PHYSICAL REVIEW VOLUME

135,

NUMBER 4A 17 AUGUST 1964

Calculation of the Scattering Function S(k,e) for the Inelastic Scattering
of Neutrons by Anharmonic Crystals™®

A. A. MARADUDIN
Westinghouse Research Laboratories, Pitisburgh, Pennsylvania

AND

V. AMBEGAOKART

Department of Physics and Laboratory of Atomic and Solid State Physics,
Cornell Unsversity, Ithaca, New York

(Received 25 March 1964)

A numerical calculation is presented of van Hove’s scattering function S (k,w), which describes the in-
elastic scattering of neutrons by an anharmonic crystal with the transfer of momentum k and energy « from
neutron to crystal. Two contributions to S (k,w) are included in the present calculation: the leading term
which describes the broadening and shift of the one-phonon peak, and the leading term which describes the
interference between the one-phonon peak and the diffuse multiphonon background. The calculations of
S (k,w) as a function of w for fixed k are carried out in the high-temperature limit for a nearest-neighbor,
central-force model of a face-centered cubic crystal which is chosen to approximate lead. The w dependence
of the phonon frequency shift and width, as well as of the coefficient of the interference term, is taken into
account in these calculations. In the cases treated in the present paper the interference terms represent only
a very small correction to the one-phonon peak, in agreement with a previous crude estimate by Ambegaokar,

Conway, and Baym.

1. INTRODUCTION

HE theory of the inelastic scattering of neutrons

by an anharmonic crystal has been the subject of
several recent investigations.'~® Most of the interest has
centered on the so-called “one-phonon peak” in the
scattering cross section, which is that part of the cross
section which describes the scattering of a neutron by
the crystal with the excitation or de-excitation of one
quantum of vibrational energy. It is this part of the
cross section which displays most dramatically the

effects of lattice anharmonicity on the phonons. A delta

function in the harmonic approximation, centered at
the frequency of the normal mode from which the
neutrons are being scattered, the one-phonon peak in an
anharmonic crystal is shifted in position and broadened
in comparison.

In a recent paper? by Conway, Baym, and one of the
present authors (V.A.), it was pointed out that the
anharmonic forces in a crystal, in addition to broadening
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and shifting the one-phonon peaks, lead to an inter-
ference between the one-phonon peak and the diffuse
multiphonon background. It was shown that the sum of
the one-phonon peak and the interference terms obeys a
sum rule, and a crude numerical estimate of the ratio of
the amplitudes of the asymmetrical interference terms
and the symmetrical peaked terms was made which
indicated that under typical conditions in lead the
asymmetry might amount to a few percent.

In the present paper we present a numerical calcula-
tion of van Hove’s" scattering function S (k,w), which is
related to the differential scattering cross section per
unit solid angle per unit interval of energy of the
scattered neutron by

d%/dQde=a2(qs/q:)S (kw). (1.1)

In this equation, ¢ is the nuclear scattering length, q; is
the initial wave vector of the neutron and gy is its final
wave vector, k=q;—qy is the momentum transfer from
neutron to crystal, and w= (g2—q;?)/2m, where m is the
neutron mass, is the energy transfer from neutron to
crystal (we use units such that z=1). In the present
calculation we include both of the contributions to
S (k,w) mentioned in the preceding paragraph: the one-
phonon peak and the leading term which describes the
interference between the one-phonon peak and the
multiphonon background. Although, as we have men-
tioned, the contribution of the latter term is expected to
be small, it seems to us not without interest to verify
this expectation by a detailed calculation. The calcula-
tions will be carried out in the high-temperature limit
for a nearest-neighbor, central force model of a face-
centered cubic crystal which we will use to approximate
lead.

17T, van Hove, Phys. Rev. 95, 249 (1954).
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Calculations of S (k,w) have recently been carried out
by Cowley™ for the optical modes at k=0 in sodium
iodide and potassium bromide. Only the contribution
from the one-phonon peak was included in Cowley’s
calculations.

Because the theory of the one-phonon peak has been
discussed extensively in the literature,' in the follow-
ing two sections we concentrate our attention on the
asymmetric interference term.?

2. ANALYTICAL DEVELOPMENT

In this section we shall first briefly summarize the
formulation given in I. Then we shall develop the formu-
las for the interference term in the first order of the
interaction between ‘“‘dressed” phonons.

