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deformation. This permitted us to discuss the
following: (i) The coupling coefficient Cy of Eq.
(24). This is the Van Vleck’s®'!% coefficient V.
(ii) We pointed out that there was a pair of trigonal
deformations @, and @, in Fig. 6, which seem to
behave like the corresponding cubic pair,?® and
therefore a selection of cubic coordinates for

13

analysis is an unnecessary simplification. (iii)
Besides the familiar energies of the excited levels
Ay, Ag, and Ag, it was possible to estimate the
energy of separation A, of the ground 2E, doublet
and also the Jahn-Teller stabilization energy.

(iv) On this basis one could also account for some
other features such as the appearance of A,,.
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The spin-lattice coupling coefficients of Mn** in C;, symmetry have been measured by a
uniaxial-stress method. The two axial sites studied experimentally correspond to an axial-field
parameter D =—130.9X10~* cm™'. Since the structure of these sites is not yet known, we performed

theoretical calculations of the spin-lattice coupling coefficients for all the different sites which can exist
in ZnS. The coefficients were calculated in an ionic model, following a perturbation method proposed
by Blume and Orbach and generalized to any pressure-induced distortion. It appears clearly that the
components of rank four of the internal crystal field give the preponderant contribution of the
spin-lattice coupling coefficients, the influence of the components of rank two being two orders of
magnitude smaller. The major contribution to the spin-lattice coupling coefficients C,; is given by the
pressure-induced even fields. We show that the equivalent even fields arising from the composition of
the internal crystal fields of odd parity with the pressure-induced crystal fields of odd parity
contribute significantly to the values of the C;;’s. Several other mechanisms such as spin-spin
mechanism and higher-order effects have also been considered. We have shown that the C;;’s would
be roughly identical for the different axial sites existing in our samples.

terms of this Hamiltonian under the action of uni-
axial stresses. In fact, since the determination
of the spin-lattice coupling coefficients (SLCC) of
Mun** and Fe* in MgO by Feher, ! the majority of
experiments of this type have been carried out on
ions other than 345, 2%

A theoretical study of the zero-field splitting of

I. INTRODUCTION

If the 3d° ions in cubic and trigonal symmetry
have been extensively studied in EPR experimen-
tally as well as theoretically; there have been
fewer studies made on the variations of the param-
eters of the spin Hamiltonian and pressure-induced
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8S-state ions was made by Sharma, Das, and Or-
bach, *® They studied in a very detailed manner
the influence of the spin-spin and spin-orbit inter-
actions in an ionic and a covalent model. In the
case of MnF,, * Mo** in ZnF,, ° and Mn™ in dis-
torted MgO host lattice® they showed the impor-
tance of these interactions in the determination of
the effect of axial and rhombic deformations on
the zero-field splitting. They also showed that for
Mn** in these compounds, covalency does not give
a very important contribution. However, for
other 3d° ions and for other environments, cova-
lent effects may be predominant. Recently, Han,
Rettig, and Das’ have found in hemin chloride a
very strong enhancement of the spin-orbit and
spin-spin interactions by covalency.

More specifically, Sharma® showed that the spin-
spin interaction and the spin-orbit interaction
treated in the ionic case by a perturbation pro-
cedure proposed by Blume and Orbach® give cor-
rect results for Mn*™ in CdCl,. Our interpretation
of the SLCC’s of Mn"™ in ZnS is based primarily
on this perturbation procedure.

In Sec. II, the pressure-induced terms appear-
inginthe spin Hamiltonian are given for a Cg, sym-
metry. General relations are derived which per-
mit us to relate the shifts of the absorption lines
with the SLCC’s for any relative orientation of the
magnetic field and stresses with respect to the
crystallographic axes.

In Sec. III we give the results of the experiments
on Mn* in ZnS, We studied only the SLCC’s of the
axial centers corresponding to an axial-field
parameter D = - 130. 9x10™ cm™. ** Our samples
also contained two other axial centers with D =
+36.1x10™ cm™ ! and two cubic centers. !°

The theory of the SLCC’s in the case of a Cs,
symmetry is presented in Sec. IV. The perturba-
tion procedure proposed by Blume and Orbach®
is generalized in order to express the new terms
appearing in the spin Hamiltonian in terms of the
matrix elements of the spin-orbit interaction (re-
lating the fundamental state with the optical states
T,) and in terms of the matrix elements of the
internal-pressure-induced crystal field between
the relevant optical levels. Among all other mech-
anisms which can contribute to the SLCC’s, we
studied particularly the influence of the pressure-
induced crystal field of odd parity.

The comparison of the experimental results with
theory is done in Sec. V, the structure of the axial
centers studied experimentally not being well de-
fined, we considered the simplest stacking fault to
explain the presence of all the different sites exist-
ing in our sample. We then performed theoretical
calculations for all the axial sites in ZnS (including
the case of Mn* in wurtzite). We show that in the
Blume and Orbach scheme, the crystal fields of

rank four give the most important contribution to
the SLCC’s and that higher-order effects such as
the Watanabe mechanism and Das—Orbach-Shar-
ma mechanism* are negligible. We also show that
the spin-spin interaction and the odd crystal fields
give non-negligible although non-preponderant
contributions.

II. SPIN HAMILTONIAN

For the experimental determination of the
SLCC’s it is very convenient to express the shifts
of the absorption lines in terms of the stress ten-
sor, while the strain tensor will be more adapted
to the theoretical calculations. We will write the
new term AJC of the spin Hamiltonian in the following
manner;

A%C=0) ;8D ;S;+ 20 S, 8¢, H;
iyJ 124

+ (higher-order terms in S and H).

In our case, we consider only the new terms qua-
dratic in S and linear with respect to the stresses
(or to the strains). The tensor 8D, is real, since
AJCis invariant under time-reversal symmetry

and is symmetric, since the antisymmetric part

of AX gives terms linear in S. We can relate the
symmetric tensor 8D;; to the symmetric stress
tensor X,; by a rank-four tensor C,;;,;; this last
tensor being symmetric only with respect to ¢ and

J, and 2 and [, but not for a permutation of 7j and
kl, as is the elasticity tensor, *? Thus, the tensor
C is analogous to the photoelastic tensor and to the
pressure-induced electrical-conductivity tensor, 31
This tensor possesses eight independent coefficients
for a symmetry Cg,. Since a shift common to all
levels cannot be measured by EPR techniques, the
notations will be simplified by arbitrarily taking

2:6D;,;=0, i=1 2 3.

i
Two independent relations can be derived from this
identity, giving

C33=-2Cy3, Cy=-(Cyy+Cy).

