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In this paper we present the results of uniaxial-stress-effect experiments in EPR on SrCl, crystals
doped with different kinds of magnetic impurities: Mn?*, Co?*, and Eu?*. The impurities Mn?+
and Co?* are appreciably smaller than the cation (Sr**) of the host crystal, whereas Sr>* and Eu?*
have about the same size. It appears that the uniaxial-stress effect of the smaller-sized impurities is
much larger than expected on the basis of the elastic properties of the SrCl, single crystal. Local de-
formations in the neighborhood of these impurities play a decisive role. Earlier electric-field-effect
experiments carried out in our laboratory have shown that substitutional Mn?* impurities in SrCl,
are located in a rather shallow potential well, which can be modified significantly by means of an
external electric field. This observation is supported by the behavior of the crystal-field splitting and
the uniaxial-stress effect as a function of the temperature observed in the present investigation.

I. INTRODUCTION

We have demonstrated in earlier papers that small-sized
magnetic impurities such as Mn?* and Co?** in SrCl,
behave in a rather unusual way if an external electric field
is applied to the single crystal.’? In EPR we have ob-
served that as a result of the electric field the symmetry of
the site associated with the magnetic impurity is lowered
from cubic (Oy) to axial or even orthorhombic (for Co**).
In order to understand the observations we have to as-
sume that the impurities move away from the substitu-
tional position under the influence of the external electric
field. The observations for Co?* are even more compli-
cated; here in some cases there is an additional lowering
of the symmetry which may be due to a more complicated
relaxation of the nonspherical ion in the host crystal.? It
has been shown that the displacements induced by the
external electric field are orders of magnitude larger than
those estimated from the ionic polarization properties of
normal ionic materials.

We have proposed that the remarkable results should be
explained by assuming that the potential well seen by the
above-mentioned impurity is very flat; this implies that
we are dealing with loosely bound impurities. In order to
check the experimental results we have carried out
theoretical cations of the system SrCl,:Mn?* which have
indeed shown that the potential well of Mn?* in SrCl, is
very flat, and, in addition, that it has significant contribu-
tions from anharmonic terms.> More recent calculations
carried out in this laboratory by Hess and den Hartog*
support the model outlined above. From these calcula-
tions we have found that the relaxations of the ions neigh-
boring the central Mn?* impurity are appreciable and
should not be ignored.

A method to study the behavior of these ions and the
remaining crystal is the uniaxial-stress experiment in
EPR. We have applied uniaxial stress along the principal
crystallographic directions in order to obtain additional
information about the Mn?* center in SrCl,. Because in-
teresting variations have been observed in electric-field-
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effect (EFE) experiments in the temperature range 4—300
K, we have carried out uniaxial-stress experiments in the
same temperature region. From the results obtained from
these experiments we conclude that the potential well of
Mn?* in SrCl, is indeed very flat. We can also deduce
from the stress results that there is an appreciable anhar-
monic contribution which causes the potential well to
have an approximate shape, as shown in Fig. 1.

The stress results cannot be explained on the basis of
the bulk properties of the SrCl, crystal. If we employ the
elastic properties of SrCl, [which have been determined in
the temperature range 4—300 K (Ref. 5) to calculate the
observed uniaxial-stress effect, we find uniaxial-stress ef-
fects which are much smaller than those observed experi-
mentally. The predicted uniaxial-stress effects along
(111) and (110), in particular, vary by more than an or-
der of magnitude. From theoretical calculations carried
out by Hess and den Hartog,* we know that the potential
wells associated with the eight Cl~ ions neighboring the
Mn?* impurity are shallower than those for the unper-
turbed Cl~ ions, indicating that the local elastic constants
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FIG. 1. Shape of the potential well of a manganese impurity
in SrCl, as taken from the electric-field-effect experiments car-
ried out by Roelfsema and den Hartog (Refs. 1 and 2).
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are smaller than the bulk values.

In order to explain the observations made for
SrCl,:Mn?* we have to assume that the local elastic con-
stant c44 associated with the above-mentioned eight C1~
ions is smaller than the bulk value by a factor of about +.
For the remaining ions in the crystal we take the normal
parameter c44. The local elastic constants c¢y; and ¢y, are
assumed to be approximately equal to the bulk values. It
should be emphasized here that the model used for the
description of the uniaxial-stress results is a very crude
one because we did not take into account the effect of the
large displacements of the first coordination shell on the
displacements of ions in further shells.

A situation similar to that of SrCl,:Mn?* has been ob-
served for the system SrCl,:Co?*. There is, however, one
major difference between these two impurity systems.
The uniaxial-stress effect observed for SrCl,:Co’t is
much larger than in SrCl,:Mn?*. Whereas maximum
splittings for SrCl,:Mn?* observed in our experiments are
approximately 100 G, the corresponding splitting for
SrCl,:Co®t is a few thousand G. These very large split-
tings can be explained by using the energy-level scheme of
divalent cobalt with tetrahedral symmetry. In addition,
we note that the anharmonic contributions to the potential
well of the Co?* ion are probably larger than for
SrCl,:Mn®* because the difference between the ionic radii
of Sr** and Co?* is larger than that for Sr>* and Mn?*.

