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We have investigated the one-phonon sidebands of the fluorescence of divalent samarium in
barium fluoride. Transitions from °D, to the three multiplets 'F,, "F;, and 'F, have been cal-

culated in the crystal-field approximation.

Fair agreement is found not only for their fre-

quency dependence, but also for their absolute intensities, which are compared to the intensity
of the magnetic-dipole “D,— "F; zero-phonon transition. A sum rule is developed which unique-
ly specifies all the angular properties of the transitions in terms of one parameter for every

contributing multipole.
of 3 of the experimental values.
to the effects of electron delocalization.

I. INTRODUCTION

Strong fluorescence within the 4f shell of rare-
earth ions in crystals occurs for sites lacking in-
version symmetry; this property is utilized in many
solid-state lasers. When, however, the ions oc-
cupy sites possessing inversion symmetry, the
fluorescence is dominated by the electric-dipole
emission associated with phonon-assisted transi-
tions. In this paper we discuss the spectroscopic
details of these single-phonon sidebands. We derive
explicit expressions for their shapes and oscillator
strengths which we apply to the example of divalent
samarium in barium fluoride.

During the last decade a number of rare-earth
vibronic spectra have been investigated and inter-
preted with an electron-phonon Hamiltonian calcu-
lated in a crystal-field approximation. This ap-
proximation is discussed in a recent survey by
Wagner! where a comprehensive list of references
to previous work can also be found. In the
BaF,:Sm?* system, this simple coupling may be
pursued with little interference from nebulous side
effects. In particular, it is essential that the im-
purity should possess localized initial, intermedi-
ate, and final electronic states before a crystal
field calculated at the impurity site can be used as
a basis for the electron-phonon interaction. Diva-
lent samarium possesses initial and final states
which can lie in the f8 configuration while the in-
termediate states are dominated by the low-lying
f°d configuration which is also reasonably well lo-
calized: The proximity of this configuration to the
conduction band? may cause a partial delocalization.
Since, however, the vibronic intensity is dependent
upon the overlap between initial and intermediate
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Estimates of the amplitudes of these contributions lie within a factor
However, significant deviations remain which are attributed

states, this may not provide too serious a limita-
tion. Second, to test the success of this coupling
model, the system of impurity plus lattice should
have a known vibrational spectrum. Since these
modes also depend upon the coupling to some ex-
tent, it is necessary to keep the perturbing influ-
ence of the impurity small. This can best be satis-
fied by finding a host crystal in which the samarium
ion would be a good fit, namely, same mass and
same force constants. Then the modes of the pure
crystal can be used without recourse to a Green’s-
function calculation except as a final refinement.
The fit in BaF, is tolerably good with mass Sm/mass
Ba=1.1 and radius Sm/radius Ba=0.9. Recent
calculations® have followed some of the systematics
of various crystal models with this coupling Hamil-
tonian, using the samarium fluorescence in alka-
line -earth fluorides. We have chosen a severe test
for the theory by attempting to analyze vibronic
spectra accompanying four different electronic
transitions in BaF, Wehaveusedthe simple shell-
model analysis of the phonon spectrum of BaF, de-
rived from neutron-scattering experiments. * We
develop both the expansion necessary to calculate
the crystal fields produced by the phonons and the
required theory for the samarium spectroscopy.

We derive a relation to determine uniquely all the
angular properties of the spectra which is analogous
to but different from the results derived by Judd®
for rare-earth spectra in liquids. We find that the
shell model can provide a good basis for the vibron-
ic calculations though the crystal-field results are
found to be less accurate; from a detailed compari-
son with the observed spectra, certain differences
emerge which suggest that the nearest-neighbor
contributions should be handled more carefully.
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II. THEORY

The theory of the weak electron-lattice coupling
which we shall use has been extensively discussed
by Wagner. ! we shall merely summarize the part
relevant to the present system and then develop the
necessary extension for handling the detailed spec-
troscopic aspects of the crystal-field interaction.

The zero-order states of the system |i, n) are
products of electronic states i) of the rare-earth
ions and lattice states |#) (here characterized by
the occupation number of one mode). The electron-
phonon coupling Hamiltonian is written as a power
series in the lattice displacements:

5C gy = E,e e[V(F,4E)ag+ V*(Fog)aly ]+ .-
aq

V represents the potential acting on a 4f electron
(charge e at ¥, ) produced by a lattice mode charac-
terized by wave vector § and branch index . We
assume that the outer 5s and 5p samarium elec-
trons take the place of the outer barium electrons
in setting up the short-range forces which are as-
sumed to remain unchanged. This potential pos-
sesses both diagonal and nondiagonal matrix ele-
ments between the |i). The diagonal elements re-
sult in a shift in the oscillator mean position in
configuration space dependent upon the electronic
state under consideration, and the nondiagonal ele-
ments, which are more important for our problem,
relax the Born-Oppenheimer approximation. High-
er-order processes produce further mixing of the
states and a stiffening of the modes. Formally we
may write the new states of the system in the limit
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of weak-phonon coupling as |{i, n}), where
) ny r {Gyml3ql i, n) .
I{Za n}>"|lv n> %") E,+h’w(n m) !]’ m>

and all mode indices have been omitted.