Thus, six independent coefficients can be mea-
sured. The C tensor will be determined in an axis
system (¥, ¥, z) such that X is in a mirror plane
and Z is along the ¢ axis. AJCgress iS given by the
contracted multiplication

AJCstreas = (E X )_( X §)cuntracted ’

where X is the stress tensor.
chosen axis system, we get

Explicitly, in the
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ACstross = (C 13 Xyy+C1pXpp+ 2C 15X 15+ C13Xg9) ST + (CpaXyy+C 1y Xpp+C13Xs3— 2C15X15)S3
+ [Cs1 (X 33+ X50) + CssXsa]Sg + (2C 44 X5 2C51Xy5) (S2S3+S5S5)
+ [Cs1 (X1 Xp0)+ 2044X13] (S1S3+S3Sy) + [‘ 2C 5 Xps+ (Cn" Clz)Xla] (S1Sz+szsx);

where indices 1, 2, 3 correspond, respectively, to
axes X, y, Z. It must be noted that the two in-
dices of the C’s are defined by the correspondence
1-11, 2-22, 3-33, 4-23, 5~13, 6~ 12; no
factor of 2 being introduced in this notation.

In the theoretical calculations of the SLCC’s it
is more convenient to evaluate the coefficients of
the G tensor defined by

A3Cstratn = (Q X E x §)contracted ’

where € is the strain tensor. In that case, in the
same axis system as used previously, we get G
= 2G5 and Ggg=3 (G,;— Gy,) instead of Cy=Cj, and
Cg=Cy3~Cyp, for the C tensor. The tensors G
and C are related by the elasticity tensor

Gijktsklrs = Cijrs s
J

?Dusdz = % [Dss—%(D11+Dzz)][S§ - ’é‘(sf +

with the additional convention J; D;;=0, we get

1 V2
Hstress = D3SO(§2) + (\/’6 (Dll _DZZ)_ 73rD12) 02(2)

1

the contraction being done evidently on the in-
dices k and I. The theoretical determination of
the Gy’ s necessitates the knowledge of the spin
Hamiltonian in the same axis system as that used
for the determination of the wave functions inter-
vening in the theoretical calculations.

For the experimental determination of the Cy,;,
it is necessary to know the relation between the
SLCC’s and the shifts of the EPR lines in any axis
system. We will give below the most general re-
lations permitting the proper choice of the direc-
tion of the applied pressure and of the magnetic
field with respect to the crystallographic axes.
The Hamiltonian can be expressed simply in terms
of the tensor operators O defined by Smith and
Thornley. * If we use the identity

Sg)] + 'é'(Dn‘Dzz) (Sf = Sg) + %§ D”S§ ’

V2

+ <\f6~ Dy ~Dy,) + 73 Dlz) Og) - ?3 (D 13— 1D g) 01(2) + '¢T3 (D13+ZD23)O%).

It is convenient to rotate the tensor D, the new terms of the rotated tensor D’ being expressed in a compact

form by

Dy = [% (C11+Cy) (X11+X22)+013X33] (8mn— 3Am3ys)

+ %(Cu =C 1) [(@n1@ny — Az @p) K13 = X32) + 2@y Ao+ Anp @ y) X12]

+ 2C 14[(Ama@ng+ Ay ) Xog + @y Qg+ Ay W) X13] + 2C 15[(@m1 Ay = A @) X g3~ (@t B+ Az @y) X 53]

1
+ 2C 5[~ (@ma@us+ A3 @np) Xyo+ 5@y Apg+ A3 @py) (Xu"Xzz)] s

the a,,’s are the elements of the matrix of rotation.
If we consider the terms in the spin Hamiltonian
proportional to the axial-field parameter D and
pressure, the second-order correction of the
energy levels is connected only to the nondiagonal
terms of the spin Hamiltonian corresponding to
AMg=+1and AMg=+2, that is, only the tensor
operators O and 02’ will intervene in our ex-
pressions. In this section we have neglected the
terms proportional to the fine-structure constant
a and to pressure, since these terms are negligible
in our experiments. The perturbation procedure

r

used here will be applicable to magnetic ions for
which D and @ are small compared togugH, H
being the static magnetic field at the resonance.
We will give here the general expression for the
shifts of the energy levels for any orientation of the
pressure in the case of a Cg, symmetry. For a
transition M g—~Mg - 1, the terms linear in P and
bilinear in D and P give the following shifts:

gupAH = AD%; + BD13a3a45 + C(D]y— D}y) ais ’

with
A= %(I_MS) ’
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FIG. 1. Axis system used in the experiments. Applied
pressure is located in the (x,y, z) axis system (only % is
reprefented); % corresponds to the ¢ axis. The magnetic
field H and the ¢ axis define an axis system X,Y,Z); H
is along the Z axis and the ¢ axis is in the plane ZOX.
The a;;’s defined in Sec. II are the elements of the matrix
of rotation associated to these two axes systems, w is
the measured angle, that is, the angle between H and the
projection of the c axis on a plane perpendicular to the
applied pressure P.

B-= '3?4;7%1? [3S(S+1)- $(8M%-8Mg+3)] »
D
C-= YT [-356+1)+ (@M -aMs+2)],

S being the spin. Expanding the D{,s in terms of
the C;,’s, we get
2 2 3 4
ghp AH =£§1(A+B %@ﬂ& +C —2-“43—>
ass— 1 033— 1
+ (E3+ £,)[A - Ba%y+C(1+afy)]
+ (3 + £5) [A+ 3B (a}y— ads) - Ca%y)
with
£y = [3(C1y+Cp) Xy + Xip)+ C 15X 5] (1- 3a3y)
£y = 2(Cyy - Cyp) [(@3; - a3) (Xyy = X0) + 4X15051 03],
£3=4C (@5 Xp3+a31X13) 043,
£y = 2C 15Xy (a3, - aBy) - 2X55a51a5,]
£5= 2C5 [~ 2X a5+ (Xyy - Xsp)a31)ass
The contribution of the terms bilinear in a and
P can be treated in an identical manner, Since
they are negligible in our experiments, we will
not give the corresponding general relations.
Of course, the angles intervening in the formu-
las given above must be carefully evaluated in or-

der to permit the determination of the signs of the
C“’S.

