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Using crystalline fields with local monoclinic symmetry and the spin-orbit interaction acting
on those paramagnetic ions whose orbital state may be described by a linear combination of
d, (or Ty,) orbitals, it is shown that the electric field gradient (EFG) and susceptibility (x)

tensors have only one common axis for their respective principal-axis systems.

Expressions

for the EFG and the magnetic hyperfine interactions referred to the magnetic axes are pre-
sented to include the effects of monoclinic symmetry. The reorientation of the magnetic and
EFG principal axes may have marked effects on the Mossbauer and NMR spectra where the

nuclear probe is sensitive to both magnetic and electric hyperfine interactions.

Some examples

are presented and Mdssbauer spectra calculated to show the effects of monoclinic symmetry.

I. INTRODUCTION

Recently the orientations of the electric field
gradient (EFG) and susceptibility (%) tensors have
been determined in several iron salts,!™® It is in-
teresting to note that in those crystals where there
is monoclinic symmetry at the iron site, the prin-
cipal-axis system (PAS) of the EFG tensor and the
PAS of the susceptibility tensor are not the same
although the local monoclinic (twofold) axis is a
common axis. In some cases the EFG and suscep-
tibility measurements were made on the same crys-
tal sample. These workers have interpreted their
results in terms of an orthorhombic crystal field
and have explained the nonalignment of the principal
axis systems of the EFG and ¥ as being due to the
monoclinic symmetry,

It was shown in an earlier work,? that when a
monoclinic crystal field is used, and the electron
ground state was a single electron or hole (S=3),
then nonalignment of the EFG and ¥ is expected.
However, this fact may have been obscured in the
particular example to which the calculation was
applied [K;Fe(CN)g] in which the x axis of the EFG
became colinear with the y axis of the ¥-tensor
PAS. Thus the distinction between the relative or-
ientations of the EFG and % PAS tended to be dis-
guised in this compound.

This distinction between the orientation of the
EFG and magnetic PAS becomes important in fitting
experimental Mdssbauer spectra, because the nu-
clear levels can be mixed in such a way that nor-
mally forbidden transitions may appear in the spec-
trum as well as shifts in the energies of some
transitions and changes in their intensities,

It is our purpose to show for the electronic sys-
tem with a single electron in a d, orbital external
to a filled subshell that the EFG and Y tensors will
become reoriented with respect to each other under
monoclinic symmetry., There are many electronic

3

configurations that would behave in a similar man-
ner because they can also be discussed in terms of
a single d, orbital state. Examples of these con-
figurations are found in nature as shown in Table I,
We will use a simple crystal field model and
not worry about the relative strengths of the ligand
fields or covalency, since it is the symmetry which
is important to obtain the results with which we are
concerned. We also will operate with this crystal
field on a high-spin ferrous ion as our example,
although similar specific calculations will show
the same results for the other electronic configura-
tions where the orbital state is represented by a
linear combination of the d, states such as the low-
spin ferric case.?

II. ELECTRONIC STATE

The high-spin Fe** ion has a ’D, ground state
where there are six electrons obeying Hund’s rule
in which five of the electrons occupy the five dif-
ferent 3d orbitals with parallel spins and the sixth
electron enters one of these 34 orbits with its spin
opposed to the other five, This gives four unpaired
electron spins (5= 2) and the orbital part of the
problem may be treated as a single electron exter-
nal to a spherical shell of charge.

TABLE I. Electronic configurations found in nature
for various monoclinic salts.

Electronic  Angle between
Salt config. X and EFG Ref.
FeCly+4H,0 did: 25° 1
Fe(SO,NH),* 6H,0 did? 72° (18°) 2
K3;Fe(CN)g d’ 90° 3
K,Mn(CN)¢ d? 26° 2 4
MyN; d? 29°2 5

AThese are the measured angles between the octahedral
axes and the g-tensor axes.
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The large crystal field of cubic symmetry due
to the octahedral coordination demands that the
sixth electron be one of, or a linear combination
of, the d, orbital states. Because the cubic crystal
field splitting is so great in comparison to 2T and
the spin-orbit and rhombic interactions, itisusual-
ly a good approximation to treat the d, orbitals as
isolated.