The results obtained for SrCl,:Mn?* and SrCly:Co*+
are compared with those for SrCl,:Eu*. The ionic radius
of Eu?* is approximately equal to that of S?*. Both the
magnitude of the stress-induced crystal-field parameters
and the temperature dependence of these parameters can
be understood in terms of the elastic properties of the bulk
SrCl, crystal. This indicates that the deviations observed
for SrCl):Mn?* and SrCl,:Co®* are related to the devia-
tions between the ion sizes of the impurity and the host-
lattice ions.

II. EXPERIMENTAL PROCEDURES

The crystals employed in this investigation were grown
by means of a modified Bridgman method. The samples
were grown using SrCl,*6H,0 (British Drug House, for
atomic absorption spectroscopy). Before crystal growth
the raw materials were dehydrated in a quartz tube by
heating the powder very carefully under vacuum at in-
creasing temperatures up to about 150°C. This treatment
usually takes 24—48 h. After finishing the dehydration
the powder was heated to temperatures well above the
melting point and flushed with a mixture of pure and
water-free argon gas and CCl, vapor. This mixture drast-
ically reduces the OH™- and O*~-impurity contents in the
melt. Usually, this type of treatment takes a few hours.
After finishing this purification procedure the tempera-
ture was allowed to decrease to approximately room tem-
perature, the system was evacuated again, and the quartz
tube was sealed.

Two or three sealed quartz tubes were introduced
simultaneously in a Bridgman-type furnace with a steep
temperature gradient at approximately the melting point
of SrCl,. The quartz tubes were lowered in the region of
the temperature gradient at a rate of 2—4 mm/h in order
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to obtain high-quality single-crystalline materials. After
this, the samples were cooled down very slowly to room
temperature over a period of 24—48 h.

The impurities were added to the SrCl,-6H,O in con-
centrations of (1—4)X 10~2 mol %. These concentrations
are sufficient to ensure reasonable signal intensities.
Higher concentrations led to broadening of the EPR lines,
leading in turn to a reduced accuracy of the stress-induced
crystal-field parameters.,

The EPR experiments were carried out with an X-band
Varian Associates spectrometer E-line Century Series
which was extended with a data-acquisition system. The
results were analyzed with a Hewlett Packard HP 9835
computer.

Uniaxial stress was applied to the crystal by means of a
setup similar to the one described by Szumowski and Fal-
kowski.® Pressures up to 10 kg/cm? were applied to a
quartz anvil with a diameter of 30 mm. As the surface
area of the crystal is less than 2 mm?, with this setup we
were able to reach uniaxial-stress intensities up to 1000
bars.

The experiments were carried out between 4 K and
room temperature employing a liquid-He-flow cryostat
which was inserted into the microwave cavity.

The sample temperature was measured with a calibrat-
ed thermocouple which was introduced into the cavity to-
gether with the uniaxial-stress equipment. The stress set-
up was able to be mounted easily, so that the sample and
the thermocouple were approximately at the center of the
microwave cavity.

III. EXPERIMENTAL RESULTS

A. SrClyMn2+

The X-band EPR spectra for SrCl,:Mn?* samples were
recorded in the temperature range 20—200 K. In Fig. 2
we present a spectrum measured at 77 K, with ﬁo lying in
the (111) plane. In this case we have not applied any uni-
axial stress to the crystal. We observe six groups of lines,
with different shapes. Some of the groups show strongly

.overlapping lines, other are relatively well resolved. The

main splitting of the spectrum is associated with hyper-
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FIG. 2. EPR spectrum of a single crystal of the type of
SrCl:Mn?+ at 77 K; Hy is lying in a (111) plane, and the uniaxi-
al stress is 0.
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fine interaction between the 3d>-electron system and the
nuclear spin of the manganese ion. The splitting is isotro-
pic and has a value of 88 G. Each of the individual
groups consists of five lines; the splitting is caused by (i)
second-order hyperfine splitting, and (ii) the cubic
crystal-field potential. Because, in general, the second-
order hyperfine-interaction splitting is not the same for
each of the M; groups (M; is the quantum number asso-
ciated with the nuclear spin 1) and the crystal-field in-
teraction is rather weak, the shapes of the groups of five
lines are different from one another.

The application of uniaxial stress leads to a stronger
splitting of the individual groups of lines. In the extreme
case all the groups are well resolved and in some cases the
lines of neighboring groups partly overlap. In Fig. 3 we
show the EPR spectrum of a sample with a uniaxial stress
of 500 bars along the [111] direction; the magnetic field
direction is in the (111) plane.

In order to study the temperature dependence of the
uniaxial-stress effect we also need information about the
temperature dependence of the EPR transitions as a func-
tion of the temperature. From the results presented in
Fig. 4 we see that the width of the EPR lines decreases
with decreasing temperature; in addition, we see that the
splitting of the lines increases with decreasing tempera-
ture. A complete survey of the behavior of the splitting as
a function of temperature has been given in Fig. 5. The
figure shows a strong increase for the splitting between 30
and 60 K. The origin of this variation is probably the
variation of the crystal-field—interaction parameter,
which has significant thermal contributions. These con-
tributions have for Mn2*, been discussed by Pfister, Drey-
brodt, and Assmus.” These authors found small thermal
contributions for the charge-compensation complex con-
sisting of a divalent Mn** ion and a cation vacancy in
NaCl and LiCl. The present experimental results show

that the variations of the line positions for SrCl:Mn?*

are much larger than those found by Pfister et al.” In ad-
dition, we find that at high temperatures the shift with
varying temperatures is much smaller than in the tem-
perature range 30—70 K.