The cross section for the scattering of a neutron by a
Bravais crystal with energy loss w and momentum loss
k' is proportional to [Eq. (2.9) of T]

2 ImC (k, w—1ie)

27S (k,w) = (2.1)

1—¢fe

Here C(k,z) is the continuation to the complex z plane
of the Fourier series coefficients

—if
C(k,vm) =f C(k,t)ermtdt, v,=2wim/B,
0

of the correlation function

Clkj)=—i Y e-ik@n(T e ik dgeik-sn®Ty.  (2.2)
gh

In this equation g and h run over the lattice sites of the
crystal, NV is the number of atoms in the crystal, ¢ is
restricted to the region Ret=0, —3<Im¢<0, T orders
operators from right to left in order of increasing nega-
tive imaginary f, ¢,(f) is the Heisenberg representation
operator for the excursion of the atom at the site g, and
the expectation value is in the canonical ensemble for
the anharmonic crystal. It was shown in I, by a rear-
rangement of the power-series expansion of Eq. (2.2) in
k, that this equation could be put in the form [Eq.
(2.22) of T]

Clkf)=—i[d(R) 5 eike

Xexp{(T (exp[—1k- g¢() ]—1)

X (exp[ik- ¢u(0) ]= D)} . (2.3)
Here [d(k)J? is the Debye-Waller factor given by
d(k)=(expi (k- ¢))=exp[{expi(k- ¢)).—1]. (24)

1 R. A. Cowley, Proceedings of the 1963 International Conference
on Lattice Dynamics (Pergamon Press, Inc., New York, 1964).

12 In this paper we adopt the convention that the wave vector k
is reserved for the momentum loss from neutron to crystal and
that the phonon wave vector is q.
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The symbol { )1 in Egs. (2.3) and (2.4) means the
linked or cumulant average.’® For example,

(T o (1) $n(0)) 1
=(T'¢¢*(1) 6u(0))— (¢’ (1) )(x(0))
— 2T ¢5(1) $u(0))( e (1))+2(5 (1)) x(0)) .

From the point of view of graphical perturbation theory,
the cumulant average implies that one must consider
only graphs in which, in every order, all displacement
operators are linked.

The decomposition of the cross section into the
elastic, one-phonon, and multiphonon terms follows
from Eq. (2.3) by an expansion in powers of the curly
bracket. The zero-order term gives the elastic scattering,
and that part of the first-order term in which a single
true phonon state occurs as a real intermediate state
gives rise to the one-phonon peak. The interference
terms also come from the first-order term and corre-
spond to processes in which a multiphonon excitation is
on the energy shell, but a single-phonon state occurs
virtually at an earlier or later stage of the process and
is coupled coherently to the many-phonon excitation.

We are concerned in this paper with the evaluation of
the lowest order contribution to the interference term
for a crystal with cubic anharmonicities. This contribu-
tion occurs in the terms

Clkl)=—i[dR) P ek &b

(2.5)

X {<T§I[—ik- 6 () PLik- ¢h<0>J>L

+<T[—ik'¢g(t)][ik'¢h(0)]2§—!>L} . (2.0)

We shall see from symmetry considerations that the two
terms in the bracket make equal contributions for a
Bravais crystal, to which we limit ourselves in this
paper. The explicit proof is as follows: From time
reversal invariance we have that

Fen(t) =([k- 65(1) k- 6x(0) ])
=([k- 6n(0)ITk- ge(—2) ).

Now, using the translational invariance of the lattice
and invariance under translations of time, we have

Fgn(t)=([k- ¢_5(t) k- 6-n(0) ?).

¥inally, we use the inversion symmetry of a Bravais
lattice, i.e., invariance under the transformation ¢ —
— ¢_n, to obtain

th (t) = <[k ¢g(t)][k' ¢h(0)]2>-

B8 M. G. Kendall and A. Stuart, The Advanced Theory of Sta-
tistics (Charles Grifin and Company, Ltd., London, 1958),
Chap. 3.

(2.7)

(2.8)

(2.9)
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The equality of the two terms in (2.6) then follows. Born and Huang!® by
We have now to evaluate C(k) in perturbation Bqujs; Quo; Qs

theory. The anharmonic contribution to the Hamil- Q115 62723 4s)

tonian may be written in the form

1
= Z Z b, gg/g" Salauj
— 5 T o (e )

1
Hy=—73 2" 3 B(aiji; 92725 4:75) X 85(q272) & (qujio)eiarerare+ae) | (2.13)

31 a1 a2z 4373
) ) ) It vanishes unless q:4-q2+4q3 equals 27 times a vector of
XQ(@1/1)Q(q252)Q(as53) , (2.10)  the reciprocal lattice. If we make use of the fact that

o . D,8,(gg’e’) changes its sign under the inversion
where Q(qj) is the coordinate of a phonon of wave operation,

vector q and polarization j. Q(qj) is related to the 66— — 16!t
displacement vector ¢ by Papr(— 88— 8") = —Papy (8887),  (2.14)

we can show that B(q171; q272; qs73) is purely imaginary.

