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Experiments which study the spin-lattice interactions of Fe?* and Ni?* in MgO are reported. These are
acoustic saturation and the measurement of spin-lattice relaxation rates and the shapes of strain-broadened
spin-resonance lines.

The acoustic saturation behavior in MgO: Fe?* follows the predicted behavior quite well, but is com-
plicated by a large background, probably due to mode conversion. The two spin-lattice relaxation times of
MgO: Fe?* agree well with theory in magnitude and in their dependence on the magnetic field orientation
and the position in the inhomogeneous line at which they are measured. The spin-lattice rate of Ni** is in
rather poor agreement with theory, probably because of impurities.

The acoustic saturation has been exploited to measure the broad line shapes accurately, and the Fe?"
line shape is found to vary with magnetic field orientation. This is in accord with theory. If the various ions
experience the same internal strain distributions, the linewidths imply | Gu(Fe?*) /Gy (Niz*)| =10.040.2
and | Gu(Fert) /Gu(Nizt)| =7.840.8. If the Fe?* relaxation is purely by the direct process and
if the MgO phonon system is reasonably isotropic, the anisotropy of this relaxation rate gives
| Gu(Fert) /Gu(Fert)| =1.594:0.09. With these qualifications, the ratios are considerably more accurate

than direct measurements of the Gi;.

1. INTRODUCTION

HE interaction of microwave phonons with para-
magnetic centers in solids has been a fruitful area
of research since the development of methods for
generating ultrasonics with frequencies of order 10¥
cps. Such studies can give unambiguous information
on the mechanism and strength of the interaction and
can supplement the results of the more conventional
magnetic resonance and relaxation work. Two tech-
niques are important. The first measures the attenua-
tion of phonons incident on magnetic centers resonant
with the phonons.*® With present techniques, attenua-
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tion experiments are only possible in systems with
strong spin-lattice coupling or systems with an un-
desirably high concentration of paramagnetic centers.
The second method measures the saturation of the
spin system by an ultrasonic field!*=® This has, in
principle, much wider application, but suffers from the
disadvantage that spurious effects can mask the par-
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ticular interaction of interest. The saturation method is
used here, in conjunction with conventional magnetic
resonance and relaxation techniques.

The system MgO:Fe** has been studied extensively
by ultrasonic methods.?:47:14.1817.19-26 Ttg gstrong spin-
phonon coupling permits easy observation of ultra-
sonic attenuation and dispersion on magnetic resonance
and of the paramagnetic saturation by microsecond
ultrasonic pulses. The experiments to be described are
largely concerned with paramagnetic saturation, and
some have been briefly reported before.'®'” The ultra-
sonic work is supplemented by more conventional
spin-resonance and relaxation work. The saturation
experiments use simultaneous ultrasonic and con-
ventional paramagnetic resonance arrangements. This
method can detect microwave ultrasonic energy—the
measurement is not sensitive to the shape of the
ultrasonic wavefront, in contrast to the conventional
piezoelectric detection methods.

Two systems are discussed in this article: MgO: Fe?+
and MgO:Ni**. These ions have threefold degenerate
ground states in a strictly cubic field. Their effective
spin Hamiltonians are

Je=gBH-S' (1)

where S’=1 and g=3.4277 for Fe*, ¢=2.227 for
Ni*+? Both have a strong spin-lattice coupling and
both have resonance lines greatly broadened by micro-
scopic strains in the MgO lattice. These local departures
from cubic symmetry add a term

50,=S-D-S (2)

to 3¢, which splits the S,==1 levels from the S.=0
level. If we neglect second-order effects, then for any
form of strain the S,’=21 levels are degenerate in a
zero magnetic field. Changes in the g tensor from local
strains are usually negligible. The energy levels are
shown later in Fig. 7.