III. EXPERIMENTS

The experimental apparatus allows us to apply
a static force up to 150 N on the samples in the
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temperature range 77-300 °K. Slits in the wall

of the cavity permit an irradiation of the sample.
The cooling is made by a gaseous flow of cold
nitrogen. The pressure is applied with a quartz
piston, sliding in a quartz tube. Teflon rings
avoid the breakdown of the quartz tube inserted in
the cavity and subjected to relatively high pres-
sures. Two holes in the tube permit a fast cooling
of the sample, if it is necessary.

Many preliminary experiments were made with
samples of different sizes and with various cushions
between the sample and the piston. For the applied
pressure used in our experiments, the best re-
sults are obtained with cushions in Teflon and com-
pressed cardboard. Even for very small samples,
with dimensions of the order of 1X1,5X2 mm, we
can avoid the broadening of the absorption lines
due to nonuniaxial stresses in the sample.

Experiments were made on Mn** in ZnS at room
temperature. The classical spin Hamiltonian was
determined by Schneider et al.!° In the axis sys-
tem defined in Sec. II, the spin Hamiltonian of the
two axial centers studied is

se=gus B+ 8+ 5D 0P - & (a-F) 0§
+ & WIOAT) a(0f® -0%)+AT. §,

with g,=2.0018, ¢=+17.35%X10" cm™, D=~130.9
x10™cm™, a- F=+17,68x10"cm™, and A=-64.9
x10™ cm™,

The choice of the cuts of the samples was de-
termined from the general relations given in Sec.
II. In our case, the magnetic field was perpendic-
ular to the applied pressure P. The angle w be-
tween the magnetic field H and the projection of the
¢ axis on a plane perpendicular to the applied
pressure is very convenient because it can be de-
termined experimentally by the position of the ab-
sorption lines when P = 0, the separation of the
hexagonal lines being extremum for w=0 and w
=+37. The elements a;; of the matrix of rotation
defined in Sec. II can be expressed in terms of w
and in terms of the cosines I, 7,, I3 of the
angles between Pand the crystallographic axes
(see Fig. 1),

g = (= 1,1 cosw — Iysinw) (13+13)71/2
g5 = (= 1,15 cosw +1;sinw) (13+12)71/2,
ags = (13 +13)"V2 cosw,
with the additional relation giving the sign of w,
a1 lp— agly=— (15+13)1/% sinw .

All other g;,’s can be expressed in terms of the
coefficients agy , ag5, @53

For P parallel to the ¢ axis, the shifts are re-
lated to Cy3. Inthat case, l3=1, a33=0, dd3=1,
Xg3=P, and the other X ,’s are zero. From &,
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FIG. 2. Angular variations of the stress effect on the
hexagonal lines Mg (+5 «~—+%) and Mg(— %+ —3) of Mn**
in ZnS. All measurements were made at room tem-
perature. Pressure was applied along the ¢ axis (P
=2.8x 108 dyn/cm?), the magnetic field was rotated in a
plane perpendicular to the ¢ axis. The dimensions of the
sample were 0.88x 4,00X%X 5,00 mm, the cross-sectional
area perpendicular to the ¢ axis was (0.88 + 0.01) (4. 00
+0.01) mm?,

=Cy3P, £;=0for i#1, we get
gugA H=CP(A-3C).

The experimental curves are given in Fig., 2. It
|

gupAH=3P (Cyy+Cy,)[(1- 3cos®w)A -
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is convenient to deduce C,; from the difference
AH-AH', AH and AH' being, respectively, the
displacements of the lines corresponding to
Mg(=3 - ~-3) and Mg(+ 3—+3) for HLZE, the two
axial sites give superimposed absorption lines).
With this procedure, the systematic error due to
a slight variation of the resonance frequency of
the cavity is eliminated; the experimental value
of Cy; is

Ci3=-1.8x10"' em/dyn,

It must be pointed out that the displacements of the
lines are almost constant (Fig. 2), the deviations
being due to a slight misorientation of H with re-
spect to P. The terms linear in ¢ and P are neg-
ligible in this experiment, the contribution due to
these terms being less than 1§5th of the contribution
of the terms in DP,

For P perpendicular to the ¢ axis and for any
orientation of P with respect to a mirror plane, we
can measure Cy, C;,, and C5 . In that case, I3
=0, Xg3=XNpg=Xgp=X3=X3=0, and Xy, +X,,=P,
thus, £3=£,=0 and

§1=%P (C11+Cyp) (1 - 30052“’) ,
£y==3P(Cyy-Cyp)sin’w,
£5= 3P Cy, (412- 3)],sinwcosw .

For l,=1, the shifts of the absorption lines are

(8 sin*w cos?w) B - 3C sin*w]

- 3P (Cyy - Cy)sin®w[A - B cos’w+C(1+cos’w)] + 3PCy, sinw cosw [A + 3B (sinw - cos®w) - C sin®w] .

The signs +and - correspond to the two axial sites.
Figure 3 shows the displacements AHI and AH, for
the two sites and for the lines Ms(z —~3) [AH) and
AH} correspond to the lines Mg(— %+~ 2)]. Theval-
ue of C;,+C, is deduced from the value of 3(AH,
+AH,)~3(AH)+ AH}) for w=0 (see Fig. 4),

Cy+Cypp=1.84%x10" em/dyn ;
for w=37 we get

Cyp ~~6x10""° cm/dyn,
thus

C,=1.9% 10" cm/dyn .

The difference (AH,- AH,)- (AH| - AH}) re-
ported in Fig. 4 is related to C5,. By taking this
difference, we eliminate the spurious shift of the
resonance frequency and we eliminate the first-

|

[

order contribution of C; and Cy;. The second-
order contribution of Cy, is negligible with respect
to the second-order contribution of C,;, which is
also negligible, being less than 2x 1073 G for any
point in Fig. 4. The measured value of Cy, is

|Csy]=0.97%10" cm/dyn .

The remaining coefficients C,4 and C,; are mea-
sured by applying a pressure in a mirror plane at
54° 44’ of the ¢ axis. In this case I,;= V% [,=0,
and lg= + 1/V3; Xgg=Xpg=X3p=X1p=Xp1=0, X1+ Xgq
=P, and X 3= Xg,=— 3V 2 P;

€= EP[(S11+S12)+S13] ’
Ey+ £y = §P[(S1y- S1) £V 2S5 ($cos’w-1)
Ey+ E5= 2P (- Sy FV2 S5 cosw) .