1 . N In the first order of perturbation theory we have
= 12 % o : using the equality of the two terms on the right side o
e o) % &(q7)Q(aj)eive (2.11) r g the equality of th he right side of
Eq. (2.6)]
where &(qj) is a polarization vector. In terms of the (k)= —[d(k) ] 3 e ik-&w
usual phonon creation and destruction operators it is gh
given by —if
. X(—1¢ A (T{[k- ¢ () I*
0(a)= (4/2Me (g +b0),  (2.12) (=0 artrCies.0]
/ .
where M is the mass of an atom and w,; is the frequency XH;(¢)k-¢.(0)13),  (2.15)

of the phonon (q7). The coefficient B is given in terms where the time dependence of operators and the thermal
of the cubic anharmonic force constant ®.4,(gg’g’’) of average are now governed by the harmonic part of the

Hamiltonian. Substituting the expression (2.10) for H; into Eq. (2.15) and using Wick’s theorem, we get, using
Eq. (2.11),

k)2
SN O

2 gk eiaretaea k. &(qi71) JTk- &(qes2) Ik 8(—qsjs)]

N3/2  gh qia2q3 717273

—iB
><B(—q1j1;—q2j2;q3j3)/ A’ Dgyj,°(1—1")Dgy3,* (t— 1) Dyi * (') . (2.16)
0

In this equation Dy°(¢) is the phonon Green’s function in the harmonic approximation. In general, the Green’s
function is given by :

Dyjjr ()= —(T[Qqi(#)Q~as (0)]), (2.17)

and because of polarization mixing it is not diagonal in 7 and 7. Although we could formally diagonalize Dy;; (¢),
at the expense of introducing additional complications into the expressions which we will derive, this is not really
necessary. For, to the lowest nonvanishing order in the anharmonic force constants, Dy;;(f) is diagonal in 7 and
#',% and this order is consistent with our use of first-order perturbation theory in obtaining C(k,). We denote the
diagonal part of Dy;;r (¢) by Dg;(t).

By including, together with Eq. (2.16), all graphs in which self-energy parts are added to the phonon lines, one
obtains an expression identical to (2.16) but with the superscript zero removed. This formal summation is necessary
in order that the calculated interference terms have the correct line shape. In calculating the amplitude of the term,
however, one shall neglect the higher order effects due to finite phonon lifetimes. _

After the phonon Green’s functions in Eq. (2.16) have been “dressed,” the Fourier coefficient of C(k,f) may be
written in terms of the Fourier coefficient of the Green’s function

—if
D(Vm)=/ D()etrmtdt, vn=2mim/B,
0

“This result contradicts a statement in a recent paper by Thompson (Ref. 8) to the effect that the contribution given by
Eq. (2.6) vanishes because the two terms on the right side of the equation cancel. In a private communication to the authors, Dr.
Thompson agrees that his statement is incorrect.

18 M. Born and K. Huang, Dyramical Theory of Crystal Lattices (Oxford University Press, Oxford, 1954), p. 305.
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as

Clhyn)=N"[dk)P ¥ ¥ Alk—qs)B(—aij1; —qs2j2; as7s) k- 8(q171) Tk &(q272) k- &(qs53)]

919293 717273
7
XE Z] qu(Vm_Vm’)qujz(Vm’)ania(Vm) . (2-18)

The function A(k—gqs) is defined by
0 k;éqg—I—K,,

AGk—a9)— {
1 k = q3+Ky N
where K, is 27 times a vector of the reciprocal lattice. The Fourier coefficients of the Green’s function have the
well-known spectral representation
* dw Ag;(w)
qu(l/m)zf - . (219)

2 Vy—w

After Eq. (2.19) is substituted in Eq. (2.18), the sum over »' may be performed by using the formula
1 1 1 _N(wz)—N("“wl)

(2.20)

)
ﬁ m Yy Vit — W1 Vit — Wy Vim—W1—ws

where N (w)=[exp(8w)— 1] Finally, to calculate the contribution to the cross section one has to use Eq. (2.1).
There are two contributions to ImC (k, w—z¢). The first corresponds to putting the phonon labeled by gqs7s in Eq.
(2.18) on the energy shell. This term gives a correction to the amplitude of the one-phonon peak. The term of
interest to us here comes from the vanishing of the energy denominator displayed in Eq. (2.20). From this part one
obtains

2ImCine(k, 0—ie)=N"[d(K) P 3 X A(k—qs)B(—aquji; —Qej2; @s73) [k &(qujn) k- &(qz72) k- &(qsss)]

414293 717273

dwldwg l\r"(——wI)N(—wﬁ ] dw3 Aq:,js(w;;)
X A gy (01) A g3 (we)———————b (01w~ )P | — — . (2.21)
2 N(—w) T 0—w;
In writing this result we have used the identity
N(-wl)—N(wz)=N(—w1)N(—-w2)/N(—w1-wz). (222)