If one applies uniaxial stress the behavior of the split-

P=500 bars
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FIG. 3. EPR spectrum of a SrCl:Mn?* crystal measured at
77 K with H, lying in a (111) plane, and the uniaxial stress is
500 bars.
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FIG. 4. Behavior of the high-field quintet (M,=%) as a

function of the temperature. The magnetic field direction H, is
parallel to the (111) plane, and the applied stress is 0.

ting between the S,=—+—>—7 and the S,=5—+

transitions behaves quite differently as a function of the
temperature. In Fig. 6 we show the behavior of the
above-mentioned splitting as a function of T for a few
different values of the uniaxial stress. We observe that
the splitting increases with increasing applied stress; from
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TEMPERATURE (K)
FIG. 5. Behavior of the splitting between the S, = %4—»-;— and
the S, = — %«—»— % transitions of the M;= % quintet as a func-

tion of the temperature; the applied stress is 0.
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FIG. 6. Behavior of the splitting between the S, =3« and
the S, = —4<>—3 transition as a function of the temperature.
The magnetic field direction Hy is parallel to the (111) plane,
and the uniaxial stress (373 bars) has been applied along the
[111] direction. ‘

a comparison of the results presented in Fig. 5 and those
in Fig. 6, we find that the uniaxial-stress effect depends
upon the temperature. The net stress effect as a function
of T has been given in Fig. 7.
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FIG. 7. Behavior of the net uniaxial-stress effect as a func-
tion of the temperature.
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FIG. 8. EPR signal of a SrCl,:Co?* crystal.

B. SrCl,:Co**

The EPR spectrum of Co?* in SrCl, can be observed
only for temperatures below about 10 K. This is due to
the fact that the relaxation time decreases very rapidly
with increasing temperature. The spectra of SrCl,:Co**
samples can be conveniently recorded at 4.2 K. An exam-
ple has been shown in Fig. 8; the spectrum consists of
eight lines which are approximately equidistant. This
splitting is associated with the interaction between the
paramagnetic electron system and the nuclear spin of the
cobalt ion, which has a value of S= % A more complete
description of the spectrum of unperturbed Co** in SrCl,
has been given by Roelfsema and den Hartog.? The pa-
rameters occurring in the spin Hamiltonian as derived
from the experimental results of the present study agree
well with those given by Roelfsema and den Hartog.?

The spectrum given in Fig. 8 only shows the
S, = —+— 7 transition; the +4—* 1 transitions cannot
be observed because they are hidden underneath the
S,=—+—>7 transition. The crystal field associated with
the cubic surroundings does not influence the positions of
the S,_= i%——»i% transitions because the ground state
of the Co?* 3d-electron system can be described by an ef-
fective S=3 state, and, consequently, the terms BI'OT
and B§'O¢ in the spin Hamiltonian do not contribute to
the splitting of the ground-state quartet. On the other
hand, the terms B3'0O%' do not appear in a spin Hamiltoni-
an with cubic symmetry. These contributions only appear
for symmetries lower than cubic.

If we apply uniaxial stress the spectrum shows an addi-
tional splitting; the individual hyperfine lines are
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FIG. 9. EPR signals of a SrCl,:Co?* crystal, observed if uni-
axial stress is applied along the [111] direction. With increasing
uniaxial stress the splitting increases drastically.

broadened to such an extent that only the three fine tran-
sitions, S,=—+>—>—7, —3—7, and T3, are
resolved. An example of the spectra obtained during the
application of uniaxial stress is given in Fig. 9. The stress
has been applied along the crystallographic [111] direction
and the magnetic field direction is in the (111) plane. The
stress-induced crystal-field splitting is much larger for
SrCl:Co** than for SrCl,:Mn?* (see also Fig. 3). Anoth-
er feature of the results is that the intensity ratio of the
fine transition deviates considerably from that expected,
3:4:3. Part of the deviation is due to the population
differences related to the Boltzmann distribution. Anoth-
er part is ascribed to second-order effects of the transition
. probabilities. These have been calculated recently by
Harris and Tucker.®! The two mechanisms are, however,
insufficient to describe the observed variations of the in-
tensity ratio. It appears that a detailed investigation of
the development of the intensity ratios as a function of
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FIG. 10. Behavior of the S,=—3«<—+ and the
S, = — 4>+ transitions of SrCl:Co>* as a function of the uni-

axial stress. The S,=+<>+ transition could not be located with
sufficient accuracy because it was hidden underneath the
S, = —+<>+ transition.

the strength of the uniaxial stress is necessary.

The variations of the uniaxial-stress effect of
SrCl,:Co** as a function of the orientation has been in-
vestigated for P//[111] and H, lying in the (111) plane,
and it turns out that the stress effect is axially symmetric
for rotations about the [111] crystal axis. This result is in
agreement with what is expected on the basis of the defor-
mation properties of the SrCl, crystal.

In Fig. 10 we present the uniaxial-stress results for ex--
periments with P//[100] and H, lying in the (100) plane.