The shifts are given by:

gLpAH = £,[A(1- 2cos’w) - 2B(3- 2cos’w) cos?w- 3C(1 - % cos®w)?]

+ (2 + £ [A =B cos®w+ C(1+% cos’w)] +

(Es+ E5)[A+3B (1= $cos®w)- C(1 - % cos®w)] -
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FIG. 8. ZnS:Mn"™, Angular variation of the
values of the displacements of the lines corresponding to
the transitions Mg(—3<+—=35) and Mg(+5~—+9). AH,
and AH{ are the shifts corresponding to one hexagonal
site. AH, and AHjJ are the shifts corresponding to the
other hexagonal site. The dimensions of the sample
were 8.25%X 2,85x 1,55 mm, the cross-sectional area
perpendicular to the applied pressure was (2.85+ 0,01)
X (1.55+ 0,01) mm?; pressure was applied perpendicular
to the ¢ axis and H was rotated in a mirror plane (P
=2x%10% dyn/em?. w is defined in Fig. 1.

Figure 5 shows the angular variations of the shifts
AH, and AH, for the two sites corresponding to the
absorption lines Mg(— §+ ~ 3) and the shifts AH,
corresponding to the absorption lines Mg(+ § —+ 3).
The experimental values of C, and C,; are deduced

4 AH (G)
5 i 1/ a
- A NBH - AH,) - (8H;-AH)
al A
3r \.

| \\

AH, +AH, +AH2 AH{+AH2 \

b

- \'\o W (deg)
15 30 45 60 75 90

(o]

FIG. 4. Angular variations of the quantities % (AH;
+AH2) - %(AH{ +AH2') and (AHI - AHz) - (AH{ - AHg')- The
shifts AH;, AH,, AH{, and AHj are given in Fig. 3.

The curve corresponding to (AH;— AHj) — (AH{ ~ AHY) is
related to Cgy, the other to Cy; and Cy,.
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4 AH(G)
1.5r

FIG. 5. Angular variation of the shifts AH; and AH, of
the absorption lines Mg(— 3+~——%) AH; corresponds to
one hexagonal center and AH, corresponds to the other
hexagonal center). The shifts AH{ and AHy of the lines
Mg(+3+—+2) are also reported in this figure. Pressure
was applied in a mirror plane at 54° 44’ of the c¢ axis
(P=0.9x10% dyn/cm?. The dimensions of the sample
were 6.1X2,96%X 1,89 mm, The cross-sectional area
perpendicular to the applied pressure was (2.96 + 0,01)

X (1,89 % 0,01) mm?.

from the angular variations of the quantities

- 3 (AH! + AH}) (Fig. 6). [AH] and AHj correspond
to the transition M+ $++%).] We obtain

the transition Mg(+ 3+ 3).] We obtain

Cu=1.4%x10" cm/dyn

p

AH(G)
20} /\
A

A

1.5}
(]

L] v L]
AH;=AH, AH~AH,~—
3 T 27

10 .

/ ) .
05r {m‘ +AH, AH{+AH}
2 T 2
00 D . ) . . ) . W ldeg)
0 30 60 90 120 150 180

FIG. 6. Angular variation of the quantities 3(AH{
— AH{) — 3(AH, — AH,) and 3 (AH; + AHy) — 3 (AH{ + AHj).
The shifts AH;, AH,, AH{, and AHJ are given in Fig. 5.
The theoretical curve corresponding to % (AH{ — AH{)
—~}(AH, - AH)) gives |Cjy1=0.97% 10" cm/dyn and |Cy51
=1.9%10"1® cm/dyn. The other theoretical curve gives
C1=1.4%10"1% cm/dyn (the coefficients Cy3, Cyy, and
Cy, previously determined also intervene in the determi-
nation of the theoretical curve).
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and
Cy5= 1.9%10° cm/dyn .

IV. THEORY

The evaluation of the SLCC’s in the case of
cubic symmetry has been undertaken for a long
time!®2% however, it was only recently that a.
detailed treatment by Sharma® appeared for the
3d° jons in trigonal symmetry. Great emphasis
was given to the Blume—Orbach (BO) mechanism,
the other mechanisms like spin-spin interaction,
higher-order effects proposed by Das, Orbach,
and Sharma (SDO mechanism), and the Watanabe
process, all being less important. However, we
will evaluate the contribution of these mechanisms,
also taking the pressure-induced odd crystal fields
into account.

The Hamiltonian governing the 34° ions will be
written

=3+ Vo + Hso+ Voaa+ A Veyen + AVoaa

3, being the free-ion Hamiltonian, V, and 3Cg, being,
respectively, the even part of the cubic crystal
field and the spin-orbit interaction, AV, and
AV,4q are, respectively, the even and odd parts of
the pressure-induced crystal field. V4 is the odd
J
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cubic part of the crystal field.

Our first aim will be to evaluate the contribution
of AV gy, to the SLCC’s in the case of a Cg4, sym-
metry. The most important contribution of AV o,
is due to the BO mechanism, coupling the funda-
mental state to the optical multiplets T, by the
spin-orbit interaction and by the pressure-induced
even crystal field. In our case it is convenient to
calculate the contribution of the most general form
of AV gyen, thus we will write

AVeven = Z; BgDa(k) ’

k even
D¥s being tensor operators as defined by Judd. %!
Linear combinations of the spectroscopic terms
spanning the A, and E representations of the Cj,
symmetry will be used here. The only advantage
of this choice is to simplify the theoretical ex-
pressions obtained for the diagonal elements of
the spin Hamiltonian. Several basis functions used
in this paper are different from those of Sharma®
because the phase conventions of Racah and Slater?2
were chosen in order to apply general relations
giving matrix elements of the spin-orbit interac-
tion and crystal field. The general expression for
the 1°SMg) state, perturbed by 3Cs, and AV oy,
(BO process), is

3 o .
S Mg) = |°S M) + Eﬁ(«ln E* M- 1]? - p},s8%,51°S M) |1 E* Mg - 1)

+ ((P) *E"Mg+ 1| ? —ply, 8t |0SMsY [FE Mg + 1) + ((P) *A, M | ? pLsss, | 5SMs) I;‘AZMS)> .