When the impurity site has inversion symmetry,
| i) possesses definite parity and electronic transi-
tions within the 4f°® configuration do not have elec-
tric-dipole character and are comparatively weak.
Then the major contribution to the sidebands arises
from the odd components of V. In our experiments
on Sm?*, the initial and all final states lie in the
47°% configuration, and there is only one observed
vibronic which may possess partial magnetic -dipole
character —this contribution will be considered
separately. We may write the electric-dipole ma-
trix element for polarization € as

({i, n}|e2ig € Fo| 1 f, m}).

One further consequence of the cubic symmetry
of the samarium site is that the fluorescence is
isotropic. This isotropy, however, only appears
after a sum over phonon states is performed. Con-
sequently, to demonstrate its more obvious conse-
quences, it is convenient to impose a redundant
sum over Cartesian components of the dipole matrix
element. Then the power radiated per unit angular-
frequency bandwidth by one excited atom into solid
angle dQ for the Stokes sideband,

i, n}y = [{f, n+1]),

seen at low temperatures for which all =0, is
given by

|
? <2ﬂc )

with an implied sum over degenerate initial and
final states. The radiatedfrequency o’ equals w, -
where wy and w are the angular frequencies of the
parent transition and contributing phonon, respec-
tively.

wn

] -Twy,

A. Evaluation of Matrix Elements

We shall be interested in transitions from the
5D, state at 14638 cm™! to various members of the
"F ground multiplet. The static crystalline field
admixture of |J+4) into |J) is 2% assuming a
cubic-field interaction of 100 cm™! and a spin-orbit
interaction AL- S with A =264 cm™! (these estimates
are based on our observed spectra); this admixture
will be neglected. We may write

1/2
L5302 (g ) Anl@dn?,

with

E,(zleza V(faqg)lﬂ(]lez,,xalﬂ E&zleza %o 1) Giley o V(F4a8)! 1 26(%_‘0”9,

E;-E; +hwy,
@

(t) 4m_\'72 t
:Dp =Za><2_t_+—1) 'raYtp(eana);

7, (half the lattice constant) equals 3.1 A and M is
the proton mass. We will leave the calculation of
Aq, for every phonon till Sec. IIB. Then evaluation
of the various terms in Eq. (1) involves matrix ele-
ments of the form

(JmliDil)lJ"m ")(J"m"lﬁ'),f“lJ'm'),

and the problem reduces to be similar to that of the
calculation of absorption intensities of rare-earth
ions treated by Judd, ® and the two-photon processes
discussed by Axe.® We shall impose the mild
closure that the energy of a multiplet be independent
of J,(m) rather than throwing the whole excited
configuration into one energy. The latter proce-
dure enabled Judd to derive some simple relations
between the intensities of different transitions, but
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would not be valid for the low-lying f°d configura-
tion. Nevertheless, this approximation will enable
all the angular properties of the vibronic problem
to be explicitly obtained. We use the Wigner-
Eckart theorem to separate the angular dependences
and expand the ensuing product of 3-j symbols.

|
S e
sae\2 2MN 7wz,
where
(Im| T T 'm’) = (- 1)“”(
and

(JlT® HJ’>=(-1)“"*’*’(z>~+1)(2 -p-sp

(-

2
)] 2 abale Ay, @m| TR T 'm )| 6lwy - w)a®,
mm’
172

Y t>2 {J'JJ"
j'fll
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This result, together with the expansions

|iY=2iah|dm), |f)=2ak

I'm’),

with af, af,, determined by the site symmetry, en-
ables Eq. (1) to assume the form

)

J A

J',) (TIT® "y

-m p+s m

1 ¢ 2

}(iJ!l DD TG D ) fT Y

EJ-I —E,u +}"Zw;u

1)1+t+x{j,} J)‘"}QJ” ‘D(” I jJ”><jJ" I 51)(1) Il fJ'>

+

E;=E;u ~hwy,

We can introduce X by writing this intensity as %(e%w’*/27c3) X d§; then X is defined as

fied ;
X(f)=2 so—a— | 2 ai*a?
S st 2MN7gwy, \mn' mem

1728

It is worth noting that both D' and D operate
only on the orbital space. The fluorescence lines
observed, however, occur between quintets and
septets. Consequently, they occur only via break-
down of LS coupling. Since ¢1- S does not destroy
Jm quantization, this effect can be incorporated into
the evaluation of the reduced matrix elements by
using the correct linear combination of LS-coupled
functions. This will be estimated when we consider
every transition separately.

The consequences of symmetry can be found from
the cubic harmonic expansion for V where every
A,, is replaced by A,(T'}P); T'y? represents the p
partner of the I''?’ irreducible representation. The
phonon sum restricts 33,1 4,(I's?)I 2 to be indepen-
dent of p and then Eq. (3) involves terms of the
form

2|2 (TP

ifx it

1",‘,4’1",‘”)(1“}”; r(pP)r;F))l 2 ,

where the sum over degenerate initial and final
states appears explicitly with the sum over polar-
izations as }, ;4. The unitary properties of these
cubic coupling coefficients ensure that there will be
no cross terms between intermediate states of dif-
ferent symmetry or between potential components

of different symmetry. Interference between differ-

Ay I | TN T ') | 26(wse = w) .

3)

-
ent multipoles, however, is not excluded.