The threefold orbital degeneracy is lifted by
placing the complex ion in a noncubic environment
or by a Jahn-Teller distortion. We will treat this
as a crystal field acting on the orbitals and solve
the problem of a crystal field combined with spin-
orbit interactions.

Relative to the cubic axes (which might join the
ligands to the Fe) the d, basis states are defined as
follows:

|x'y"y=i(Y'2-Y'"H/N2,
|x'z"y==(Y"s-Y"D/VE, (1)
ly'2")y=i(Y'3+Y " D/V2,

where x'y 'z’ are the cubic axes of the complex
molecule and the Y J' are the spherical harmonics,
the prime on these spherical harmonics refers
them to the cubic axes. Suppose now that the sys-
tem experiences a distortion of low symmetry
which may be represented as a crystal field poten-
tial (V) with rhombic symmetry.

Ven=(Az%+Bx?2+Cy?), where A +B+C=0 as re-
quired by Laplace’s equation and xy z are the prin-
cipal axes of V. If the primed and barred axis
systems are identical, then the wave functions (1)
are energy eigenstates in the orthorhombic crystal
field. However, imagine that the V,, field is ro-
tated by an angle ¥ about the z’ axis, the cubic field
(x', ¥, z') remaining fixed, so that the total crys-
tal field has monoclinic symmetry with one common
(twofold) axis, the z"=z axis (see Fig. 1). So we
have the transformation

x=x"'cosy+y'siny,
y=-x'siny+y’cosy , (2)

=Z,,

nN|

and the crystal field Hamiltonian with monoclinic
symmetry is

H=D(x"*+y"*+2"* -$7% + (AZ2+ Bx %+ C3?)
= Veuwie +[A2 2+ (Bsin? v+ C cos? )y "2

+(Bcos?y+Csin®y)x"? +(B-C)sin2yx'y’] .

i (3)
Diagonalization of the Hamiltonian matrix within

the basis set defined relative to the cubic axes (1)
gives three eigenstates which may be written as

la)=tel x 'y it x" 2y v,y 2ty

PAS of EFG
X

x/ Cubic
Axes
x

PAS of §~
and ¥~

FIG. 1. Diagram showing the orientations of the three
axis systems. (x’y’z’) are the axes of the cubic poten-
tial; (xyz) are the principal axes of the rhombic potential
and the electric field gradient; (xyz) are the principal
axes of the g and X tensors.

1) =leel 5y ") 4Lyl 2" ) 41] y7 27, @)
lc> =ly:|x,y,>+lyy\ x'z')+l”|y'z') ’
where

lee=1, Lie=len=1y=1,=0,

(5)
lye=lyy=cosy, l,=-l,=siny.

Now the states la), 1b), and Ic) are energy eigen-
states of the monoclinic crystal field. The contours
of 1b) and Ic) rotate with the rotating rhombic field,
but the state |a) remains as Ix 'y ’) aligned in the
cubic axis system. The expressions (4) represent
a rotation in function space. Since these eigenstates
are orthonormal, the coefficients /,; behave like a
set of direction cosines relating one set of axes to
another.