- The splitting does not increase as drastically with the

magnitude of P as in the [111] experiment. The varia-
tions of the S,=5—+ and —+——7 transitions are
approximately linear with P; in the high-stress range,
however, we observed in all our -experiments (for
P//[100]) significant deviations from this linear relation-
ship. Here too the splitting appears to be axially sym-
metric, now for rotation of the sample about the stress
direction ([100]) as well. If uniaxial stress is applied along
the [110] direction and the magnetic field direction is
chosen in the (110) plane, we observe strong deviations
from axial symmetry. This agrees with our expectations
on the basis of the knowledge of the elastic properties of
SrCl,. The result of uniaxial-stress experiments with
P=610 bars along [110] and with H, lying in the (110)
plane has been given in Fig. 11. The rotational diagram,
obtained during rotation about the stress axis ([110]), is
presented in Fig. 12. This rotational diagram shows that
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FIG. 11. EPR signals observed for SrCl,:Co?* if a uniaxial
stress of 610 bars is applied along the [110] direction. The dif-
ferent signals are obtained after rotations of the crystal about
the [110] axis.

the splitting for P// [110] has a maximum value for
H,//[110] and a minimum for H,//[001]. From this
diagram we can derive the important stress-induced
crystal-field parameters.

From the above-described experiments we were able to
calculate, for all different types of experiments, the
stress-induced crystal-field parameters. These parameters
have been compiled in Table I. We note that only the re-
sults obtained with P//[111] and P//[100] yield in-
dependent parameters. The parameters found from the
experiment with P/ /[110] can be predicted using the
values obtained from the [111] and [100] experiments.
The latter results have been included in Table I in order to
make a comparison possible.

C. SrCl:Eu?+

Eu?* has a 4f7 ground state, which is usually referred
to as the 85,,, state. The EPR signal of this impurity

P10
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FIG. 12. Rotational diagram of the EPR signal of
SrCl,:Co?* (with a stress of 610 bars along the [110] direction),
obtained for a rotation about the [110] axis.

shows a crystal-field splitting into seven fine lines. In ad-
dition, there is a hyperfine splitting due to the interaction
between the electron system and the nuclear spin of the
Eu’t ion. Natural Eu has two magnetic isotopes, !**Eu
and "’Eu, both with I=3. In order to simplify the in-
terpretation we have prepared samples of SrCl, doped
with only one isotope (!**Eu). For these samples the sig-
nal generally consists of seven groups of six equidistant
lines; the splitting within the groups is due to contact in-
teraction between the ground-state electrons with the
magnetic '*Eu nucleus.

In Fig. 13 we show the EPR signals of SrCly:'*Eu?*
with and without uniaxial stress. The stress direction is
[110] and the magnetic field is along [111]; the upper
trace was recorded with P=0 bars and the lower signal
was taken with P =300 bars. Both experiments have been
carried out at 50 K. From Fig. 13 we see that the stress-
induced shifts are comparable to those observed for
SrCl,:Mn?*. In addition, we find that the lines of the

TABLE 1. Experimental stress-induced crystal-field parame-
ters (SrCl,:Co?t).

Stress axis BY (G/kbar) B3 (G/kbar)
[100] —286 0
[110] —437 252
[111] —507 0
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FIG. 13. EPR signal of SrClL:'3Eu?* single crystal. The
magnetic field is along the [111] direction. The upper signal
[part (a)] has been obtained with zero stress; the lower trace
[part (b)] has been recorded with a stress of 300 bars along [110]
direction. '

lower spectrum are broadened, just as in the case of
SrCly:Mn?*. It should be noted, however, that, in princi-
ple, divalent Eu is much more sensitive to electrostatic ef-
fects than Mn2*, as will be discussed later in this paper.

We have also studied the temperature dependence of the
uniaxial-stress effect of SrCly:Eu?*. This can be done
rather easily because, just as in the case of Mn?*, we are
dealing with an S-state ion. From these experiments we
found that the uniaxial-stress effect is approximately con-
-stant in the temperature range between 20 and 150 K. At
77 K we find for the uniaxial-stress effect of SrCl,;Eu®*
the following results: C;;==+(1+1) G/kbar and
Cay=7F(9+3) G/kbar.

IV. DISCUSSION

A. SrCly:Mn2+

In both SrCl:Mn?+ and SrCl,:Co*t we have observed
anomalously large uniaxial-stress effects in EPR which
cannot be explained on the basis of the bulk elastic prop-
erties of the pure SrCl, crystal. These anomalous
uniaxial-stress effects are in line with the results of
electric-field-effect measurements carried out earlier in
this laboratory."> We have observed very large electric

field effects which could not be explained by assuming the
normal shifts of the ions in the crystal as a result of the
external electric field. For SrCl,:Mn the estimated shift
of the central Mn?* impurity for an electric field strength
of about 20 kV/mm is 0.1—-0.2 A. ‘

From the electric-field-effect experiments we have con-
cluded that the Mn?* impurity in SrCl, “feels” a slowly
varying potential from the rest of the surrounding crystal.
In addition, the results obtained for the temperature
dependence of the electric field effect support this inter-
pretation (see Ref. 1). In this paper we present new results
for the behavior of the fine splitting as a function of the
temperature. We have seen that this splitting increases
drastically with decreasing temperature below approxi-
mately 70 K. The observed temperature dependence is
anomalous from two points of view. First, the magnitude
of the effect below 70 K is much larger than what is ob-
served normally.” Second, the variations of the splitting
as a function of the temperature are relatively small for
temperatures > 70 K. This is in contrast with the expect-
ed behavior of vibrational contributions to the crystal-
field splitting, which can be written as (see Ref. 7)