B. Evaluation of Phonon Potential Field ¥ (¥, &) and Projected
Densities of States

The lattice modes of BaF, have been analyzed by
means of a simple shell model which has been used
to calculate the frequencies (wg,) and complex eigen-
vectors [ﬁ;, (k) represent core displacements and
Wag (k) relative shell displacements] for traveling
waves. They are the solutions of the matrix equa-
tions

Mw?T=(R+2CZ)0+(T+ZCY)W ,
0=(T+2CY)'U+(s+YCY)W,

with the usual definitions.” R, S, and T represent the
short-range ion-ion, shell-shell, and ion-shell in-
teractions, respectively. C specifies the long-
range electrostatic interactions and M, Z, Y are
diagonal matrices representing the masses, ionic
charges, and shell charges, respectively.

The core displacement U(7%) of ion & in celll in a
particular mode gt may be written

- n )1/2
000 (5371

ia. (ef t igedisk
x[ﬁag(k)aa; gt (l+k)+'ﬁ5&aaee iq (l+k)]’ (4)



2002

where 1+k represents the equilibrium position of
ion (%) and N the number of cells in the crystal. A
similar expression exists for the shell displace-
ments.

In evaluating the electrostatic interaction between
these charges and the electrons on the samarium
ion (situated at T=k= 0), we assume that the elec-
trons are centered at the instantaneous position of

I

_ 2 ’ = 1
ev==1el2 ' 2.3:(15)

R=1+Kk+0(1%) - T(00) and the derivatives are eval-
uated for U(l%)=0(00)=0. ¥C,, is obtained by sub-
stituting from Eq. (4) into this expression (5) and
summing over all 4f electrons and lattice modes.
If, further, we now neglect any overlap between
these electrons and the ligand ions, we can expand
the potential in a multipole series and use selection
rules to limit the number of terms required for a
given vibronic transition. This expansion is suffi-
cient to specify the A;, parameters introduced via
Eq. (2) and the vibronic spectra are finally calcu-
lated from Eq. (3). It is convenient to express the
expansion in terms of cubic harmonics. When the
symmetry properties are considered this procedure
results in a small number of independent projected
densities of states. The ensuing Brillouin-zone
sums can be simplified considerably with the help
of a lemma described by Timusk and Klein® in which
the 48 symmetry elements of O, are used to gen-
erate the complete set of eigenvectors in the Bril-
louin zone from only a primitive :}8- of the zone.
The multipoles and associated densities of states
can be specified (note that the shell contributions

|

1 2%y
2 =0
« 2! x 9X9y

IT3,(R)I 2 reduces to (e?7/2Mwr§)pyTs,, w), where

pxTsg, w)= %(;’TI.&);ZE[ ? 2(3Mm,)'"

Z, 2 o%c 8% o%
9RZ ~8RZ " oR?

)eia-fi

and | 5, (R)| ? reduces to (e?7/2Mwrd)py(Ts,, w), where
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the ion and that the ion assumes the motion of the
original barium ion it replaces. This naive ap-
proximation will be questioned later in the light of
the results. Nevertheless, it does provide a simple
way of calculating the interaction without introducing
further unknown parameters.

This interaction with an electron situated at ¥ on
the samarium ion may be written

-[T(2r) - T(00)] + similar term with Z,U(i%) replaced by Y,W(lk); (5)
0

[
are not explicitly shown).

1. Dipole
The dipole term may be written
Z;a 3r(V)I 0° .fa = 1—“Jgu(R) * r4u(7’) .

The lattice-mode sum reduces | 'y (R)!2to (e?7/
2Mwr§) py(Ty, w) where

1 (,},s ) -2, 8C .a|%
Ty, w==(%) 2 ks — et
pl( 4w ) 3\N x,q,¢ | 2 Mk) oR,
xb(wgy ~w) ,

with
R=1+k, U=TUy(k), Cc=Viz(1/|R]|)-T,

q

and M, is expressed in atomic numbers. The sum
over components of the irreducible representations
is redundant but is included to illustrate the cor-
rect normalizations.

2. Quadrupole

Similarly the quadrupole term is

Oxa Ya=T3,(R) T3, (r) +T5,(R)- T5,(») .

2
+

z]b(wa, -w)

z, 2% 320) 138
% (v -2

123

(7§ z ¢ z.n|?
r ==L Ry ——— i .y —
Pz( 5¢7 w) :,;(1\',)36':’2’.&’e E; W}z) 3Rx aRy e 5(0)“ w) .
3. Octupole

The octupole expansion is

1 83
T A
= 3! Xy, 8 9x9ydz

0

IT5,(R)|2 reduces to (e2%/2Mwri®)ps(Ts,, w), where

KXo VaZa = Day(R)s Toy(#) + Ty (R) - Ty () + T5 ,(R) - T, () .
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~Z °C i |
polTan; @)= ( )E LGt SRR, oE, ©

8wy, —w) ,

| Ty, (R)I 2 reduces to (e27/2Mwr§?)p4(T'y,, w), where

1 er) -z ( 39°C 39°C za3c> i
-1 & - i-E _g
Ps(Tauy @) 3<N iae ‘,k 315 M2 \oR, oRZ * 3R, 0K " oKL ) #.0)

and | T's,(R)| % reduces to (e27/2M wr%)ps(T's,, w), where

1(7”) ‘ -Z a%C a%C
T y W)=7 2 Z) Z; & - e
Pa(Tsuy @)=3\ v |5 2(0,)\6R, 6R? "R, 0R: /¢

The octupole -dipole interference term becomes (e%/2M wr4)p13(Ta, w), where

_1 78) ( -2, 3C RIB AT -2 (3830 3a%c 2330) i3-R *
P1s(Tay @)=3 (N x,y?;,’a'f ,Z,;’W 9R, % 2(15M,)2\oR, 6RZ ' 8R,8RZ _ OR3 (e*"F - 0y,0)

+complex conjugate } 8wz, —w) .«

2
O(wy —w)

2
G(wa, -w) .

Oy, is zero unless k refers to the barium site; then its value is unity.