A. Magnetic Axes

Next let us define a third axis system (vvz) which
is related to the cubic axes (x 'y 'z ’) by these “di-
rection cosines” (Fig. 1.),

xi=lyx) . (6)

Note that the xvz system is a system which rotates
about z ’ through an angle —y. Bleaney and O’Brien*
have shown that the problem is simplified if the
angular momentum operators are expressed in the
unprimed axis system. Since L is a vector, L,
=l;;Lj. Following Bleaney and O’Brien the nonzero
matrix elements of T are

(x'y'[Ly |y '2"y=(y"2'|L,.|x"2")

=(x'z'|L,,,[x’_\")= rik

<y/zl|Lyl x'y I>:<xle|L“1ylzl>
=y Ly |x 2 Y=k,

where the orbital reduction factor ¥ allows for pos-
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sible covalency effects. Thus
(alLy|b)=-(b|L,|a)=iklyl, =ik, ,
(b|Ly|ey==(c|L|b) =ik, =iks,, , (7)
(c|L,lay==(a|lL,|c) =ikl 1, =ik, .

So the (xyz) are the PAS for the orbital angular
momentum operators. One can then introduce the
spin variable quantized in the (xyz) system and the
basis states are written as la, m), where m =12,
+1, O for the Fe' ion. The spin-orbit interaction
will mix these states and remove some of the
degeneracies.

Diagonalization of the Hamiltonian 3¢ = (4 22
+Bx%+Cy?)+2L-§ will yield eigenstates of the form
110) =S mi@pml@, m) +bym|b, m) +icymlc, m)}, where
m =S, and the energy of the state is E,.°

The magnetic susceptibility as a second-rank
tensor may be expressed in terms of its components
Xij, where i=x, y, or z. These quantities x;; may
be calculated by using the energies E, and wave
functions [z). In paramagnetic materials the mag-
netic energy 8,H,, - (L.+28)=8,H,,-P is much
smaller than the other terms (H,, is the applied
magnetic field). The magnetization M is given by

M=2",(n|8,P|n)e?En/ 2 e” ", B=1/kT .

Making the assumption that I'}’I,,,! is small it can
be shown that the susceptibility x;; may be ex-
pressed as

aM, -ﬁﬁZ{ (I Pyln)(nlPyln) s,

Xy~ 5H, ~ T

W (nl P:gﬂ_%' Pyln) (e~BEa -e'BE")}/Ee'BE" .

The matrices P,, P,, P, may be calculated in the
basis set la, m), |b, m), andilc, m), where m
=S,. In the case of the Fe* ion, these matrices
are 15X 15 arrays. One can calculate the matrix
elements (n|P;|m), where the states In) are de-
termined from the Hamiltonian JC,. These calcula-
tions are facilitated by the use of a computer and it
is found that {(n|P;lm ) (m |P;In)=0 for all In) and
Im), where i #j as long as the applied field ﬁ,,, is
small. Thus the (xyz) system is the magnetic PAS
for small applied fields.

In the system (xy z) rotated about the z axis
through an angle +2 v relative to the (xyz) axes we
have

X1%= Xxx COSZ2 ¥+ X, 8in%27 ,

X35 = Xxx SIN®2 ¥+ X, cO8%2 7,
Xz& = Xee »

1 .
X§§ ‘:E(ny -Xxx) Sln4')’ .

So in the (¥y Z) system, which is the PAS of the

leo

rhombic crystal field, it is found that Xxz# 0 if
Xxx? Xyy @and if y# 0.

When the applied field becomes larger, the x ten-
sor begins to have nonzero off-diagonal terms (in the
xyz system). This indicates that the tensor is ro-
tating or that excited states are being admixed to
the ground state. A similar effect has been dis-
cussed by Jordahl” in that when the excited states
have different thermal populations the x tensor will
have different orientations.

B. Calculation of the EFG

The electric-field-gradient tensor will follow the
rotation of the rhombic field as one expects intui-
tively, since the EFG does not “see” the cubic po-
tential. As mentioned previously a rotation of the
rhombic field about the z’ axis will move the con-
tours of the states |b) and |c), but leave |a) un-
changed. Thus if ¥+ 0, the d, states look like |%Z),
|9 2), and |x’y’). One can also see that the states
|b) and |c) do not rotate if B=C in the rhombic po-
tential expressed in (3).