The spin-resonance spectrum consists of a broad
AM =1 line, a sharp double quantum line superimposed
on the center of the AM =1 line, and a AM =2 line. We
have studied the spin-resonance line shapes, spin-
lattice-relaxation times, and ultrasonic attenuation
of both systems as a function of the orientation of the
applied magnetic field. The ultrasonic saturation tech-
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nique has enabled us to measure the line shapes of
MgO:Fe?* with great accuracy—in particular the
usual difficulty in fixing the base line of a wide reso-
nance line does not arise. The accuracy of these measure-
ments (described in detail in Sec. 6) permits a com-
parison of the AM =1 line shape as a function of the
magnetic field orientation. The small angular variation
obtained appears to be consistent with Stoneham’s
theory of broadening by dislocations.?® Other lines,
including the Ni** lines, have been studied using
conventional electron-spin-resonance techniques. From
these linewidths we can compare the spin-lattice cou-
pling coefficients of Fe*t and Ni?* under the assumption
that the magnetic ions in any one crystal experience
an average distribution of strains which is the same for
all species. The ratios of the coupling coefficients are
(subject to this assumption) more accurately deter-
mined than by the usual static-stress experiments,
and our data can be used to improve the consistency
of the results at present in the literature.

The spin-lattice relaxation times (#) of both Fe*t
and Ni**t in MgO have been measured as a function of
temperature, magnetic field orientation, and position in
the AM =1 resonance line. Relaxation proceeds by the
direct process at the temperatures studied (1.8 to 7°K).
As both Fe?* and Ni*+ have ground states with three
levels, the recovery is characterized by two relaxation
times. By measuring the relaxation time at different
positions in the resonance line, it turns out that we can
separate these times rather well. The results are ana-
lyzed in Sec. 4. For MgO: Fe?* the rate and its angular
dependence is in good accord with theory for both these
relaxation times. The agreement is less successful for
MgO:Ni*+, although the reasons for this are not
obvious.

Regrettably, these experiments only deal with a small
number of systems—MgO:Fe** and MgO:Ni**. They
do, however, give much information on the microscopic
strains in the host lattice and on the spin-lattice inter-
action.

2. EXPERIMENTAL APPARATUS AND
TECHNIQUES

The apparatus is shown in Fig. 1. Basically it con-
sists of two parts. One is a 2J51A pulsed magnetron,
tuneable reentrant cavity, and 1 in. long, §-in.-diam
x-cut quartz transducer for the generation and detec-
tion of longitudinal microwave phonons.?® The echoes
are observed in reflection using superheterodyne re-
ceiver 1 (bandwidth 5 Mc/sec) and the cathode-ray
oscilloscope. The other half of the apparatus is a
tuneable ESR spectrometer operating in the same
frequency range as the ultrasonic cavity, viz, 9155
200 Mc/sec. The bandwidth of the ESR receiver is
~5 Mc/sec to permit observation of transient signals

28 A. M. Stoneham, Proc. Phys. Soc. (London) 89, 909 (1966).
29 H. E. Bommel and K. Dransfeld, Phys. Rev. Letters 1,
234 (1958).
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with rise times of ~1 usec. The signal klystron can
be locked to the transmission cavity by means of
500-kc/sec. frequency modulation and phase-sensitive
detection.® A metal tube surrounds the quartz rod
and forms a cut-off waveguide to prevent microwave
leakage between the cavities. The [001]-cut MgO
crystal is about 8 mm long and is situated in the uni-
form (vertical) microwave magnetic field of the ESR
cavity operating in the Hyy, mode, and is aligned so that
the external magnetic field swings in the (horizontal)
(110) plane through the principal symmetry axes
[001], [1117, and [1107].

The ultrasonic bond between the optically polished
faces of the MgO and quartz rod is made with “Aral-
dite” in the following manner. A minute spot of “Aral-
dite” is placed on one face, and the two crystals are
wrung together. The parallelism of the bond is tested
by observing the wedge fringes between the two faces
using white light, and the two crystals are twisted
together until the fringe pattern shows the faces are
most nearly parallel. In this way the variation in
the thickness of the bond can be made rather less than
an optical wavelength. The Araldite is sufficiently
viscous to maintain this position during setting. The
bonds, which can be used repeatedly, have a power
efficiency of about 109; this was estimated from the
piezoelectrically detected echo patterns of some fifty
bonds between quartz transducers and SiO, MgO,
MgAlL,Oy4, Si, GaAs, and yttrium iron garnet (YIG).
We believe that the figure of 109, for the bond efficiency
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Fic. 1. Schematic diagram of the apparatus.
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Fic. 2. Gating circuit and pulse integrator used to improve
the signal: noise ratio of the piezoelectric echo pattern and
transient ESR signals.

is probably accurate to a factor of 3. We have had no
success in producing bonds for transversely polarized
microwave ultrasound, presumably because of the high
attenuation in amorphous materials.’