-
All terms in U(00) vanish in cubic symmetry with C. Transition 5D,~>7F,
the exception of that from the octupole I'y,. The
samarium ion, moving in a rigid cubic lattice, will
experience an octupole interaction which is just this
term. Consequently, this is the only contribution
which depends directly on the motion of the impurity
jon. Further multipoles are not relevant to experi-
ments which involve a maximum change in J of 2.
The lattice sums were evaluated on a computer
using the Ewald method® and the projections are Z)E
shown in Figs. 1-9. The separate phonon contri-
bution, from the ion motion only, is also explicitly
displayed for the dipole term to help in elucidating

The only contributions to this sideband arise
from A=0 with p= —s. Equation (2) will restrict ¢
to being 1 and we are led to the usual result that
only the uniform electric field produced by the pho-
nons will contribute to the intensity of this vibronic
sideband.

X("F,) as defined by Eq. (3) becomes

(i) Vs 001 7891 00) o= )

s a

Inserting the appropriate density of states this be-

the structure of that projected density of states. comes .
Th jecti A f dyv= 1 e'n
! Qeﬁgx';oiel(é)lloo;szp(l}) v/v are drawn for 6v=v,,,/100 3 <2M78w> [€OIl T @1 0) |2 py (T, @) ,
PHONON

A A z DENSITY OF STATES

o) o
3 8i 1(02) 5(01)
go 6 3(0n 2(0) FIG. 1. Calculated
= °F 3002) ) dispersion curves
N 5(02) for lattice modes of
O 4+ 1(A) BaF, and associated
5 t ICA) density of states.
2
G
@ | 3(A) 5(A) L

2 4 42 42 86 4 2 4 6 8 5 10

2
r
(£.2.2) [—" CC] [CIO] [0.8.0] [t.L.0] " ARBITRARY UNITS
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A (02)/ \02(01)
51 \\
/7 \&i02)
AL / \\Z‘(OIZ) A
;:) > >'
1
< 3 / ooa) | s 730 | e e
o \? - \ 24(0)
o a0n Ay(0)
L ( A3‘°2’/>§ /a2 \ 240) YA N\ 2400
= e // < y Asio_z)w 5,00 FIG. 2. Separate phonon con-
o A3(01) G038 2,001 ; )< S tributions to the projected dipole
2 — Q2(03] - 25020~ (r'y,) density of states (ion contribu~
™ Z4A) tion only). P represents the
6 =4(A) lattice polarization in the infra-
(&}
c red-active TO mode.
5o
W
o af
-
S 3 Z(A)
o
.
2._
Ay(A)
™ Aqa) Z(A)
1 1 1 1 1 1 1
r A 7 X
with The sum over intermediate states j only involves

oIl T || 0y =240l DV 1 51) (41 1DV [ F0)
J

1 1

<

ECD) -E(j)-hw " E(F)-E(j)+hw

).

those states with J=1.

We estimate the value of this reduced matrix
element in the following way: We assume a split-
ting A between quintets and septets in both the f®
and f5d configurations of 10000 cm-!., Also the

T T T T T T

QUADRUPOLE (I3, )

0.l

T

Ve p(0)/100v (10'2HZ")

i

FIG. 3. Projected quadrupole
(T'3,) density of states. Solid
line: ion contribution; dashed
line: ion plus shell contribu-
tions.

ol

FREQUENCY
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T T T T T T T

QUADRUPOLE ([} )

)
T

% p) 71000 (10'2HZ™)

S

T T I

FIG. 4. Projected quadrupole (T's,)
density of states (rest as for Fig. 3).

FREQUENCY (10%Hz)

proximity of the excited configurations causes
E(j) - ECDy) to be of order A, Then

I T || 0) ~ 4f | 7| 5d)? ¢ /Ahe . ®6)

We obtain a value for ¢ from our results of 1590
+£50 cm™!, the uncertainty again arising from
breakdown of LS coupling. The value of (4f |7|5d)
can be estimated from the 5d functions for Pr¥
and Tm¥, calculated by Rajnak.!® Interpolating be-

8 10

tween these ions, we derive avalue of 0. 8, (0. 42 A)
for Sm?*, The results of Freeman and Watson'!
would seem to indicate that this estimate, based
on values for trivalent ions, should not be in error
by more than 10%. Finally, we obtain for X("Fy)

1 (ezc(fmd)z)z ( ]

3\ A*§5he 2Mwr

This has a value 1, 25X 10°® p, (T, , w)/w cm?/(rad/

§> T, @). (@)

T T T T T T T

OCTUPOLE (T},)

N
I

Vm p(¥) 7100w (10'2Hz™)

FIG. 5. Projected octupole
(Ty,) density of states (rest as
for Fig. 3).