The quadrupole interaction may be written as

eQ

HQ:ZI(_ZI-:_I—) {V"[3Ii"1(l+ 1)]‘*‘ Vil I, +1,1)

+ VAL I+, 1) + Vo I3+ V, 12}
(8)
Vee=Y3 (167/5)!/2 @,

where
V= Ve tiV,, =% (24n/5)'2 Y3' @9,

V=3 (V= V2 2iV, }= - (241/5)1/2 Y$ (r°%).

So we need the matrix elements of the operators
Y:. These operators can be expressed in the dif-
ferent axis systems with the following relations:

0_ v/0 _ 0

YZ'_YZ _Y27

21 _ yril L2y _ il 224y
Y3 =Y e*'"=Y3 e*",
Y§z=Yé*2 9*2":?;26*“7.

Calculations of the matrix elements of these op-
erators (z|Y}|n) ylield the following expressions in
the (vyz) system for S,=m (c.c. means the complex
conjugate of the term immediately preceding):

0| Ve ) =+ $1@ am|* =5 ([0m|* + [ cm| D},
(92)
| Va|ny =X = H@mbum 2 @umeim) + ..} (77)
(9b)
| Via| ) L F ([bm| 2 = |Com| D €477 %
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= <n| (Ve = V)£ in:v’ n. (9c)
In the PAS of the EFG, V;5=V53=V;;=0. How-

ever, in the axis system (xyz) rotated by (- ¥) about
the common z axis, one finds that V, +# V,,=V,,=0.
Vee= V.= 0 because (@, m|Y ' |5, m) and

(@, m|Y3tic, m) are the only nonzero matrix ele-
ments to be found for this operator. However, the
spin states must be the same and eigenstates found
in small applied fields give either (a,,) or (b,, and
Cam) as zero for a given spin state m. When the ap-
plied field becomes large (say several kilogauss)
then these V,; matrix elements are no longer negli-
gible. For the moment however, we will concen-
trate on the small-field case in which the EFG’s
and x’s were actually measured. Thus

B Vi = Vo 2) =2 5 ([bpml 2= | Coml D) (™) cOs4 ¥
and
| Viy| 1) =20 ([baml > = | com| ) (#®) sind ¥ .
One can also see by comparing terms that

@l Vgl n) =2 ([bm| 2 = [ com| 2) 47 (7 )

=(nl V*zeﬂhln) )
(| Viz=V350n) =20 % (| byml 2= | Coml D),

(n| Vi5ln)=0.

Therefore V;3=0 (as do V;; and Vj;) so that the
(xyz) is the PAS for the EFG and this result is in-
dependent of the spin. Thus, for the EFG expressed
in the xyz system of axes, ng=V, -V, + 2iV,, must
contain a factor e*”. One finds it easier to do nu-
clear energy-level calculations in the (xyz) system
when magnetic interactions exist, and to include
the factors e*' in the expressions for ng.®

The total EFG seen by the nucleus is the Boltz-
mann average over all states In) weighted with the
factors e ®%n (B=1/kT),

q=znzm {*‘ﬁtlamlz_%(lbmnla"’lcmnlz)}

x e Pen(yy /3 e B8n (10a)
nq =anm {’;(l bmnl 2 ] cmnl 2)
X @ BEn g4y (rd) }/ Z:,,e-w” (10b)

[expressed in the (xyz) system].

When the applied magnetic field becomes large
then one begins to obtain small, but nonzero ma-
trix elements for (n|V,,In). Thus the (xyz) sys-
tem may not be the PAS for the EFG when a field
of several kG is applied. This is similar to the

)

TRANSMISSION

| S B 1 L 1 ]
o S
SOURCE VELOCITY

(mm/sec)

FIG. 2. MGéssbauer spectrum of single-crystal K;Fe
(CN)¢. Applied field is 29 kG along the a’ axis of the
crystal and the radiation is along the c¢ axis at 4.2 °K.
The solid curves are calculations with A=0,093A, B
=0.322\, A=-278cm'and (a) ¥=45° (monoclinic symme-
try); () Y=0° (orthorhombic symmetry).

effect on the x tensor when the applied field be-
comes large enough to admix some of the excited
states.