D(T)=Dy+D coth(#w/2kyT) . (1)

This means that the observed behavior of the crystal-field
splitting should be explained in an alternative way. The
most obvious explanation is again in line with the anhar-
monic potential well proposed by us in an earlier paper?
(see Fig. 1). At relatively low temperatures an appreciable
part of the Mn?* ions is in the vibrational states situated
in the deepest part of the potential well. If the tempera-
ture is increased, however, higher vibrational levels are oc-
cupied. As a result of the anharmonic shape of the poten-
tial well, the wave function of the Mn?™ ion is displaced
considerably from the equilibrium position. As a result
the vibrational contribution to the crystal-field-splitting
parameter increases rapidly with 7. If the temperature is
increased further the influence of the anharmonic part of
the potential well is reduced, and at sufficiently high tem-
peratures the normal behavior of the vibrational contribu-
tions is obtained. This is indeed what has been observed
experimentally. For T>70 K the variation of the
crystal-field splitting as a function of T is much smaller
than in the temperature region T <60 K.

The uniaxial-stress results show that there is a broad
maximum for temperatures of about 70 K. The position
of this maximum is approximately the same as for the
electric-field-effect experiments observed by Roelfsema
and den Hartog.! This behavior can be explained easily
by considering the small-sized impurity ion in the SrCl,
lattice. At low temperatures the Mn2* ion is localized at
the center of the substitutional site. The repulsive forces
between this ion and the surrounding Cl~ ions are weak;
therefore the uniaxial-stress effect, which is determined
for a significant part by the motion of the nearest neigh-
bors, is relatively large. At high temperatures on the oth-
er hand, the amplitude of the vibrations of the Mn2+ ion
is large, leading to a reduction of the distortions of the
first coordination shell with C1~ ions.

There are several possible ways to describe the
uniaxial-stress results. Until now we have been looking at
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shifts of the EPR lines as a function of the magnitude and
direction of the uniaxial stress. We can describe each of
the expenments w1th two stress-induced crystal-field pa-
rameters, BS and B2. A dlfficulty w1th this method is,
however, that the values of B and B3 depend upon the
stress direction. For the description of all stress-effect ex-
periments there are only two independent parameters
from which we can derive the second-degree crystal-field
parameters for all stress directions. In the literature these
parameters are referred to as C;; and Cy, analogous to
the elastic constants ¢, and cy4.

Schulman et al.® have shown that the behavior of the
zero-field splitting induced by uniaxial stress can be writ-
ten in a form similar to the generalized Hooke’s law for

i . |

Dy Cy —3Cy —3Cyp 0 0 0
Dy, -3Cy €y —3Cyp 0 0 O
D33 —3Cn —35Cuy Cy 0 0 0
Du|=| o 0 0 Cu 0 O
Dy 0 0 0 0 Cyu O
Dy, 0 0 0 0 0 Cy

Using (3) we can rewrite (2) in the following form:
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the elastic properties of cubic crystals. Rosenvasser
Feher' has pointed out that in magnetic resonance Cyp, is
not an independent parameter because C;, = ——C 11 In
general, we can write the stress-induced crystal field
Hamiltonian as

3
2 SiDy;S; , (2)

ij=1

H stress=

where S; and S; are the spin operators Sy, S, and S;; Dy;
are the various zero-field-splitting parameters. As men-
tioned above, for a cubic crystal we can derive the follow-
ing relation between the stress-induced zero-field-splitting
parameters D;; and stresses Xj;:

(3)

Hstress= C11{[X11— 5 (Xoz +X33)187 +[ X5 — 3 (X33 +X11)1S; +[ X33 — 5 (X2 +X11)187)

+C44[X12(SxSy +Sny )+X13(Ssz +Ssz ) +X23(SySz +SzSy )] .

We can now derive the relainns for the stress-induced
spin Hamiltonian for the most important directions,
(100), (110), and (111), ~

(100) - - - #9Q = LpC, [3S2—S(S +1)],

(110) - - - N = _ 1pC, [3S2—S(S +1)]
+3PCul+(8% —52)1, (5)

(111) - - U =

=+3PC (S, S, 48,8, +8,S,
48,8, +5,S;+5,S,) .

In Eq. (5) the principal axes X, ¥, and Z are along the
crystallographic [100], [010], and [001] directions, respec-
tively. The results of the experiments with the stress
along [110] and [111] should be written in terms of a ro-
tated frame of axes X', ', and Z ' with Z’ along [110] or
[111]. After the appropnate transformations the results
can be compared with the general expressions for the
crystal-field-splitting Hamiltonian,

HD = L(Cyy +2C4)POY—L(3C;, —2C)PO?
(111) __ 1 ©)
H guress =5CuPOY .

The general form of the second-degree crystal-field Ham-
iltonian is

#=BJ09%+B203 . @)

€=

(4)

[

This leads to the following relations for the stress-induced
crystal-field parameters:

B _Lc p BN _ Ll 42C,,)P,

(8)

B} = _1(3C,;—2C4)P, B =

+CuP .