FREQUENCY (10'%Hz)
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T T T T T T T T

OCTUPOLE (T,

o
T

v, p)/100y (10 2Hz™)

o
T

T T T

FIG. 6. Projected octupole
(T'y,) density of states (rest as
for Fig. 3).

5
FREQUENCY (10"%Hz)

sec).
D. Transition SDy~"F,

Contributions to this electric-dipole sideband
arise from A=1 and p+s=—~ m'. Botht=1 and 2
would contribute, but 2 corresponds to the quadru-
pole interaction; its even parity precludes any
contribution to this sideband and we are left once
again with only the uniform electric field. Con-
sequently, the sideband shape should be similar

to that for the previous transition with X("F,) given
by

% T (grmrma )| 2 A 00] 78 1m) [ aleg, - )
?

o 3¢ \2MN7§ wy

1 ‘n
"3 (21&1’%6) [OIT P12 py (g, @), (B)
with
©I TP =23 G0 IID™ [171) G ID™® 1| £1)
J

T T T T T T T T

OCTUPOLE (I

=
Zush
o))
T

pw)/100v (10
T

Vm

FIG. 7. Projected octupole
(T's,) density of states (rest as
1 for Fig. 3).

6
FREQUENCY (10"Hz)
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T T T T T

DIPOLE-OCTUPOLE (T, )

S
T

L VYmp W)/ 100V ( 10"2HZ)

o
n
I

T T !

FIG. 8. Projected dipole~
octupole (T'y,) interference den-
sity of states (rest as for Fig. 3).

6
FREQUENCY (10'%Hz)

1 1
X(E(sDo) - E(j)-hw - E(’Fo) "E(j)"'m") '

The sum over intermediate states j only involves
those states with J=1.

The reduced matrix element now contains the
difference of the two terms in the last large paren-
theses. The proximity of the f°d configuration,

however, should enhance the first term consider-
ably over the second, resulting in the difference
being about % of their sum. The cancellation for
higher intermediate states is virtually complete.
Hence X('F,) for this vibronic is similar to Eq.
(7), but reduced by at least an order of magni-
tude.

The parent electronic transition is a strong

T T T T T T T

5 7
Do(L},) =Ry (T )

(ARBITRARY UNITS)

INTENSITY

FIG. 9. Vibronic spectrum
accompanying °Dy— "Fy(T'y,).
Solid line: experiment; dot-
] dashed line: ion contribution;
dashed line: ion plus shell

contribution.
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magnetic-dipole (MD)-allowed transition and per-
mits the possibility of a significant MD sideband
contribution. The parent transition also occurs
by breakdown of LS coupling. Writing explicitly
the important terms and noting that the transition
probability is isotropic, we obtain an effective
X°(CF,) of

(np/e)?| CDV + W Fyll L+2S1|"Fy = v°D{?) |2 g(w),

where g(w) represents the line profile with [ g(w) dw
=1, ug is the Bohr magneton,

p=("Fo| Dala-Ba|°DEY) (£/8),
and

v=(Fi|Dale- 84 °DP) (€/8).

Only the lowest D!’ multiplet contributes because

S J

(VSLJI| L+2S||Y'L'S'J+1)=6(y") (LL") 6(SS")(= 1) Z*S+7 [(2J + 1) (2J + 3) ]2 { Jel § f} sisis),

where
(SISIS)=[S(S+1)(@S+1)]/2,

Also we have

(7F0' Ea-ia' -s.nzPDo)/(lFllZaTa * galle)

103 3 1331 38/2
)11 2 2 122 T4
and, assuming hydrogenic-radial functions, we can

use the results of Judd!? for europium salts to esti-
mate that

J

X1(7F1)=Z E( ezk

EYYI T
sm g¢ \2MN7pWg,

with

S p m

00| 78 [ 1my=V3 <%><1 2 1,){

Using the appropriate densities of states this becomes

101

(F| D4 1s- 8a]°DM)=~3.1
Then X°("F;) reduces to
Hup/e) (3.15/A) g(w). 9)

This has a value (1.36X 10-2) g(w) cm?/(rad/sec).

The MD sideband occurs via the quadrupole in-
teraction which possesses a diagonal term, as
described in the introduction to this section, in the
final "F, states. So long as the coupling remains
weak, this “oscillator shift” can be treated in our
perturbation approximation and Eq. (2) can be used
with x=1, p+s=-m’, and ¢ = 2 to give

)1 4ap 00| 72| 1 (g - @,

fiwg,

12 1} CDyll L+2S11"F) ("F 1D® 17F)

( Ug® ><e2|<onT“’u 1>|>2 <
15¢% nwrd 2

with
©IT®NLY=CD Il L+ 2SI "Fy) ('Fy 1D®]"Fy) .
We have
SLJ || D@ = (= 1)S+L+J LJS
(YSLJ || D® || ySLJ) = (= 1) (2J+1){J T 2}
X (fllr2C® || f) SLII URIl¥SL),

with (3311 U?1133) = = 1 from the tables of Nielson
and Koster.'® Hence

(F D@ |I"F)=- &2 (f|2] N -

2
Mwry

) s 9+  po(Tigy 0], 10

Apartfrom the different density-of-statesfunctions,
this sideband intensity is reduced by a factor