In this expression, JCg, is expressed in terms of
the components of tensor operators whose matrix
elements can be calculated from the V! of Racah.
The states |$E*), |{E"), and |;A,) span the E and
A, representations of the group C3,. o;’s are the
parameters describing the mixing of the [*T,)
levels by the cubic crystal field. 4; is the energy
difference E(*A,)~ E(*T,). ¢is the spin-orbit con-
]

I

stant. Following our conventions, the signs of the
basis functions |(F)*E*), |(F)*E), and |(F)*4,)
as given by Sharma, ® must be changed.

The G’s can be calculated by comparing the
matrix elements of the spin Hamiltonian 3Cg¢payp
with the matrix elements {(®SMs)’ | AV gyen! (6S ME)').
The spin Hamiltonian will be written

- 2 2
Hstratn = (G11€4y + G 12€2 + 2G15€15 + G 13€35) ST + (G 12€1y + G 11€55 + G13€33— 2G15€13) S

+ [~ (Gy1 + Gyp) (€1 + €)= 2G 13€455] S5 + 2(Gue€23— G51€15) (S2S5 + S3S3)
+ [Gsy (€41~ €22)+ 2G 44€43] (S1S3 + S3S1) + [~ 2G5€5 + (Gy1— G12)€12] (S1Sz + S2Sy) »

no factor of 2 or 4 being introduced in the definition
of the G;4,;’s nor in the €;;’s.

We will evaluate the G’s by taking into account
only one element of the strain tensor and then
evaluating the pressure-induced crystal field op-
erators corresponding to the chosen strain (all

r

other strains being taken as zero). Thus, G;;+Gy,
and G5 can be determined from the difference be-
tween two diagonal matrix elements.

For €,; #+ 0, we get

G 11+ Grade, 0=~ 53, 3) | AV gyen(€yy # 0)[ (3, 3))
1



|3

- (3, 3 |AVeyenl€yy # 0)[ (3, $)7)]
and
H (B, 2) | AVeyen(€ss * 0)[ (3, 3))
-{(3, 3 1 AV gyen(€gq # O)I(E, M.

The coefficients G;, and G, can be deduced from
the nondiagonal elements AMg+1, Taking as non-
zero strains €,; and €;;, we get

G 51)en¢o = V5 (3, 3) | AV even(€1y # 0)|(%,

(G 18)egqt0 = =

wjw

)y
and
Candegr0= V5 (3, 3) [ AVereal€rs # 0B, 2)) .

The other G coefficients can be deduced from non-
diagonal terms AMg=+2,

(G 15)613#0 = (1/\/—40) «%a %)' 1 Aveven(els # 0) | (%, %)’>;
(G11=G12)eyyro = (4/440)

X((Z; 2 ’Aveven(ell # 0 |(2, 2)l>

The next task is to calculate the matrix elements
((SMg) | AV enl (S'M'5)'). It is easy to verify that
the difference of matrix elements giving Gy, -G,
and G5 is analogous to an expression given by
Sharma,e thus by choosingthe relevant strains, we
get

Gy+Gp=% ‘/'5—(Bg)eu¢o oA Epappay
= 15 V5 (BYY ¢ o ") £ pary (Tparcr + 4paif)
Gys= Tﬁ‘ﬁ(Bg)cssﬁo@’z)izPaﬁi)aY 1)

- 1y V5 BY oyyr0 ") £* pay (Tpaa + 4pap)

with (BY)’ = BY- (V7/V10)B3® and (*) = (3d°|7"|3d%),

paa=2705/4;, pap=27 a;B;/4a,,
and
pay =27 ay/ A,

ay, By, 7v; being the coefficients governing the mix-
ing of the multiplets, It is important to note that
D® and D™ are the only crystal field operators
which intervene in the calculation of the diagonal
matrix elements.

Other crystal field operators appear in the non-
diagonal terms. Using the following reduced ma-
trix elements of the tensor operators D%’ and D
acting between spectroscopic terms |L, M) and
'.L', MLI>,

IIp @ 3)= - (31|D®|| 4)= 30/ W4n ,

& 11D¥| 3=~ (311 D®|| 4) = - 3VI10/W4r ,

@1ID®| 1)=~- (1 |ID¥|| 4y = 3V140/7V4r ,
we get

.fundamental configuration.
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(&, 2 | AV oy | (3, 2y =+ - VEBiA + &V20B}
- %‘B‘\/—_OB4V— 21 \[3—B;27\— \[—0 B4 M+ 15 FOB4V
++V140 Bjv - 5 V140Bip (2)
and

(3, 3| AVevea| (3, 3)) =~ $V5 B2v + &V5 BN

- 3V5B; - &VEB;lu - (10/73) B2
- (5V2/W3) B3\ + (5V5/9 T)B*n , (3)
with
A= @ e?pagpay,
p= @Yt pappay, ()

v={Heipaypaa.

In each case, it is necessary to calculate the
crystal field amplitude corresponding to the chosen
nonzero strain and then to apply the above formu-
las in order to calculate the G;;’s. The amplitude
of the crystal fields must be calculated in a trig-
onal axis system (v, y, 2). In order to relate
directly the matrix elements of AV ., with the
matrix elements of the spin Hamiltonians of Sec.

II, X must be in a mirror plane and Z must be
along the ¢ axis.

The higher-order effects such as the Watanabe
mechanism, SDO mechanism, and spin-spin mech-
anism will be considered in Sec. V. The con-
tribution of the first two effects is negligible in
our case, and the contribution due to the spin-spin
mechanism does not exceed 10% of the value ob-
tained from the BO mechanism. Therefore, we
will consider a new mechanism which was not
studied in previous papers, that is, the internal-
odd-fields contribution by intermediary of opposite-
parity excited-configuration 3d* 4p and 3d* 4f. The
method of equivalent even field operators will be
used here. First developed by Kiel®* following a
perturbation procedure given by Judd®! and Ofelt, #°
this method was applied in a preceding paper?®
which we also demonstrated the importance of the
mixing of the quadruplets *T 1 by the even cubic
part of the crystal field. The same procedure can
be generalized to the case treated here. The pres-
sure-induced crystal field is written in the form