In addition we have used the fact that B is purely imaginary to write B= —iB, where B is real. We obtain from
Egs. (2.21) and (2.1) that the contribution to the cross section from the interference terms is proportional to

s = OV 2AW PV () TG, (.29
where
ij(w)=P/(dco’/27r)[Akj(w')/(w——w')] (2.24)
and
Gas)=——— 5 % Bl—tujs; —ojo; KTk & (aj) Tk &0 Tk 2(~ k)7

(N)”z q1q2 7172

dwldwz N(—w)N(— 2)
/ ( ) ( ? Aqm(w;)Aq2j2(w2)5(w—w1—-w2). (2'25)

27 N(—w)
Since 4j(w) is peaked at the frequency of the true phonon of wave vector k and polarization j, its Hilbert trans-

form 7y;(w) goes through zero at, and is asymmetrical about, this frequency. In calculating G, the amplitude of
this asymmetrical function, we neglect anharmonic effects and replace the spectral function by its harmonic form

Axj(w)= (r/ Mwi;)[§ (0—wi;) =8 (wtwki)]. (2.26)
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When we substitute Eq. (2.26) into Eq. (2.25) and perform the integrals over w; and ws, we obtain the result that

B(_(hﬁ; —q2]2; k])
Grj(w)=

2(N)12M? aiaz dide

Wq171Wqzjs

[k- &(q171) k- &(qz72) k- &(ky) ]

X{Dv(wah)""fv(qujz)"['1][5<w_wq1j1_wq2i2)_5(w+wq1i1+qujz)]
+[N(°~’qu'1)_N(‘*’qziz)]D(w_l'wqm_qujz)_a(w_wqm"}""qzjz)]} .(2.27)

The scattering function S (k,w), which describes the one-phonon peak in the scattering cross section, is given by®*

Si(k; )= —(N/2m)[d (k) PN ()2 [k- 8 (kj) PAx;(w).

(2.28)

7

Combining Egs. (2.23) and (2.28), we can express the scattering function which describes the one-phonon peak, as
well as the interference between the one-phonon peak and the multiphonon background, as

[d(k) P

S(k,w)=(N/27r)1 ; 3 ([ 8(k5) A i () — T () Grs ()} - (2.29)
— e_ w 7
To the lowest nonvanishing order in the anharmonic S (kyw):
force constants, the spectral density 4y;(w) is given by [T [k-&ki)TP
S(k,w)=(N/2)
2 20Tk () 1—e b 7 Moy,
Axj(w)=— , (230
M [‘02—'ij2 (w)]2+4wkarkj2 (w) I'kj(w)+ij(w) (0.)2-—91{]'2 (w) )/Zwkj
where . (2.33)
i (w) = {wi+ 20Ak; (w) } 12 L= (@))/ 20 P+ T (@)
~oktAxj(w)+- -, (231) 1 writing Eq. (2.33) we have found it convenient to

and Ay;(w) and T'yj(w) are the frequency-dependent
shift and width for which explicit expressions are given
in Refs. 4, 5, and 6. The function 7y;(w), which is the
Hilbert transform of A ;(w), can be written to the same
approximation as

1 (.02*—91”'2 (w)
Ij(w)=— .
M [0 (@) PA4w Ti ()

Substituting Egs. (2.30) and (2.32) into Eq. (2.29),
we obtain as the starting point for our calculation of

(2.32)

introduce the function
Hyj(w)=—Grj(w)/2 (k- &(kj) ).

Since the evaluation of Ay;(w) and I'k;j(w) has been

(2.34)

‘described in detail in Ref. 6, we omit a discussion of such

calculations here and turn now to the evaluation of
Grj(w) and hence of Hy;(w).

3. THE EVALUATION OF Hy;(®)

It was decided to evaluate Hy;(w) in the high-
temperature limit because a computer program already

exists for the calculation of closely related quantities, the phonon widths and shifts, in this limit.® In the high-
temperature limit, the mean phonon occupation number can be approximated by

N(wkj)%kBT/wk,', (31)
where kg is Boltzmann’s constant, and the expression for Gi;(w) can be written in this limit as
mwkp ) B(—q1j1; — 2425 k) ) )
Grj(w)=————k-8(kj)]1 2 = [k- &(q171) k- 8(q272) (0 —wgin—wesn) ,  (3.2)
2(N)22 192 £1£7 Wq171"Wqzis
where we have used the convention that
We—j= T Wqj, 3.3)

while none of the other functions in Eq. (3.2) is affected by the replacement j; — — 7.
The coefficient B(q:71; 4272; qs73) takes the following form for our nearest-neighbor, central force model of a face-

centered cubic crystal’:

8 4’”,(70)