The values for the BY' parameters associated with the
various stress. directions can be calculated with conven-
tional lattlce-sum methods (see Bljvank den Hartog, and
Andriessen,'! Bijvank and den Hartog,!? and Roelfsema
and den Hartog!). Using the theory of elasticity as
presented by Geckeler,!> we can write, for an arbitrary
stress direction,

P
Ci1—C12

C12
cn+2cy;

v 2.2
—(mint+mind+min?)

P
—c—(m1m2n1n2+m2m3n2n3+m3m,n3n1) , 9
4“4

where € is the expansion of the sample along an axis with
direction cosines m;, m,, and m; with respect to the
principal axes. of the crystal. The stress direction has
direction cosines n;, n,, and n;. With (9) we can calcu-
late the relative positions of a large number of ions with
respect to the origin, which is chosen to coincide with the
impurity (Mn?+). We shall refer to the actual posmons of
the ions in the crystal under stress conditions as R;; Lhe

corresponding positions in the unstressed crystal are R;.
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TABLE II. Theoretical uniaxial-stress effect (SrCl:Mn?*).

BY (G/kbar) B} (G/kbar)
Temperature (K) [100] [110] [111] [100] [110] [111]
300 0.42 —0.47 —-0.79 0 —0.91 0
0 0.38 —0.43 —0.73 0 —0.83 0
The crystal potential in the neighborhood of the Mn>* ion  —4R% , +3R% _ +R2% _=—-0.0485a} (a, is the Bohr

is expanded in a series of Legendre polynomials, and be-
cause we are only interested in second-degree effects, we
only keep the second-degree terms,

V() =c(322—r2)+c2(x2—p?) . ” (10)

' Here, r is the distance from the Mn?* position. In (10)
perturbations of the axial and orthorhombic type have
been taken into account and the coefficients ¢ and ¢ can
be written as

o 1 < QBZI’-R
62= 2 5 >
167760[ Ri
(11)
, 3 QQXP-v?
2= Témeo < R;®

Here, Q; is the charge of ion i. For rapid convergence we
have calculated the sums by including the contributions of
complete unit cells (of 12 ions).

We know that the lattice sums (11) vanish if we take,
for the positions of the ions, the unperturbed lattice sites,
because of the cubic site symmetry. We have found that
the convergence is improved significantly if the lattice
sums associated with cubic symmetry are subtracted from
the contributions shown in Eq. (11). Thus,

0 1 S0, BZ{Z—R;2_3Z,-2—R,-2
16meo ¢~ R;® R} ’
iyt gy (12)
%= 2 [ t — 1 _ 1] 5 1
161T€ R; R;

From the parameters ¢y and c? one can calculate the
theoretical sphttmg parameters occurring in the stress-
induced spin Ham11ton1an, (B )gtress and (B3 )gress (se
Hagston and Lowther!),

1 —&ec?
125 W,

Bl'= (—4R% . +3R% _+R~_), (13)

where & (the spin-orbit—coupling constant) is 260 cm ™!,
Wp=30500 cm~!, and the relativistic integrals R .,
R, _, and R_ _ calculated by van Heuvelen!® lead to

radius). Using these values, we find
BT =(7.98X10~Y)c} . (14)

In (14) the ¢4 parameter is given in V/m? and BY} in G.
In the calculations we have taken into account the contri-
butions of 10° ions; in addition, we improved the results
considerably by employing the trend of the convergence.
For the elastic parameters ¢y, 15, and c44 We have taken
the values of Lauer, Solberg, Kihner, and Bron;’ values
for 300 and O K are available and the results of the calcu-
lations based on these values have been listed in Table II.
Similar calculations have been carried out for the system
SrF,:Mn**, and a compilation of the results have been
given in Table III; for SrF, the elastic parameters at 300,
77, and 0 K are available.!® We note that the elastic con-
stants at 0 K have been obtained by extrapolation. The
C,; and C, parameters calculated from the results in
Tables II and III have been compiled in Table IV.

The experimental results provide us with values for the
stress-induced parameters. These parameters have been
compiled in Table V and should be compared with the
theoretical results reviewed in Tables II and IV. We see
that especially the C44 parameter shows a discrepancy and
the C,; parameter calculated from the deformed lattice
has the correct order of magnitude. It should be realized,
on the other hand, that the parameters calculated with
formula (14) are usually too small by a factor of 2—3.1
This may be due to the inaccuracy of the theoretical pa-
rameters occurring in (13), but another possibility is that
the coupling mechanism employed here is not the only
one active. There is evidence that the latter is true.!’
Even if we apply a correction factor of about 2.5, it is not
possible to obtain agreement between the theoretical and
experimental stress-induced parameters.

In order to improve the agreement between theory and
experiment we propose that the local elastic constants in
the neighborhood of the Mn?* impurity may be different
from the bulk values. This is not an unreasonable as-
sumption because the Mn?* ijon is appreciably smaller
than the host Sr** ions. Hess and den Hartog* have
found that the potential well seen by the chloride ions
neighboring the Mn?* impurity is appreciably shallower

TABLE III. Theoretical uniaxial-stress effect (StF:Mn?*).