During experiments we monitor both the piezoelectric
echo pattern and the microwave power transmitted
through the ESR cavity. The latter changes rapidly
in the presence of an ultrasonic pulse due to saturation
of the spin system, as discussed later. To improve the
signal/noise ratio of both the piezoelectric echo pattern
and the transient signal from the ESR spectrometer,
we have used a simple gating circuit and pulse inte-
grator. The majority of this circuit is given in Ref. 32.
To this we have added the section shown in Fig. 2.
The output of the integrating circuit is fed to the ¥
input of an X-Y recorder. For recording the piezoelec-
tric echo pattern, the X-input of the X-Y recorder is
driven from the slowly swept voltage which controls
the separation of the gate and the trigger pulse (this is
the voltage of the wiper of the 250 kQ potentiometer
in Ref. 32).

In measuring spin-lattice relaxation times the at-
tenuated magnetron output is injected into the ESR
klystron line and the receiver 2 is protected with a fast
semiconductor switch. The integrator circuit described
above can also be used to improve the signal/noise
ratio of the recovering ESR signal. For monitoring the
ESR signal or an individual echo as a function of mag-
netic field the X input is driven from the voltage across
the magnet; for monitoring as a function of the magnetic
field orientation it is driven from a helipot circuit at-
tached to the rotating base of the magnet. The gate
width is usually set at 1 usec, which is the duration
of an ultrasonic pulse. With a pulse repetition frequency
of 1000/sec and a final time constant of 1 sec the

31 P, G. Klemens, Proc. Roy. Soc. (London) A208, 108 (1951).
2 F, J. M. Farley, Elements of Pulse Circuits (Methuen Mono-
graphs, London, 1964), Chap. 7, p. 115.
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F16. 3. Echo patterns detected piezoelectrically (upper traces)
and saturation signals (lower traces) at 4.2°K. The large scale
divisions of the time base are 5 usec apart. D is the driving pulse,
E the point at which the phonon pulse enters the MgO, and R
the first reflection from the MgO: quartz bond. (a) MgO with
about 100 ppm Fe?*; only about one-third of the MgO specimen
is in the ESR cavity. (b) MgO with about 3000 ppm Fe?*. All
the specimen is in the ESR cavity. The opposite signs of the lower
(saturation) traces in (a) and (b) are of no significance. The
first echo of the lower trace in (b) is slightly reduced by elec-
tronic effects.

theoretical gain in signal/noise ratio is (1000)'2; in
practice, because of imperfect components, a gain of
ten times is realized. This was invaluable in the ex-
periments reported here.

3. EXPERIMENTAL OBSERVATIONS

One of the original aims of the experiments reported
here was to induce phonon-photon double quantum
transitions between the S, =-41 and S,/=—1 levels.
Such transitions were observed by Shiren.’® We were
unable to observe this effect, but were able to observe
saturation of the AM=1 and AM=2 lines by the
microwave phonons. Since the signals observed in"the
two cases are rather similar it is necessary to justify
our interpretation. The major difference is that the
signals observed in the two experiments are opposite
in sign. In the double quantum experiment there is an
additional microwave absorption in the presence of the
phonons, whereas ultrasonic saturation of the spin
system reduces the ESR microwave absorption. The
sign of the signal shows that we are observing saturation
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of the spin system. This can be verified in other ways.
Thus in our work the phonon and photon energies
were essentially equal and their sum was not, in general,
equal to the AM =2 transition energy. The saturation
was observed over a wide range of magnetic fields.
Further the microwave photon power level used was
much lower in our experiments. An example of the
signal observed has been given in Ref. 16. In Fig. 3(a)
we show the signal observed for MgO containing 100
ppm of Fe?*. Only about one-third of the MgO crystal
is situated in the ESR cavity. The effects of successive
phonon reflections are observed in both the MgO
crystal (round-trip time ~1.7 usec) and the quartz
crystal (round-trip time ~8.9 usec). The saturation
rises rapidly after about 4.5 usec, as soon as the phonon
pulse reaches the MgO monitored by spin resonance.
The rise time observed is limited by the response time of
the receiver and by the transit time through the MgO;
the recovery time is longer, of order 10 usec. In a heavily
doped specimen (estimated to contain 3000 ppm Fe*t)
the relaxation time is greatly reduced, probably by
cross relaxation to fast relaxing centers. The signal
obtained [Fig. 3(b)] shows that the saturation re-
covers much more rapidly than in the dilute sample;
here the observed recovery time may be as short as the
response time of the receiver. The saturation is observed
for perhaps 1 usec, which is of the order of the pulse
duration. In this specimen echoes were only detected
piezoelectrically when the applied field exceeded
~3000 Oe.