B(auj1; 4272; Qsfs) =——

N1/2 2. 23/2

A(qr+ae+a3) F (1715 qajz; Qs ]s) -

(3.4)
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In this expression ¢(7) is the interatomic potential function, and 7o is the nearest-neighbor separation, while the
function A(q) equals unity if q is 27 times any translation vector of the reciprocal lattice, and vanishes otherwise.
The function F(qi71; g272; gsJ3) is a real function which is given by

. . . . . ao . ao . ao
F(auji; Qefe; @sjs) = 2 etiom(@tartadn. §(q,71) [n- &(qz7z) J[n- &(qsjs)] Slnz‘h'n Slnz‘lz'n Sln4—qa'ﬂ- (3.5)

n,n.n.

n is a dimensionless position vector with integer components which is related to g by
g= %a' on, (3.6)

where ao is the lattice parameter, V27,. The sum in Eq. (3.5) extends over the twelve nearest neighbors of a given
atom.
For computational purposes it is essential to work with dimensionless quantities. We accordingly introduce
dimensionless frequencies # and Ax; by
w=2wrx, (3.7a)

W= 3@ kj, (3.7b)

where wz, is the largest normal mode frequency of the crystal. Since the argument of the & function in Eq. (3.2)
cannot vanish if the magnitude of w exceeds 2wy, we see from Eq. (3.7) that « is confined to the interval (—1, 1).
We can combine Egs. (3.2), (3.4), (3.5), and (3.7) to express Gi;(2wzx) as

ksT
Gk,-(ZwLx) = -‘8\/71

¢ (ro) (k- 8(k7))Y kokpgap(ky; %), 3.8)
Hagt) (ky )aﬂ s8ap(kj; ) (
where ) . .
N Y F(—kj; 1j1; q272) , . )
gapki;)=—2 X A(—k+qitqo) N 8a(a171) 85(0272)8 (*— N —Thqoin) . (3.9)

q1q2 *71t72 q171 Nqade

To evaluate gas(ks; %), we expanded it in a series of Legendre polynomials
gap(kj;2)= 22 ba(kj; af)Pons(x), (3.10)
n=1

where only the odd order polynomials appear, because from Eq. (3.9) it follows that gas(ky; #) is an odd function
of . The expansion coefficients are given by

1

) dn—1
bn(k] ; of) 2_—2 dxgaa(kj; %) Pon—1()

-1

=§2(4n—1)B.(kj; aB), (3.11)
where . Pk ] )
. —HKJ754171592]2 . .
Bu(kj;oB)=—2 2 A(—k+ataqs) Ea(a151) 5(qz72)
V q1q2 7142 Na1i"Nqpis’ .

. >‘q1]'1+kq2i2 >‘q1i1_>‘qzjz
X]:(Aqm"l')\qzjz)PM—l(—T*_)"i'()\qu'l’)\qw'a)PZn—l(“—[L——)jl . (3-12)

The form of the coefficients given by Eq. (3.11) was chosen in order to make the present calculations parallel those
of Ref. 6 as closely as possible. Note that in Eq. (3.12) the branch indices j; and j, take on positive values only.
In the numerical calculations based on Egs. (3.8), (3.11), and (3.12), for simplicity the momentum transfer k

was chosen to lie along the [100] direction, ,
k=[%,0,0]. (3.13)

All of the results in the remainder of this paper, unless the contrary is stated, are based on Eq. (3.13). Only the
polarization vector corresponding to the purely longitudinal mode, which we denote by j=1, has a nonvanishing
scalar product with k, because

&(k1)=[1,0,01,

&(k2)=J0, sind, cosf ], (3.14)

&(k3)=[0, cos, —sinf ],
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when k is given by Eq. (3.13). Combining Egs. (3.11), (3.13), and (3.14) with Eq. (3.8), and recalling the definition

of Hyj(w), Eq. (2.34), we find that

71'2 17 -,0 T
Hk1(2wLx) = {Mkaj;‘(LL ] <
64 To(¢" (7)) \O,,

In Eq. (3.15) O, is the limiting high-temperature value
of the equivalent Debye temperature and is given for
the present crystal model by?®

1 (20 ¢”(f~o)>"2
R\3 M )

C)

(3.16)

@w

In Egs. (3.15) and (3.16) the bar over 7, means that we
must use the value of 7o which corresponds to the mini-
mum of the crystal potential energy. This is because
Hy;(20 1) is already proportional to ¢’” (7o) : the use of
the value of 7 corresponding to the temperature 7°
rather than 7o introduces higher order anharmonic
corrections to the expression for Hy;(2wx) than interest
us here. In writing Eq. (3.15) we have used the fact that
the maximum frequency of the crystal is given by?

wrt=8¢" (f0)/M . (3.17)