B2 (G/kbar)

B} (G/kbar)

Temperature (K) [100] [110] [111] [100] [110] [111]
300 0.48 —0.18 —0.40 0 —0.66 0
77 0.47 —0.17 —0.39 0 —0.65 0
0 0.47 —0.17 —0.39 0 —0.64 0
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TABLE 1IV. Theoretical parameters C;; and C, of TABLE V. Experimental uniaxial-stress results of
SrCl,:Mn?* and SrF,:Mn?*. SrCl:Mn?+,
Sample T (K) C11 (G/kbar) C4 (G/kbar) Stress
o 0 2
SrClyMn?* 300 075 218 direction B; (G/kbar) B3 (G/kbar)
0o 0.84 —237 [100] <02 0
[110] +12.3 +12.3
SrFy:Mn?+ 300 0.95 —1.20 [111] +13.7 0
77 0.94 —-1.17
0 0.94 —1.16 Ci1 (G/kbar) C4s (G/Kkbar)
<0.4 146

than that of the Cl~ ions neighboring host ions only. For
these reasons we have taken smaller values for ¢y, ¢y,
and c44, and it turns out that reduction of ¢;; does not
improve the agreement between theory and experiment. It
‘leads to an increase of the parameter C;; and it does not
influence the results for Cy. In terms of the B and B2
parameters, reduction of the c¢; elastic constant gives rise
to larger values of BY ©D " From the results given in
Table V we conclude that probably the ¢;; parameter in
the neighborhood of the Mn?* impurity is not much dif-
ferent from the bulk one. A similar effect has been ob-
served for c¢y,. Variation of the elastic constant leads to
an increase of the parameter Cy44, and, as a consequence,
to increased values of B¢110) B2(110} and BY(111} just
as observed experimentally. '

In Table VI we have compiled the calculated values of
the stress-induced spin-Hamiltonian parameters for reduc-
tion factors of + and 5. A comparison of the results
presented in this table, realizing, as mentioned above, that
the theoretical values for the crystal-field parameters are a

factor of 2—3 too small, leads to the conclusion that the

reduction factor should be about .

B. SrCl,:Eu?*

The experimental results for crystals doped with di-
valent europium can be treated in a way similar to the
ones described above and employed to understand the
stress-induced splitting parameters. Instead of formula
(14) we have to use an alternative formula to account for
the coupling between the 85/, ground state and the excit-
ed states. In accordance with Hutchison, Judd, and
Pope,'® and Wybourne,'® we write, for the splitting pa-
rameters BY (m =0 and 2),

m 4 3 2 16 _5_ 2 m
S (. S 0 £ (R —e)] .
it swiw, ) 7as Wy (RO |ral—eked

(15)

Here, W, and W), are the energy separations between the
857/, state and the °P;,, and °D, , states, respectively. 7,
is the screening factor and (r?) is the average of the
operator r2. The matrix element {R2) is a sum of rela-
tivistic integrals,

(R?*)=—5R% , +3R% _ +2R2 _ (16)

which have been given by Wybourne!® and we take (R2)
to be equal to —0.084a3.!° In addition, we choose for the
parameters occurring in (15), £=1316 cm ™!, Wp=29400

cm~!, W;p=32000 cm™, (r2)=0.938¢3, and y,=0.33
(see also Wever and den Hartog?!). Substituting this into
formula (15) we find, for Eu?*,

BT =(11.4X10"¥)2 G, a7

where c%' is given in units of V/m2 A comparison of
Egs. (14) and (17) shows that Eu?* is far more sensitive to
electrostatic potentials that Mn?*, even if we assume that
the left-hand side of Eq. (14) has to be multiplied by a
factor of 2—3 in order to correct for the discrepancy be-
tween theory and experiment as observed by Hagston and
Lowther.'*

As Eu?* is slightly larger than Sr?*, it is reasonable to
assume that the potential well “seen” by the Cl~ ions
neighboring the Eu?* impurity in SrCl, or SrF, is not
much different from that of the ions neighboring the host
Sr?* jons. If there is an effect due to the ion size, it will
probably lead to slightly larger local elastic constants. As
a consequence, the stress-induced parameters will be less
than expected on the basis of the bulk properties. In
Table VII we have also compiled some results for Eu?+
impurities in SrCl, and SrF,. Except for the discrepancy
obtained for the C;; parameter of the system SrF,:Eu’t,
we find that the agreement between theory and experi-
ment is better for the Eu?* than for the Mn?>* impurities.

In addition, the temperature dependence of the
uniaxial-stress effect of SrCl,:Eu®* is quite different from
what is observed for SrCl,:Mn?*. It turns out to be ap-
proximately constant in the temperature range investigat-
ed, indicating that the anharmonic effects, which have
been observed for SrCl,:Mn?*, are not important for
SrCl:Eu?+.

C. SrCl:Co?*

Unfortunately it is not possible to investigate the
uniaxial-stress effect of SrCl,:Co?* over a wide range of
temperatures because for temperatures above 4.2 K the
spin-relaxation time decreases very rapidly with increasing
temperature. The results at 4.2 K are, however, very in-
teresting. Firstly, because the observed stress-induced
crystal-field splitting is very large, and secondly, because
with increasing stress the relative intensities of the fine
transitions vary drastically.