& (e(r®/mord)? (n/2Mwrl) (1)

from its parent electronic (MD) transition. Wag-
ner! has shown for acoustic phonons that p; (w) cc«?,
while p,(w) cw*, Consequently, this sideband in-
tensity is proportional to w as w—0, but the elec-
tric dipole sideband is proportional to w?,

We can estimate (2) from the tables of Freeman
and Watson'! to be a3 and then this reduction factor
becomes 1.1/v3, where v=w/27 and is expressed
in units of 10" Hz.



|o»

E. Transitions Dy~ "F, (I"ag and I',)

The static-cubic crystal field splits the "F, mul-
tiplet into I'y, and I';, states with a splitting of
308 cm™, Contributions to these electric-dipole
sidebands arise from A=2 and ¢=1,3: Parity ex-
cludes £=2 and we are left with dipole and octupole
contributions.

A look at the symmetry exposes two special fea-
tures of these transitions. While the dipole con-
tributes to both "F,(I';,) and "F,(T';,) transitions
and all components of the octupole contribute to
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the "F,(T';,) transition, only the I'y, and I, octupole
components contribute to "F,(I'y,). Secondly, since
both dipole and octupole moments possess I'y,, sym-
metry, the intensities will possess an interference
term between the two multipoles. This term has
opposite sign for "F,(Ty,) and "F,(T';,) but equal
magnitude in our approximation,

A straightforward substitution of the densities
of states together with the explicit form of the
eigenvectors for the "F, multiplet gives for the
"F,(I's,) transition

1 en_\ (210 J
X(r3,=1575(2MW§)< [OIT & N2) [* 01 (T, @) += 5 L OIT@12X20T E10) prg (T ©)

with

Il 7&H112) =2 0119 ® 1) G119 12 (

and

+.71_g_ [<0 ” T‘(f:i ” 2> IZ [903 (r4u: w)"' 5p3 (rﬁw w)]) ’ (12)

1 1
ECD)-E()-hw * E(F)-EQ)+ ﬁw)

3

oct

+

DY 5 ; (3) SN2 gy oWy
©OITE 12)=5 ((on 1) Grio®ug  (3)%( 33)¢53 2))
i

Also for the "F,(T';,) transition the following is obtained:

X(r5‘ = ero

E(CDy) - E(j) = hiw

E('F,) - E(j)+ 7w

1 5 315 \/2'1
1575 (E—LT) ( [<0“ Tézh)a 12 'zpl (r4u: w) - 3 <0 Il Tl(ﬁ; 12) <2 I Toct o) P1s(r4u ’ w)
0

T [COITE2) [ (505 (Fapy )+ 80, (Fas, )+ 1093(Ty ] . 1)

If the "F4(Ty,) and "F,(T's,) intensities are added,
the cross terms cancel and the total octupole con-
tribution becomes proportional to

P3(T3,) +3p3(Ty,) +305(Ts,).

This result is similar to the sum rule derived by
Judd® for the intensities of rare-earth transitions
in liquids. When (0Il T$) 11 2)/7% is greater than
(OITE)12)/74, the octupole contribution to the sep-
arate intensities will be dominated by the cross
term. In the same approximation used to derive
Eqs. (6) and (7),

r3ouTng) rzg(4fl'rl5d)
(onTuctGZ) (4r17°15d) =5, (14)

assuming (4f|7%|5d )~6a3.

The complicated F, vibronics which, in general,
require seven parameters for a multipole fit are
now described by only two parameters.

[
III. EXPERIMENT

The vibronic spectra were observed at 4.2 °K
with a resolution of 1 cm™! using a 1-m Jarrell-
Ash spectrometer. The fluorescence was excited
by a filtered Hg-Xe 1000-W lamp and detected with
an EMI model No. 9558B photomultiplier tube.
Excitation was achieved occasionally with a He-Ne
laser.

The data were reduced to a linear frequency
scale before the presentation in Figs. 9-12.

The dotted regions refer to overlapping sections
from different J levels. The dashed curves are
the result of plotting the theoretical curves of Sec.
II. Their heights have been arbitrarily adjusted
within the limits imposed by the theory and will be
compared with the estimates of the intensities nor-
malized to the no-phonon Dy~ |"F,) transition.
The width of this transition at half-intensity is

5 cm-!, with the peak intensity given by g(0)=2/my
assuming a Lorentzian line shape, and ¥ = 3wx 10!
rad/sec. We have made no allowance for the di-
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electric properties of the host lattice, nor the fre-
quency response of the photocathode.

A. Transition S D,~>7F,

In view of the selection rules for this transition,
the sideband should exactly reflect the electric
field produced by the phonons. Whether or not the
shell displacements are included in the calculation,
Fig. 9 shows that the predicted shape is similar
to the experimental results. Certain features such
as the [100], [2 $ 0], and [414] critical points for
the acoustic phonons are accurately reproduced
though the two sharp peaks from the optical pho-~
nons show significant deviations; the lower peak
is absent in the calculated curves while the higher-
frequency peak occurs at too low a frequency. It
is tempting to use anharmonic effects to explain
this frequency discrepancy; the neutron data were
obtained at room temperature while the vibronics
were recorded at helium temperature. In Sec. IV
we show that this explanation must be pursued with
caution. The sharp lower-frequency peak occurs
at the frequency of the TO phonon responsible for
the reststrahl. This phonon also contributes
strongly to the octupole I'y, potential and consequent-
ly other transitions possess a peak in this region
of the spectrum also; the dipole potential, however,
only possesses a weak contribution through the
%ﬂi; factor weighted by a relatively low density of
states. (ﬁ is the lattice polarization generated by
this £~ 0 phonon.) Consequently, we are forced to
assume that our calculation does not adequately
predict this feature. The possibility of a resonance
or incipient resonance mode is attractive but must
be confirmed by a Green’s-function calculation.