C. Magnetic Hyperfine Interaction

The magnetic hyperfine interaction is also af-
fected by monoclinic symmetry in the crystalline
electric field. The well-known interaction is

-

W = 28,848, ( vy {1.L+3(1-7)8-7-1.5-«i.5}.
(11)

For spin-3 iron salts, this interaction may be
written as®

3y =1. A- .y with 1+) =ala, a) +b1b, p) +iclc, B)
for one member of the ground-state Kramer’s
doublet:
A +A, +2iC =P{da(b+c) - 2(k - #)a?
-%[a(d+c) - (b-c)?et']},
A, -A,=P{da(c-b) - 2(k +}) (c® - b?) +Ea(c - b)} ,
A, =P{-4bc-(1+k)(@®-b%-c®) +¥(a® - 30% - 3¢?)

+2ab+o)},

where v is the same angle which denotes the rota-
tion of the rhombic field from the cubic axes.

In the example of K;Fe(CN), the effect of a non-
zero y upon the Mossbauer spectrum can be seen
in Fig. 2. This effect appears in both single-
crystal and powder experiments. The solid curves
are calculated using the expressions for the A and
EFG tensors (given above) and the electronic states
I+) and |-) as determined by the rhombic field
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F1G, 3. M&sshauer spectra of NayFe(CN);NH; diluted
in DMF at 4.2 °K in zero applied field. The solid curves
are calculated using A=0.296A, B=1.328\, A=—300cm™},
and (a)y - 0% () y = 11.5°% (c)y -23° (d)y =34.5°. Itappears
that this spin-1/2 salt has an electronic configuration which
is very nearly orthorhombic in this environment.

and spin-orbit coupling.

Still another example of an S=1/2 iron salt is
Na,Fe(CN);NH, diluted in DMF [Fig.3(a) — unpub-
lished data]. Although the agreement between ex-
periment and calculation is not good, it appears that
deviations from orthorhombic symmetry make the
situation considerably worse.

For iron salts with spin 2 (high-spin ferrous)
the hyperfine interaction has been calculated with
the results presented in the Appendix. These ex-
pressions differ from those of Lang and Johnson®
as we have not used a spin Hamiltonian.

The effects of a variable ¥ can be seen in Fig.

4 where Mossbauer spectra have been calculated
for a powder sample of FeCl,- 4H,0. Crystal

field parameters A=17670 cm™, B=28000 cm™,

A =-80 cm™ have been used to calculate the elec-
tronic state. An applied field of 1.9 kG along the

v axis has been used to simulate the Weiss molecu-
lar field acting on the Fe'? ion which in turn cre-
ates a hyperfine field of 266 kG at the site of the
"Fe nucleus. For FeCl,- 4H,0, the angle between
the Weiss field (and the hyperfine field) along the

y axis of the magnetic PAS and the major axis of the
field gradient (% axis) is 90-2y (refer to Fig. 1).
The best agreement with experiment is with y=32.5°
which is also in agreement with the results of Ono
et al.!

From these results one is able to determine the
angle ¥ within a few degrees in the Mdossbauer
data, even if one has a powder sample, as long as
a large magnetic hyperfine interaction exists. The

o

sign of ¥ makes no difference in the calculated
spectrum as one expects from physical intuition.

III. DISCUSSION

We have seen that if one has an orbital state de-
scribed by a d, orbital in a monoclinic crystal
field, one may expect the principal-axis systems
of the EFG and yx tensors to be differently oriented,
but to have one common local twofold axis. In
some cases the local twofold axis is perpendicular
to the monoclinic axis of the crystal. Specific cal-
culations have been carried out for the dj d2 and
d? configurations. These results appear to explain
the experimental results in several iron salts!~®
where the orientation of EFG has been determined
by MoOssbauer area ratio measurements to be
different from that of the x tensor.