If we use the values of 7 and the potential derivatives
given in Ref. 5, which were determined from various
properties of lead, the expression in curly brackets on
the right side of Eq. (3.15) has the value —0.2573X 1072,
while @, equals 143.4°K. We therefore obtain, finally,
that

Hkl (ZwLx) = —02573)( IO_Z(T/G)QO)
X (kao/2m)h oo(k1; %), (3.18)

where

Baa(kl; )= 3 2(dn—1)8, (k1 ; 20) Pan_1(x). (3.19)

To give an indication of the accuracy with which we
can calculate functions like /%,,(k1;x) by the present
methods, in Figs. 1 and 2 we have plotted the function
h.+(k1; x) as a function of x for two different choices of
the vector k lying in the [100] direction. The first 25
coefficients {8, (k1; xx)} were computed from Eq. (3.12)
for each value of k, and the values of /,,(kl;x) were
calculated on the basis of the first 24 coefficients and on
the basis of all 25 coefficients, at steps of 0.02 in x in the
interval (0,1). A grid of 2048 points in the first Brillouin
zone for the face-centered cubic lattice was used in these
calculations.

From Fig. 1 we see that for the choice kao= (,0,0),
which corresponds to half the distance to the Brillouin
zone boundary in the [100] direction, the curves for
hs:(k1; x) computed using either the first 24 or the first
25 terms in the expansion (3.10) virtually coincide to the
accuracy of our plot. The agreement is less good for the
choice kao= (27,0,0) which is on the zone boundary. The
two curves shown in Fig. 2, corresponding to the use of

)(E‘ﬁ) f 2(4n—1)B.(k1; xx) Py, _1(%).

(3.15)
2w

n=1

the first 24 and 25 terms in the expansion (3.19), how-
ever, coincide rather well except in the neighborhood of
#=0 and x= 1. The fact that the curves oscillate about
each other in these neighborhoods probably means that
they are trying to approximate to a smooth and slowly
varying function. It should also be pointed out that
hao(k1; x) goes to zero as x approaches unity, and the
failure of our curves to do so is a measure of their
inaccuracy in the neighborhood of x=1.

The frequency of the longitudinal phonons of wave
vector kao= (7,0,0) is £=0.3536. The frequency of
longitudinal phonons with kao= (27,0,0) is 0.5. From
Figs. 1 and 2 we see that /,,(k1; x) is not slowly varying
in the neighborhoods of these frequencies. The widths of
the one-phonon peak centered at the frequency w=wxj,
as calculated in Ref. 6 for the present crystal model at
425°K, are

k(loz (1!',0,0) M
kay= (27,0,0):

[2T k1 (wr1)/ 2wz, ]=3.12X 1073,
[ZPM (wkl)/ZwL] =0.6X1071,

The experimentally determined widths are somewhat
larger.'® The variation of %,,(k1; x) over this interval is

about 159, for kao= (r,0,0) and about 1009, for
kao= (27,0,0). It would, therefore, be a poor approxima-

(3.20)

(k1;x)

XX
!
n
o

h

| ———-24 Polynomials

-3.0

— 25 Polynomials
AN ke m,0,00 7
5.0~ j=1 ]

1 | 1 L 1 ! 1 1
0 01 02 03 04 05 0.6 07 08 09 10
X

Fic. 1. A plot of the function %..(k1; ) which is effectively the
strength of the interference term for kao= (,0,0). The index 1
denotes the longitudinal mode, and ¥*=w/2wz, where wy, is the
maximum frequency of the crystal. The dashed curve gives the
result of the calculation in which the first 24 odd Legendre
polynomials are used to approximate this function; the solid curve
gives the result when the first 25 odd Legendre polynomials are
used. A nearest-neighbor, central force model of a face-centered
cubic crystal chosen to approximate lead, was used in these
calculations.

16 B. N. Brockhouse, T. Arase, G. Caglioti, M. Sakamoto, R. N.
Sinclair, and A. D. B. Woods, Inelastic Scattering of Neutrons in
Solids and Liquids (International Atomic Energy Agency, Vienna,
1961) fp. 531. )
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tion to replace Hy;(w) by its value at w=wy; in the
latter case in computing the line shape function S (k,w),
and we have not done so in the calculations described in

AND V. AMBEGAOKAR

quantities. If we use the dimensionless frequencies
introduced in Eq. (3.7), together with the definitions

the next section. 81 (%) = Aw; 2w rx) /w5, (4.1a)
4. THE FUNCTION S (k,o) V(%) =Tk;(2wrx) /0L, (4.1b)
To calculate the scattering function S(k,w) given by
Eq. (2.33) we first express it in terms of dimensionless we obtain
N [T _ (ke &(kj))? vii(w)+Hii(20 o) [46°— G0k (%) V' 1/ Ai
S(k, 20 x)= , (4.2)
aMw? 1 —e 260127 Ak [[42— G0 () Y1/ N Py (%)
N k)T _ (k-8kj))’
= skj(x . (43)
TMwi? 1—ebeLls Akj