It is also worth noting that the shell displacements
give a positive contribution in this region but a neg-
ative contribution to most of the rest of the side-
band.

In general, the acoustic phonons and the high-
frequency phonon branch only contribute weakly to
the dipolar potential. This is demonstrated in
Fig. 2 where it can be seen that contributions
from zone-boundary phonons exceed the §-1r-15 field
from the LO phonon by a factor of 4. Consequently,
this potential is dominated by the zone-boundary
phonons and hence by short-range contributions.
Since the latter are likely to be the least success-
fully represented by this model, serious discrep-
ancies may appear. For example, the peak be-
tween 4x 102 and 4. 5% 10'® Hz, which experimental-
ly is weaker and broader, is dominated by the
acoustic phonons at the zone boundary, where also
the positive ion is moving with large amplitude.

Normalized to the peak intensity of the "Dy~ F 1
MD transition, this sideband should have an inten-
sity given by the ratio of Eq. (7) to Eq. (9), namely,

HURRELL, KAM, AND COHEN 6

(1. 25X 10'8)p1(1"!u, w)/w _ 12 (pl(r,m ) U)VM>
(1. 36x 10°%2)g(0) = (36x107) 100v

The experimental value for the intensity factor
is ~300x 102,

8. Transition SDy~>"F,

Apart from the MD contribution, this sideband
possesses identical selection rules to the previous
transition 5D0~ "F,. Consequently, its shape should
also be similar. The low-~frequency contribution
(shown dotted) is uncertain because it overlaps the
high-frequency phonon contribution to the 7F0 side-
band.

The relative intensity of the MD sideband to the
zero-phonon transition is given by relation (11),
suitably weighted by the appropriate densities of
states, and becomes

1.1x10%
W [Pz(rsg, w)+ %pz(FSg, w)]

- 36 (P2(Tger vy 8 Pa(Tsy, vvy

=2.7x10 é—aib%l;?—‘Fg—W—) .
The calculated ratio of 1.1/v® implies that pertur-
bation theory cannot be strictly used for the con-
tribution of the lower-frequency phonons. We may
hope, however, that their low effective densities
of states may yield an over-all sideband shape
which is not a bad approximation, even though the
low-frequency region will be in error.

When this is added to the electric-field contribu-
tion as indicated in Fig. 10, the agreement be-
tween theory and experiment is as good as for the
previous transition; a slight broadening of the fea-
tures is consistent with a broader zero-phonon
transition. The anomalous peak at 5. 5% 10*2 Hz is
more prominent and shows further structure; also
the higher peak remains 10 cm™ above the calculat-
ed position. The intensity of the sideband is about
ten times weaker than the previous "Fo sideband,

a result which is well predicted by Eq. (8) and its
ensuing discussion.

C. Transitions SDy~>"F,

These two transitions provide a severe test for
the simple coupling model, especially with the re-
strictions imposed by the partial closure which re-
duces the analysis to a two-parameter fit. The
situation is further complicated by the dominating
feature at 5. 5x 10'® Hz, which now coincides with the
major contribution from the octupole Ty, potential.
When this peak isfitted by alarge octupole contribu-
tion, the agreement with the rest of the spectrum
suffers. In view of the anomalous nature of this
peak, we have preferred to force a better fit to the
rest of the spectrum by reducing the octupole con-
tribution. Even so, the ratio of dipole to octupole



§_ THEORETICAL SURVEY OF THE SIDEBANDS OF Sm?2*... 2011

T T T T T T T T T T T

s 7
L Do(l';g)—> FI(F4g) ]

o L
2 _
=z
s FIG. 10. Vibronic spectrum
> 20k -{| accompanying "Dy~ "Fy(Ty,).
g Solid line: experiment; dotted
E x 20 line: overlapping region; dot-
= - dashed line: ion contribution;
% dashed line: ion plus shell
= contribution; double-dot-dashed
N N line: ion contribution to mag-
5 netic-dipole sideband.
Z — " —
w H
E !
=z H

N e

0 o 4 12

6956 A FREQUENCY (10 "Hz)

contributions if we assume the reduced matrix element (0|l 7|2

751 0Nl T{2 | 201l T@| 2)°11

becomes 2, whereas the theoretical estimate of
relation (14) is (#2(»)/(r*))?= 25. The curves shown
in Figs. 11 and 12 have been calculated for a
negative contribution of the cross term to "Fy(Ty,).
Unfortunately, the fit is not sufficiently accurate

to make this sign determination definitive, though
the agreement is improved with this sign. Also

has the same value as (0] 7?|| 0) for the F, side-
band, these "F, sidebands should be an order of
magnitude more intense than found experimentally.
(This discrepancy is reduced when allowance is
made for the photocathode response. )