V=2, BD{Y,
tlp

giving the general expression for the equivalent
even field

Vea = 220 22" BIBY —S———L"’"> D"
o tip n k _'E

where E, is the energy of an excited configuration
3d*4p or 3d*4f, assumed well separated from the
|9’s are states is-
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sued from the excited configurations of odd parity.
The equivalent even operator obtained by sum-
ming on all relevant quantum numbers defining the
states ¢,y is given in a preceding paper. % The
explicit form of the equivalent even crystal field is

B pea , )] by t
V=222 T 0 o) & ).t

SJE N tlfpkp\ /ot p\ pxp\T
'pp’p(OOO(OOO)(OOO)

» {nplr*in'p") (np It In'p’y  BiBY pw
bra

o 17> Inp)

E(n'p')‘E(no)

(the notations are those of Judd?!),

In the chosen axis system, the internal crystal
field of odd parity is given in terms of B DY,
BFDY), and BiDY; thus, the excited configuration
3d*4p act on the SLCC’s by intermediary of the
pressure-induced odd fields in B{D and B{D.
In order to study the influence of the 3d*4f con-
figuration, it is also necessary to take into account
the odd fields BZD{, We shall neglect here this
configuration because the mean value (np |7* In’p’)
(k given) is much smaller for excited configurations
3d*4f than for excited configurations 3d44p, at
least for Mn™*,

The contribution of the 3d*4p configuration to the
SLCC’s can be easily deduced from the general
formulas given in this section and from the ampli-
tudes of the equivalent crystal field given in the
appendix.

V. RESULTS AND DISCUSSION
A. Stacking Faults in ZnS

Since the structure of the two sites studied is
not defined exactly, we will perform the calcula-
tions for all the probable sites!! and compare the
theoretical results with the experiments. Our
samples presented, simultaneously, two cubic
cénters related by a rotation of 180° around the
[111] crystallographic axis and four axial sites,
two of them being those studied experimentally and
the two others corresponding to an axial-field
parameter D =+ 36, 1X10™ cm™!, ¥ Two axial centers
having the same parameter D are related by a ro-
tation of 180° around the [111] crystallographic
axis. Since our samples were predominantly cubic,
we will consider the axial sites as being in the
neighborhood of a stacking fault which could also
explain the presence of the two cubic centers.

We will make the hypothesis that the axial sites
existing in our samples are due to the sequence of
ZnS layers®” ABCACB, -this being the simplest
stacking fault to explain the presence of all the
sites in our sample. The different sites appearing
in this sequence can be conveniently described by
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the position of the first, second, and third neigh-
bors.'' Two sites denoted AS possess six second
neighbors forming a trigonal antiprism and one
third neighbor on the [111] axis. Two other sites
possess six second neighbors forming a trigonal
prism without a third neighbor on the [111] axis.
These sites are denoted PN, Two sites showing
the same structure as in the cubic phase up to
the third neighbors will be not considered here.

We will also consider the case of Mn** in wurtz-
ite although this structure does not appear in our
EPR spectra (D= -98.8%X10™* cm™ 28),

B. Blume and Orbach Mechanism

The parameters a;, B;, ¥; Were calculated from
the energy levels of Mn* in sphalerite but, instead
of taking the best fit for the 7, level alone, we de-
duced the Racah parameters and the cubic field
parameter from the best fitting for all levels *T,,
‘T,, and *E, The values are

B="730cm™, C= 2880 cm™, Dg=- 420 cm™,

These values give paa =44.09%10"% cm, pap=
-0.3607x10% cm, and pay=-7.463x10" cm,
Other values intervening in the calculation are
£=300 cm™, (3d17%13d)=1.548 & ,° (3d!7*|3d)
=5.5126 ad® (q being the first Bohr radius), and
R=2.35A.%

The pressure-induced crystal field was calcu-
lated in a point-charge model. The values of the
components of the pressure-induced even crystal
field and their contribution to the G;;;,’s for wurtz-
ite and for the sites AS and PN are given in Tables
Iand II. It clearly appears that the components
of rank four of the crystal potential give the pre-
ponderant contribution to the G’s. This fact can
be simply related to the very high value of the
parameter v compared to A and u [see formula (4)],

v=-16, 325.7x10°% a} ,
u=133.56x107 af ,

Thus, an examination of the relations (1)-(4)
given in Sec. IV shows that the important contribu-
tions are due to B} for Gy, +Gy,; B}, B%, and
B} for G;, and G4 B2 and B! for G,,- G, and
G;5. The contribution of the crystal potentials in
B{D® is at most gigth of the experimental values
of the G’s, therefore, in the BO scheme, these
potentials do not intervene significantly in the cal-
culation of the G’s of Mn** in wurtzite and in sites
AS and PN. ’

In order to compare the experimental and theo-
retical values, it is necessary to calculate the ten-
sor C from the tensor G and the elasticity tensor
8. From the following contracted tensor multipli-
cation

X =37.50x10"% a3 .

Gijet Seirs = Cigps »
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TABLE I. Amplitudes of the components of the pres-
sure-induced crystal fields in a point-charge approxima-
tion. The indices ij of the €’s mean that €;; is the only
strain responsible for the amplitude, other strains being
zero. The values given permit the calculation of the G’s
as given in the left column. The BYs are in units of e/
248! (ay is the first Bohr radius).

AS and PN

Wurtzite (values for PN are given in parentheses)
Gyy+Gyy (B, = +0.13104 Gyi+Gyy (B, = +0.13104
(Bj)¢,, = +0.106 84 (BY¢,, = +0.106 84
Gyy (BY)¢y=—0.39089 Gys (BY) ¢y =—0.39089
(-0.26211)
(B {y=~0.21061 (Blgy,==0.19612
(=0.20017)
Gsy (1552)611 =~0.026 74 Gsy (352)6“ =-0.02674
Gyy=Gyp  (Bh)g, = +0.25502 Gy—Gpp (B, =+0.18914
(B}, ==0.04404 (B}) ¢, == 0.050 44
(B¢, ==0.01177 (B})¢y ==0.01177
(B),, =~0.08231 (BY),,, == 0.08231
Gy (B7) ¢y ==0.50979 Gy (BF)e,y==0.37809
Gys (B%)ew=—0.26679 Gys (B ¢,y ==0.26679
(-0.214163)
(Bi)e,,=—0.12749 (B ¢,y ==0.12749
(-0.12283)
(BY) ¢y = +0.062 29 (Bzz)ew =+0,086 43
(BY) ¢y ==0.04708 (Bﬁ)€13=~0.04822
we get