Equations (4.2) and (4.3) define the function sx;(x), and
it is with this function that we will be concerned in the
remainder of this paper. ‘

In the present calculations we wrote the frequency-
dependent shift 8x;(«) as the sum of three contributions,

B1cj () = 81 P01/ P 481, (). 4.4)

In this expression 0;(T is the shift in the phonon fre-
quency from its value in the strict harmonic approxima-
tion due to thermal expansion. It has been discussed in
Refs. 5 and 7. (By strict harmonic approximation we
mean the approximation in which the crystal potential
energy is expanded to quadratic terms in the displace-
ments of the atoms from their equilibrium positions in
the atomic configuration which corresponds to the mini-
mum of the potential, rather than free, energy.) The
contribution 8,;% is the contribution to the shift from
the quartic anharmonic terms in first-order perturbation
theory. Note that although 8x,¢™ and 6;;* are functions

T T T T T 1

6.0
4.0
2.0

20.0 —

- - - - 24 Polynomials -

18.0 —___ 25Polynomials | -

kag = (21,0,0)° ! -

16.0 j=1 i u
14.0 =l

12,0 1

© 10.0 T

= _

280 -

Fo3 -t

£ 4

0

-2.0 1 1 | 1 | 1 1 1 L
0 01 0.2 03 0.4 05 0.6 0.7 0.8 0.9 1O
X

FiG. 2. A plot of the function %, (kl; x) for ka= (27,0,0). The
various labels in the figure have the same meanings here as in
Fig. 1.}

of k and 7 as well as of the temperature, they are inde-
pendent of x. The explicit expressions for 8x;(" and
85;® used in the present calculations are®

81D =—0.01930(T/ O )\xs, (4.52)
81,0 =0.01501(T/ O )\scj, (4.5b)

with
)\k1= 2 Sil’l (dok/4) s (46)

for k given by Eq. (3.13). The last term 8i;® (x) is the
contribution to the shift from the cubic anharmonic
terms in second-order perturbation theory.

¢ The functions 8;;® (x) and vyi;(x) have the following
expansions in the high-temperature limit for the model
of a face-centered cubic crystal used in the preceding
section for the evaluation of Hy;(2wrx):

1
81, () = 6.035X 10—

e T ©

™
4,

'ij(x) = 6035)( 10—

Akj

X <_T‘“) i 2 (4%— 1)an (kj)PZn-—l (x) ) (47b)
0.,

n=1

where P,(x) and Q,(x) are Legendre’s functions of the
first and second kind for x in the interval (—1, 1), and
where the coefficient a,(k7) is given explicitly in Ref. 6.
The principal difference between the present calcula-
tions of 8x;® (x) and vi;(x) and those described in Ref. 6
is that the computer program for the evaluation of the
{a,(kj)} was rewritten to allow a larger number of these
coefficients to be calculated, and a subroutine was added
for printing out the values of 5x;® () and yx;(%) as a
function of «.

In Figs. 3 and 4 we have plotted Fu;(®)="vx;i(®)/
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F16. 3. A plot of the function ¥ (k1; x), which is effectively the
half-width of the one-phonon peak, for kao= (,0,0). The captions
have the same meaning here as in Fig. 1.

[6.035X10~4(r/2\e;)(T/©,)] for j=1 and for ka,
= (m,0,0) and (27,0,0), respectively. In each case we
have plotted the approximation to i1 (x) obtained using
24 and 25 terms in the expansion (4.7b) which defines
this function. Again we see that although there are some
differences between the curves obtained using 24 and 25
Legendre polynomials, the agreement is sufficiently
good that it appears that the appreciable structure
displayed by this function is genuine. Figures 3 and 4,
however, display one disadvantage of approximating
functions like %..(k1;x), 8x;® (%), and vi;(x) by ex-
pansions in a finite number of Legendre functions. We
see from Tig. 4 that 7x;(x) is negative in the neighbor-
hood of x=0.4. From Figs. 3 and 4 we also see that in

96.0 1 1 L L L
88.0 |——=——24 Polynomials
80.0 ——25 Polynomials
ka, = (2m,0,0)
72.0

=1

64.0
56.0

(x)

Y
&
o

VI U N T S TN U N Y T U N T A Y O |

-8.0 1 | 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 L0

X

Fic. 4. A plot of the function ¥(kl;x) for kao= (27,0,0).
The various labels in the figure have the same meaning here as in
Fig. 1.
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the present approximation ¥i(x) is negative in the
neighborhood of x=1. From the explicit form of
k()59 it can be seen that it is a non-negative function
of x in the interval (0,1). How many more terms in the
expansion of x1(x) would be required to yield a non-
negative result is not known. In the calculations in
which it was used, the function §1(x) shown in Fig. 4
was set equal to zero in the region around x=0.4 where
it becomes negative. The rapid oscillations in 1 (%) for
% close to 1 probably mean that the function is very
slowly varying in this region, because the oscillations
are out of phase in successive approximations. As a
practical matter, the behavior of 1 () in the neighbor-
hood of #=1 is unimportant, at least in the present
calculations, because, as we will see below, the function
sk1(w) is essentially zero in this region.

