg,honon velocity. This reflects the fact that normal processes
give a good description of the coefficient: involve mostly phonons with low wave vector for which
4 2 dispersion at the zone boundary is unimportant.
By(14)= KgyTV (224 As a final example, Kimber and Rogétsised the Calla-
N M#315 way model to interpret the thermal conductivity of isotopic

TABLE IIl. Values of Grineisen parameters used in the fits of the thermal conductivity, and calculated values of the umklapp normal
phonon-scattering rate coefficients for longitudinal and transverse phaxpmasd y; are the average values of the Geisen parameters
calculated from lattice-dynamical calculations as described in thedestthe effective sample diametgEqgs.(17a and(17b)] used in the
fits. The last two columns show the measured and calculated increase in room-temperature thermal conductivity upon isotope enrichment.

Material YL YT o Y (BU)T (BU)L (BN)T (BN)L d Al Knatural
(s'K3) (sTTK3) (sTK™) (sTK™) (1073 m) (%)
Expt.  Model
Ge 1.1 06 1.610°%*° 13x10°'° 3.7x10°% 1.9x10 % 4 30 28
Si 1.1 06 1.04 056 1010° 55x102° 7.1x10°1® 2.4x10% 4 (natura) 60 12
14 (enriched

C 1.0 09 091 073 2%10%° 96x10% 25x10°* 4.1x10°% 0.55 35 23
Sic 1.0 0.7 3.X10°%° 23x10%° 1.7x10° ¥ 4.8x10 % 1 36
BN 1.0 07 094 074 2210 15x10%° 57x10¥ 15x10% 1 125
GaN 1.0 07 1.x10*® 55x10°%° 15x10% 12x10% 0.8 5
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mixtures of solid neon using a normal phonon-scattering rat&Jsing y=2, V=2.29x 10" m?, andv=718 ms! appro-
of priate for solid neon, this yieldBy=6.5x 10" 1" sK™2.
a1 N While the form(25) for the normal scattering rate coeffi-

TN = Bno T (26)  cient must be considered as empirical only, we have seen that
with By=2.6x10 %" sK~2. This corresponds to the case it can give a very good description of the magnitude of this
(a,b)=(2,2) for which Eq.(25) yields rate as determined by fits to experimental data for a variety
of materials with widely differing Debye temperatures. Thus,

(ks) 2fy?V2B it can be used as a general guide for determining the strength

Bn(2,2MF| — | ———. (27 2

h My of normal phonon scattering in crystals.
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