The magnitude of the stress-induced crystal-field pa-
rameters can be calculated along lines which are about the
same as those for SrCl:Mn?* and SrCl,:Eu?*. The prob-
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TABLE VI. Theoretical stress-induced parameters employing a reduced value of ¢4 for the eight

Cl~ ions neighboring the Mn?* impurity.

B2 (G/kbar)

B} (G/kbar)

Reduction factor [100] [110] [y [100] [110] [111]
+ 0.38 —1.81 —2.66 0 —2.28 0
o 0.38 —6.47 —10.07 0 —17.83 0

lem is, however, that the coupling mechanisms, which re-
late the electrostatic crystal-field potential with the split-
ting of the magnetic energy levels, are unknown for Co?*.
In Fig. 14 we give the energy-level diagram of divalent co-
balt in SrCl,, and it can be seen that the ground state is a
quartet state, which can be considered an effective S=4
state with L =0. Because the excited states are relatively
close to this level there is a strong admixture of the
excited-state wave function into the ground-state wave
function. This explains the very large splitting associated
with the electrostatic crystal-field potential. Another
reason for the very large uniaxial-stress effect may be the
fact that the Co?™ ion is smaller than the Mn?* ion. It is
expected that the above-mentioned anharmonic contribu-
tions to the potential well of Co?* in the SrCl, lattice are
stronger than for the system SrCly:Mn?*. In addition, it
can be understood that the electric field effect, as observed
by Roelfsema and den Hartog,' is very large even at tem-
peratures as low as 4.2 K.

From the results of the uniaxial-stress effect obtained
for SrCl,:Co** at 4.2 K (see Table I), we see that there is,
apart from the magnitude of the crystal-field parameters,
a major difference as compared to the results obtained for
SrCl,:Mn?*. The ratio of the parameters C;; and Cyy is
quite different from the one observed for SrCl,:Mn**.
For SrCl,:Co** the value of C); is relatively large, indi-
cating that the local distortions during the application of
uniaxial stress along the (100) directions are large. For
the system SrCl,:Mn’* we have concluded that only the
local elastic constant c44 of the neighboring Cl~ ions is
reduced. In the present case (SrCly:Co’>*) we must con-
clude that the value of cy; is also reduced significantly.

V. SUMMARY AND CONCLUSIONS

Comparing the uniaxial-stress results obtained for the
different samples studied in this paper, we conclude that
the size of the impurities is a very important parameter,
one that determines the magnitude of the uniaxial-stress
effect. The uniaxial-stress effect observed for the system
SrCly:Eu?t can be explained fairly well by the distortions
expected from the bulk elastic properties of the SrCl, lat-

TABLE VII. Experimental and theoretical uniaxial-stress re-
sults of SrCly:Eu?t and SrF,:Eu?+.

|C11] (G/kbar) | Cas| (G/kbar)
Sample Expt. theory Expt. theory
SrCly:Eu?+ 1 12.0 9 33.9

SrFy:Eu** 3.9% 13.6 9.72 17.1
2See Ref. 22. )

tice. Furthermore, the behavior of the uniaxial-stress ef-
fect as a function of the temperature is as expected.

A completely different situation has been observed for
SrCl,:Mn®*. Here the uniaxial-stress effect for applied
stress along (111) axes is appreciably larger than expect-
ed on the basis of the bulk elastic properties of the pure
SrCl, crystal. This can be explained by assuming that the
force constants of the Cl~ ions surrounding the relatively
small Mn?* impurity are significantly smaller than those
of the Cl1~ ions surrounding a Sr** ion. This is supported
by results of calculations carried out earlier in our labora-
tory (Hess and den Hartog®).

The behavior of the uniaxial-stress effect as a function
of the temperature observed for SrCl,:Mn>* is anomalous.
This can be explained by assuming that the potential well
of the Mn?* impurity is highly anharmonic. In addition,
we must assume that the potential well is very shallow.
Theoretically, we have also found these features (see Hess
and den Hartog*. With increasing temperatures the am-
plitude of the motion of the Mn?* ion increases signifi-
cantly because excited vibrational states are being occu-
pied (also see Fig. 1). The corresponding variations of the
crystal-field-splitting parameters are very large compared
to what has been observed for normal Mn?+-doped sam-
ples.” In addition, the temperature range in which these

energy (em-) muitiplicity
4118 4
3929 2
3416 4
2909 2
7

3d 2 2
3778 i
1826 2
1650 4
— o 4

crystal spin orbit

field coupling

FIG. 14. Energy-level diagram of divalent cobalt in SrCl,.
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large variations are observed is limited, which is also in
contrast with the results obtained for normal Mn?*-doped
samples.

The results obtained for SrCl,:Co indicate that there is
a very strong admixture of excited states into the ground-
state level. From a detailed investigation of the uniaxial-
stress effect as a function of the stress direction we con-
clude that the local elastic constants in the neighborhood

3619 .

of the small-sized Co?* impurity is modified significantly
with respect to the bulk values. Both c;; and c4 have
been reduced significantly. It is suggested that the anhar-
monic effects due to the difference between the ionic radii
of Sr** and Co?* are stronger than in the system
SrClzzan*'. Unfortunately, the EPR experiments on
SrCl,:Co** can only be carried out in a very limited tem-
perature range.
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