The analysis in Sec. II indicates that the axes
of the cubic electric field bisect the angle between
the EFG and x tensors. It is not necessarily true
that the cubic axes be aligned with ligand axes as
there are several cases where the ligand axes are
not orthogonal.

It is interesting to note that as the rhombic field
rotates away from the cubic axes through an angle
¥, the EFG follows the rhombic field, but the x

TRANSMISSION
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FIG. 4. Mossbauer spectra calculated for a powder
sample of FeCl, - 4H,0 with A=17670 cm~!, B=28000cm™,
A==80cm™!, T=0.5°Kand (a) Y= 0° (b) Y=30° (c) ¥=32.5%
(d) Y=35°% (e) ¥=45°. It is apparent that (c) gives the best
fit in agreement with Ref. 1. This means that the EFG
and magnetic axes are separated by about 25°, In order
to create the magnetic hyperfine field of 266 kG, 1.9 kG
was applied along the y axis at T=0.5 °K. This may be
interpreted as the Weiss molecular field in the anti-
ferromagnetic FeCl, * 4H,0.
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tensor PAS rotates through an angle (- ¥). This is
somewhat in analogy to the case where a perturba-
tion mass is added to a mass with cubic symmetry
and the inertia tensor acquires a nonzero off-
diagonal component. Then the angular momentum
acquires a component directed away from the
symmetry axis in the direction opposite to the per-
turbation mass.

Mossbauer spectra have been calculated to exhibit
the effect of different degrees of monoclinic sym-
metry. Spectra of slowly relaxing paramagnets
taken in the absence of an external field and in
small applied fields are sensitive to the difference
between orthorhombic and monoclinic electric
fields. Thus there is significant dependence in the
Mossbauer spectra upon the parameter y for low-
spin (S =%) configurations under the condition of
long relaxation times.

One does not usually observe the effects of long
relaxation times in high-spin ferrous materials
(with an even number of electrons), but one can see
the effects of monoclinic symmetry using values
of H/T (to create a sufficiently large magnetiza-
tion) in paramagnets or in materials that become
magnetically ordered. However, when the external
field becomes large, then off-diagonal terms are
created in the EFG and yx tensors relative to the
PAS determined in the limit of small applied fields.

Jordahl” has shown that the orientation of the
magnetic PAS may change with temperature and this
was verified in several cases. With this result
one might also expect to observe the EFG to rotate
about the local diad axis with 7 in a manner re-
lated to the rotation of the yx tensor. It is not known
whether this behavior has been observed.

In conclusion, one may interpret either suscep-
tibility or EFG measurements in terms of a rhombic
crystal field even if the paramagnetic site is in a
monoclinic environment. However, the tensors will

J

be differently oriented in monoclinic symmetry and
both measurements are needed to determine if

the symmetry is less than rhombic, in the absence
of x-ray data, of course.

It may be possible that the reorientation of the
EFG and yx tensors will take place for configurations
other than those presented here as examples. One
should also expect that any experiment (NMR, for
example) involving a nucleus sensitive to both elec-
tric and magnetic hyperfine interactions will be
affected by the relative orientation of the EFG and
X tensors.
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APPENDIX: THE MAGNETIC HYPERFINE FIELD

The magnetic hyperfine interaction is given by
the operator 3C,, which may also be expressed as
an internal magnetic field H,,

3¢, =P{i- L+3(1- #)(§- #)-1- §-«i- §

== Bngn-ﬁint -1 ’ (A1)

where P=2g,6.6,(r" and H,,, = - 28,(»%) {L +
3(5.#% - (1+x)S}. If one calculates the matrix ele-
ments (n|3 , |n), where