Ci1+ Cip = (Gyy + Gyp) (813 + S13) + 263813,

Cii= Cip = (Gyy = Gyp) (11— S1p) + 26585

Cu= 3Gy Sy + Gs1 Ss1 5

Cs1 = Gsy (811 = S12) + Gy S15 5

Ci3 = (Gyy + Gyp) S13 + Gi3Sgs

Cis = 3 G584 + (G = Gpa) 515 «
The notations of the tensors C and G are defined
in Sec. II and IV. The s;;’s are the same as those
defined by Nye'® and Bhagavantam,!* In the above
relations the s;;’s are the elastic compliance con-
stants of cubic ZnS. They are expressed in the
axis system defined in Sec. II. The above relations
will be used in the calculation of the deformations
of the sites PN and AS. The elastic compliance

constants for cubic ZnS were measured by Berlin-
court ef al.?® In our axis system we get

Syp == 0.463x107'% cm?/dyn ,
|
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s11 =+ 1.108X10™ cm?/dyn
S4q =+ 4.117X10712 cm?/dyn
S15 == 0.219X10™2 cm?/dyn
Sgg = + 0.864X1072 cm?/dyn ,
s15 == 0.689x10™* cm®/dyn .

’
’

s

These values were taken at 25°C, the average
temperature coefficients are less than 10™/°C.

The elastic compliance constants of wurtzite
were recently measured in terms of temperature
by Kobyakov and Pado.%® At room temperatures,
they are

S;5 == 0.434x 10" cm? /dyn ,
s =+ 1.113x 102 cm®/dyn ,
= + 3.428X1072 cm?/dyn ,
S13 == 0.148x107* cm?/dyn ,
=+ 0.853x107'2 cm?/dyn .

[}
o>
IS

|

»n
w
23

|

As in cubic ZnS these values vary slightly with the
temperature between 1.5 and 300 °K. The relative
variation of the s;; is roughly 3% for s,;, 2% for
Sss, S11, and Sgg; and 1% for s,,. Therefore, the
temperature dependence of the C coefficients should
hardly be observed by experiments (the variation
of the crystal field by thermal dilatation being
neglected).

The experimental and theoretical values of the
C;;’s are given in Tables III and IV. It appears
that for the sites AS and PN the theoretical values
are roughly identical. When compared to the ex-
perimental results the values of Cy;, C5, Ci3,
and C,; are of correct magnitude but the coefficients
Cy, and C,, are in disagreement. From the formu-
las giving Cy; + Cy3 and Cyy — Cy, it is clear that the
theoretical results should be more precise than the
results we were able to obtain from our model to
get the correct sign for Cy;. Therefore, the wrong
sign for Cy, is not surprising. It is not yet under-
stood however, why there is a wrong sign for C,,.
There being no significant differences in the theo-
retical C;;’s, we cannot attribute the axial centers
studied experimentally to Mn* in either PN or
AS sites.

C. Other Mechanisms

The Watanabe process® can be generalized to
our case by remarking that the following terms
linear in P,

(6513Cs0 14P) (*P| Viyen |“D) (*D | (A Viyen)ss 1 *P) (*P13C, 1°S) + . c.

(E8S - E*P)? (ESS-E*D) ’

contribute to the G’s. It can be easily seen that
only crystal potentials in B§D éz’ will intervene

in the above expression. In the case of Mn** in

wurtzite, the amplitude of the crystal potentials of
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TABLE II. Contribution of the crystal fields Vq"” to the coefficients G;;. Numerical values are given in units of em™! per
unit strain.

AS and PN
Wurtzite (values for PN are given in parentheses)
Crystal field G“ + GIZ G11 + GIZ G13

v +0,00176 ~0.002 57 +0,00176 ~0.00257
(=0.00172)

v +0,315 44 —0.31088 +0,315 44 -0.28949
(= 0.29547)

Gs1 Gs1 Gy

vy +0.00020 +0.00193 +0.00020 +0.001 43

128 +0.001 37 —-0.00072 +0.001 02 -0.00072
(- 0.00058)

12 —0.044 64 ~0.06456 —0,05112 ~-0.06456
(~0.06216)

vy +0.058 83 —-0.15565 +0,05883 -0.21597

v +0,433 83 +0.12408 +0.43383 +0.12708

Gy1 =Gy Gi1— Gy Gis

v —0.09967 +0.13164 —-0.09967 +0,18266

v +0,37149 . +0.26726 +0,425 46 +0.26726
(+0.257 49)

v +0.000 57 +0,00273 +0,00057 +0,002 02

vih —0.00358 ~0.00051 —0.00358 —0.00052

v +0.00367 -~0.00099 +0.00272 —~0.00099
(—=0.00080)

rank two is small, thus, in the axis system chosen
in this paper, the only term different from zero
is By=-0.00073¢*/2a}. The contribution of this
mechanism to the G’s is less than 10™* cm™ per
unit strain and therefore negligible in our case.
Given the small value of BY, the influence of the
generalized Das, Orbach, and Sharma mechanism
describing the influence of configurationally ad-
mixed even wave functions can also be neglected;
the contribution to the G’s being of the order of
10"* cm™ per unit strain.

TABLE IlI. Experimental and theoretical values (BO
mechanism) of the coefficients C;;. All values are given
in units of 10-13 cm/dyn. Precision of the experimental
values is given in parentheses. The sites AS and PN are
defined in Sec. V A.

Therefore, in the case of Mn™ in wurtzite and
in the sites PN and AS, the mechanisms bilinear
in (BY)erystar and (BE);; can be neglected; this fact
being due primarily to the smallness of the
(Bg)crysta.l .

In our case, the spin-spin mechanism gives a
non-negligible contribution. Its contribution to the
diagonal terms of the spin Hamiltonian has been
studied by Sharma.® Using the results of Sharma
it can be easily found that for Mn** in wurtzite its
contribution to Gy; + Gy; and to Gy; is

TABLE IV. Theoretical values of the coefficients C;;
of Mn* in wurtzite. All values are given in units of
10713 em/dyn.