In Figs. 5 and 6 we have plotted si1(x) as a function

14_ T T T T T T T T
L2k kao =(m,0,0) :
B i=1 J
Lo T= 425 K &
= .8k ' ]
~ L I
F o6k ]
N ]
2k ]
0~ 1 1 L1 ]

o
—
.
~n
w
S
w
=
~
oo
.
-3
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Fic. 5. A plot of the scattering function sx1(x) for kao= (r,0,0),
in the neighborhood of the center of the line. The dashed curve
gives the form of sx1(x) when the interference term is omitted from
the calculation; the solid curve gives the form of this function
when the interference term is included. All of the functions
entering into the definition of sxi(x) were computed in the 25
Legendre function approximation. The crystal temperature was
taken to be 425°K.

of x for kao= (,0,0) and kao= (27,0,0), respectively, at
a temperature of 425°K. In these two figures the vertical
scale is magnified so that the contribution of the
asymmetric interference term to sii(x) is more easily
seen. The 25 polynomial approximations to all the x-
dependent functions were used in these calculations. In
each of these figures the dashed curve gives the form of
sx1(x) when the interference term is omitted from the
calculation, while the solid curve gives the form of
sk1(x) when it is included. Because Hyi1(2wrx) is nega-
tive both below and above the resonance frequency for
kao= (,0,0), as can be seen from Fig. 1, while it is
always positive for kao= (27,0,0) (Fig. 2), there is a
qualitative difference between the effects of the inter-
ference term in the two cases which would not have been
predicted if we had ignored the frequency dependence of
H 1 (2wrx) and had approximated it by its value at the
resonance frequency. In the former case, the interfer-
ence term depresses both the left- and right-hand wings
of the resonance peak near the center of the peak, while
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Fic. 6. A plot of sk1(x) for kao=(27,0,0), in the neighborhood
of the center of the line. The explanation of the plot is the same as
in Fig. 5.

in the latter case the left-hand side of the curve is raised
and the right-hand side is depressed. (In fact the
interference term does also raise the right-hand side of
the former curve close to the center of the resonance, but
this could not be shown in Fig. 3 on the scale to which
it is drawn.) Although, on a relative basis, the effects of
the interference term are appreciable in the wings of the
resonance curves, on an absolute basis, the results of the
present calculation suggest that they are quite small,
because the function sii(x) itself is already small for
those values of x for which the interference term makes
its largest contribution. The effects of the interference
term probably lie well outside the limits of observability
attainable by presently available reactors.

In Figs. 7 and 8 we have replotted s () as a function
of  on a more convenient scale for kay= (,0,0) and
kao= (27,0,0), respectively, for a temperature of 425°K.
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Fic. 7. A plot of sxi(x) for kao= (,0,0) at 425°K.
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It is particularly apparent from the result plotted in
Fig. 8 that a simple Lorentzian approximation to sk (x)
would be unsatisfactory. This conclusion is also reached
by Cowley™ on the basis of his calculations of what is
effectively si;(x), for k=0.

The widths at half-maximum of the peaks shown in
Figs. 7 and 8 are approximately 5.5X107% and 0.1235
X107, respectively. The first value is somewhat greater
than, and the second value is somewhat smaller than,
the corresponding values quoted in Eq. (3.20). These
differences may be due to our use of more Legendre
polynomials in the expansions of T'y;(w) and Agj(w) in
the present calculations and to the fact that the fre-
quency dependences of these functions have been re-
tained in the present calculations.

2.0 T T T T
64.0
56.0
48.0

40.0

sklh(x)
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24.0
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Fic. 8. A plot of sk1(x) for kay= (27,0,0) at 425°K.

Unfortunately, there are no experimental determina-
tions of the line shapes for the scattering of neutrons by
longitudinal phonons propagating in the [ 1007] direction
in lead, so that comparisons between our theoretical
results and experiment cannot be made at the present
time. This may be fortunate, in view of the simplicity of
our model of lead. However, it also seems to be true that
in view of the experimental difficulties encountered in
making such measurements, such as the need for high
flux reactors and very good instrumental resolution, and
the problems encountered in correcting the raw data for
the multiphonon background, it will be some while yet
before such comparisons become possible.
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