One significant feature of these spectra is the
extra contribution of ps(I'y, w) to the 'F,(Ty,) side~
band. It can be seen from Fig. 5 that this den-
sity of states possesses a relatively sharp peak at
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- FIG. 11. Vibronic spectrum
accompanying *Dy— "F,(T's,)
(rest as for Fig. 9).
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5.0x 10*® Hz from zone-boundary phonons, which
appears as a shoulder on the low-frequency side
of the anomalous peak. Another feature is the ap-
proximate twofold difference in intensities of these
two sidebands, a result which is accommodated by
the present theory. (This difference is reduced by
30% when allowance is made for the photocathode
response. )

IV. DISCUSSION

In view of the lack of complete agreement, it is
pertinent to inquire into some of the possible sourc-
es of error in these model calculations. In general,
we have four discrepancies to consider: (a) the
anomalous peak at 5.5x%10'% Hz, (b) inaccurate con-
tributions from zone-boundary phonons, (c) frequen-
cy deviations of ~ 3% in the position of peak contri-
butions, and (d) a Y, contribution 3. 5 times larger
than predicted. 1t is natural to ascribe these dis-
crepancies to the lack of a Green’s-function cal-
culation to predict the correct excitations for the
impure crystal. Certainly the success of the pres-
ent analysis is sufficiently high that this calculation
could be successfully evaluated. There are indi-
cations, however, from (c) and (d) that covalent
contributions and anharmonic effects also will be
significant.

The shell-model parameters are derived from
the neutron data gathered at room temperature.

No allowance has been made in the calculations for
the anharmonic contributions to both the phonon fre-
quencies and their eigenvectors. Table I lists the
room-temperature and liquid-nitrogen-temperature
properties of =0 phonons. It can be seen that
anharmonicities contribute about 5% to these values,

certainly sufficient to account for discrepancy (c).
We have made no attempt to modify the parameters
to allow for these contributions because no simple
force-constant change is adequate to fit all the vari-
ations listed in the table.

The electric-dipole sidebands arise from matrix
elements of the crystal potential between 4f and
5d electrons. While there exist estimates of shield-~
ing, * overlap, and covalency® in rare-earth static-
crystal-field splittings involving the even harmonics
in the potential expansion and the 4f shell, no such
estimates are available for either the 5d electrons
or the off-diagonal elements required here. Even
for the 4f shell, it is found that shielding effects
of the 5s and 5p electrons may change the effective
potential by as much as 50% depending upon the
order of the polynomial, * while overlap effects

TABLE I. Comparison of rcom-temperature and liquid-
nitrogen-temperature values for elastic constants, TO
phonon (vpo), and Raman phonon (vg) frequencies.

300 °K 77°K
€410 dyn/cm? 8.91 9.82
C (10 dyn/cm? 4.00 4,45
C44(101 dyn/cm?) 2.54 2,542
vrolem™) 184 192°
vglem™) 240 249°
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may contribute a similar amount to the observed
splittings. The radial functions of Rajnak!® indicate
that overlap contributions for 5d electrons will
certainly be more important than for 4f electrons
and may be comparable to the values encountered
in the 3d transition-metal complexes; also the off-
diagonal elements will be modified. Under these
conditions, all the short-range contributions to the
potential from the nearest-neighbor fluorine ions
ought to be considered separately and a cluster
calculation used to project out the contributions
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from every phonon. This will modify the contribu-
tions to Y, from phonons away from the T point,
but the effect on ¥; will be more serious. Never-
theless, the present calculations give a clear in-
dication of the reasonable degree of accuracy to be
expected from a crystal-field calculation. Our
approximations have yielded values for the ampli-
tudes of the multipole contributions within a factor
of 3 of the experimental values, though more serious
discrepancies of the same magnitude remain in the
frequency dependence of some of these terms.
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Mossbauer results obtained at 300 and 4.2 K for Fe™ in alloys of 2—40 at.% iron in gold
have been fitted with consistent values for the hyperfine interactions. The 300-K data are
adequately fitted using a reducing-point-charge model based on a Thomas~Fermi-like model
for the iron screening in gold, and the derived parameters are used in fitting the 4. 2-K data.
The sign of the electric field gradient is deduced to be negative, and information concerning
the magnetic moment alignment with different numbers of neighbors is derived. The spins
point along (111) crystallographic directions when the atom has two or more iron neighbors,
and along directions normal to the iron-iron axis when it has one neighbor. With increased
size of groups of atoms the spins point along the (111) axis that minimizes the number of Fe~
Fe axes normal to it, until at about 16 at.% iron long-range ferromagnetism occursdue to the
occurrence of linear chains. The results for higher-concentration alloys are consistent
with those expected for a ferromagnetic random alloy.

I. INTRODUCTION

Gold-iron alloys have been studied using the
Mbssbauer technique with Fe®” 1! Sn'!? 12:13 and
Au'®"™ nuclei, and considerable information con-
cerning the magnetic ordering has been obtained.
However, in the case of Fe®” where complicated
spectra are obtained above and below the ordering

temperatures, a model which accounts for the spec-

tra at both high and low temperatures and over a
range of iron concentration has not been proposed.
The Fe®" resonance shows distributions of isomer
shifts, quadrupole splittings, and magnetic split-
tings, and while the analysis of the spectra is
difficult because of these distributions, a careful
interpretation can yield valuable information about
the magnetic moment alignment with respect to the
atomic neighbors. Also there has occurred in the