11) =2 {Bpm | @, MY + by | b, M) +iCpm |, m) }, m=8,

then the components of the internal field are given
as follows. The a,,, b,,, and c,, are deter_{nirled
by c_l_iagorlalizg.tion of the Hamiltonian Vg, +AL- S
+B,Hyp (L +28):

(nl(Hygy)g Iny = = 28,(73) L {= (b¥pcom+c.c.) = (k +4) mla,, |12 - (K =B (|bym | 2+ 1 Cp 12)

+3H[(S=m) (S+m+1)]"2[(@hn. 15ym + B 1Com + Ay D

nm “nm+ 1 _anmC:mol)*' c.c. ]} ’ (AZ)
(n| (Hlnt)xln) == 23,(1'-:‘) Zm {(amnc:m+c- C. ) - (K ‘71)[(8— m) (S+ m+ 1)]1/2%(a:m, 1a,,,,,+c. C. )
W +DS—m) (S+m+1)]Y25[(B %0, B+ Clons 1Com] +C. € ) +Emb (@ byn+c.c.)
s 1Cnm€ 7+ ) = (bymCrms 1847+ . c. )]}, (A3)

+§-[(s_m)(s+m+1)]1/2%[(b*

(nlHp)yIn) = =i2B,(r™) 2 {(@pmb, —c.c.) = (k =B[(S—m) (S+m+ D24k, . jam—c.c.)

=k +DS=m) (S+m+ D]V 25[(bl. 1 by + Chms 1Cum) — €. C. ] +Emi(@com —c.c. )

+HS = m) S+m+ D] 25 [(Bh, 1came™ = C.C)~(bymCom. 147 = c. )]}

(A4)
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Now one may calculate the Boltzmann averages
of these internal fields, i.e.,

(Higedr =Zn(n| By n) €75/ T, o725n

3
so that the nucleus sees the effective field as the
vector sum

Hote =( Hint) 7 + Happisea - (A5)
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The thermal conductivity between 5 and 300 °K of magnesium oxide single crystals containing
different amounts of iron impurity has been measured. The iron produces a marked reduction
in the thermal conductivity with a minimum at around 80 °K in the highly doped (~ 1%) samples
and we attribute this effect to resonant scattering of phonons of energy ~ 105 cm™! interacting
with two groups of magnetic levels of the Fe** ions. We have estimated the strength of the in-

teraction from earlier spin-lattice relaxation-time measurements.

Using an expression due

to Callaway for the frequency dependence of the basic phonon heat current, we have then com-
puted the effect of this interaction on the thermal conductivity. We find that we can account
substantially for the observed data by using for the resonant interaction a Lorentzian line shape
with a full characteristic width equal to that observed in infrared experiments (9 cm-Y), but

cut off at nine times the width.

I. INTRODUCTION

The theory of the thermal conductivity of dielec-
tric solids attributes the heat transport to thermal
phonon wave packets.! Each wave packet is charac-
terized by a frequency w, a mean wave vector §
(and polarization p, usually uniquely determined
by w and d), and a relaxation time 7(w, q) arising
from non-wave-vector conserving processes. ? In
a certain approximation, the thermal conductivity
is given by the following sum of contributions from
the wave packets comprising the thermal phonon
field!:

K=% 2 Clw,)v*w, 1w, ), (1)

w,d

where C(w, q) is the specific heat per unit volume
and v(w, §) is the group velocity of the thermal pho-
nons.

The principal problem in the theory of thermal
conductivity is to compute the quantity (w, q),
since it is virtually impossible to invert Eq. (1)
directly so as to deduce 7(w, ) from measurements
of K. The best that one can normally hope to achieve
is a demonstration that the measurements of K are
consistent with a particular calculated form of
T(w, q). For example, the extensive measurements
and complicated analysis of Berman and Brock?
have produced a consistent explanation for the con-
tribution of isotope scattering to the thermal re-
sistance of LiF. Other scattering mechanisms in-