Contribution of Contribution of the

the even fields equivalent even Theoretical

Sites PN Sites AS Experimental value (BO mechanism) fields of rank four value
Cy +1.20 +1.09 +1.9 (10%) Cy +3.65 ~0.91 +2.74
Cyy +1.,20 +2.18 ~=0.06 Cyy —0.57 —-0.11 -0.68
Cs +7.98 +8.02 +0.97 . (10%) Csi +6,96 +1.20 +8.16
Cis —3.26 -3.22 —-1.8 (10%) Cys ~3.14 +0,30 —2.84
Cy —6.14 -6.17 +1.4 (10%) Cu -1.63 +0.84 -0.79
Cis +6.83 +7.03 +1.9 (5%) Cys +6,86 +0.89 +7.75
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(Gyy + G1a)spin-spin =— 0.01932 cm™ per unit strain,
(G13)spin-spin = + 0.025853 cm™ per unit strain,

Therefore, this effect is not negligible although
it does not modify strongly the values obtained by
using the BO mechanism.,

To our knowledge, the influence of the pressure-
induced fields of odd parity has not been studied
previously. It clearly appears, for the same rea-
sons given in the study of the influence of the even
fields, that the contribution of the equivalent even
fields of rank two is negligible compared to the
influence of the equivalent fields of rank four.
These fields have been calculated in a point-charge
model for Mn** in wurtzite. The results given in
Table IV were calculated from formulas given in
Sec. IV with (3, 3, 4)=+ 7. 55 in units of 2aj/e?
and (3, 1, 4)=+1, 81 in units of 2a,/e?.

D. Discussion

It must be noted that for Mn™ in sites PN or AS,
we have neglected any local deformation not de-
scribed by the strain tensor of cubic ZnS. This
is a useful approximation which gives good results
for simple crystal structures.**® Of course, the
validity of theoretical results depends on the validi-
ty of this approximation. Moreover, in Sec. IIIB,

J
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we made the additional assumption that the nearest
neighbors have the same position as in cubic ZnS.
This is a very crude and possibly erroneous hypoth-
esis, but we must underscore that this hypothesis
is not as essential in the calculation of the Cy;’s as
in the calculation of the axial-field parameter, at
least for the BO mechanism. In any case, the
theoretical model is not sufficiently accurate to
permit a definite identification of the axial sites
studied experimentally, but suggests that the C,;;’s
should be roughly identical for the sites AS and
PN.

ACKNOWLEDGMENTS

Thanks are due to N. Machorine, F, Buraud, and
P. Villermet for cutting the samples used in the ex-
periments.

APPENDIX

We indicate below the amplitude of the equivalent
even fields due to the composition of internal crys-
tal fields and pressure-induced odd fields. Only
equivalent even fields due to the interaction of the
fundamental configuration 3d° with the excited con-
figuration 3d*4p are considered. The indices i and
j mean that the B%’s given in brackets are related
to the component 7j of the strain tensor ¢:

(Bequuasy == 38 B (BY);; $(3, 1, 4)+ £ B3 (B3®),, 53, 3, 4) - #& B (BY),, 5(3, 3, 4)-#BI(BY);; 5(3,1,4),
(BYeawessy == 35 V10 BY(BY);; 53, 1, 4) - £VI5BY(BL),; (3, 3, 4)+ 53530 B3(B32);,; (3, 3, 4)

- &V15 B}(BY),,; 53, 1, 4),

(BYequespy =+ 355 V3 BY(B); F(3, 3, 4)+ £5V2 B3(B3");,5(, 3, 4) - £ B(B!),,5(, 1, 4)

- %g_ﬁ Bg(Bg)ij EF(3’ 1, 4))

(Bi)equ(@) =+ -zzi’zs’ﬁ Bg(Bg)uiF(3, 3) 4)+§g§‘/73§(3g)113:(3, 3; 4) - %’ﬁBg(B?)HE(:;; 19 4) ’
(BY) equuap) = — Y-VTBY(B),; (3, 1, 4) +53:Va2 BY(BY),, 5(3, 3, 4),

with
_ (8dl7r314p))? -1
and
3
5,1, 4= BU1DGBdlriepy) -1

(3d1v*4p)

E(3d)-E(4p) *

We also give the contribution of the 3d*4p excited configurations to the equivalent even terms in Bj:

(Bg)equ“P) =+ 2%65‘/%32(33)1”5(3, 3’ 2)“"1-83"/1_5 Bg(BII)ufF(3, 1; 2)" f‘fgmBg(le)u 5(33 3’ 2)

- &V BB, 5G, 1, 2),

(B3)oqueapy =+ 185V3 BY(B);,5(3, 1, 2) - #4V2 BY(B)),,5(3, 8, 2) -4 BY(B;?),,5(3, 3, 2)

- &V3B)(B});,5(1, 1, 2) - £V2ZBY(BY),,5(3, 1, 2) ,
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(Bg)equ“p) == ‘365‘33(3(1’){;5"(3, 1; 2)—27125'32(Bg)uff(3, 3) 2)-%‘8“33(33)1137(3; 31 2) _%ﬁB?(B?)ijg(ly 1; 2)

- 565‘3(1)(32),15(3, 19 2) ’

where F(%, p, 2) are similar to the F(k, p, 4) but replacing (3d|7*|3d) by (3d|72|3d).
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It is shown that fruitful information can be obtained about dynamic correlations of exchange-coupled
spin operators by considering both the linewidth AH and area 4 of a spin-resonance absorption curve.
The product A AH is more directly related to the zero-frequency component of a dynamic correlation
than is AH itself. The technique is applied to the linear-chain salt Cu(NH,),SO, - H,0 (CTS).
Measurements of 4 and AH are reported and the temperature variation of A AH coth(%# wy/2k »T) is
compared with the calculations of Carboni and Richards for finite chains. Below T =77 K,

A AH coth(7% wy/2k 3 T) decreases as temperature is lowered. Good agreement is obtained for the
applied field along the @ and b axes, but results are less satisfactory along the chain ¢ axis. The
effective exchange frequency w, is also deduced as a function of T from A4, AH, and Carboni and

Richards’s calculations of static correlation functions.

I. INTRODUCTION

The width AH of an exchange-narrowed elec-
tron-spin-resonance (ESR) line is related both to
the static and dynamic (time-dependent) correla-
tions of spin operators. Although many experi-

mental studies of AH in strongly exchange-coupled
systems have appeared in the literature, in most
instances’? no attempt has been made to sort out
the static from the dynamic part. Since the dy-
namics of spin fluctuations often are of primary
concern in ESR investigations, it is desirable to