The spin system is only partially saturated at low
phonon powers. The variation of the signal with mag-
netic field orientation then measures the product of the
spin-phonon transition probability W and the spin-
lattice relaxation time 4. To extract W and its de-
pendence on the magnetic field direction the angular
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Fi16. 4. The dependence of the Fe?* relaxation time on mag-
netic field orientation. The full curve is a least-squares fit of the
data to a relation

t=[A+Bt+mt+nh) T,

where the direction cosines of the field with respect to the crys-
tal axes are (I, m, n).
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dependence of # must be measured separately. This
has been done using the pulse-saturation recovery
technique.® Some of the results are presented in Fig.
4, where the measurements shown were made with the
magnetic field set about 20 Oe from the center of the
AM =1 line. These results are discussed in detail
in Sec. 4.

At the highest phonon powers both the saturated
ESR signal and the ultrasonic attenuation (measured
piezoelectrically) flatten off, (see also Ref. 3); the spin
system is clearly highly saturated. In these circum-
stances the ESR signal is a measure of the intensity of
the resonance absorption line. The line shapes have been
traced out using a swept magnetic field and the mon-
itoring circuit of Fig. 2. These are shown in Fig. 5 for
various magnetic field orientations, all being drawn
on the same scale. The line shape changes with the
magnetic field orientation. For an [001] field, Fig. 5(a)
shows that the line shape is remarkably closely Lorentz-
ian. Slight departures (about the thickness of the trace)
are observed for H along the [1107] axis. These become
more marked until quite distinct departures from
Lorentzian towards Gaussian are seen with H in the
[1117] direction. Finally, in Fig. 5(d) we show a tracing
of the height of the ultrasonic echo taken at low phonon
powers. This was taken with H roughly along the [1117]
axis and enables us to compare the phonon and photon
line shapes. These detailed measurements of line shape
would not have been possible with conventional
ESR techniques (e.g., using field modulation and phase-
sensitive detection) as any zero-field absorption in-
troduces an uncertainty in the base line location which
rules out detailed measurements of the line shape.

The AM =1 and AM =2 lines are inhomogeneously
broadened, the homogeneous broadening being of
order 2 Oe (~10 Mc/sec). The homogeneous contribu-
tion is needed in Sec. 6. This can be estimated from the
measurable dipolar broadening of other lines (e.g.,
Fe**) and by measuring the signal at low powers as a
function of the difference between the phonon and
microwave frequencies. Khutsishvili® has recently dis-
cussed the relation between the line shape obtained in
the latter class of experiment and the spin packet line
shape. Our experiment differs slightly from the one
he discusses in that the spin-phonon line shape and the
spin-photon line shape are different. This affects the
detailed discussion, but the general features are un-
altered. Khutsishvili’s work shows that in an experi-
ment such as ours the line shape as a function of the
difference in phonon and photon frequencies is related
to the spin packet line shape. The relation is not simple,
but depends on the degree of saturation induced by the
phonons. The widths of the spin packet line shape and
the observed shape are, however, of the same order of

3 J. A. Giordmaine, L. E. Alsop, ¥. R. Nash, and C. H. Townes,
Phys. Rev. 109, 302 (1958).

% G. R. Khutsishvili, Zh. Eksperim. i Teor Fiz. 50, 1641 (1966)
[English transl.: Soviet Phys.—JETP 23, 1092 (1966) ].
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Fic. 5. (a), (b), and (c) give the spin-photon line shapes,
measured by the saturation method, for different magnetic field
orientations. (d) gives the spin-phonon line shape measured by
the piezoelectrically detected echo height.

magnitude over an appreciable range of saturations.
As we have not made measurements over a wide range
of saturation the results we quote are simply of the
order of the spin packet widths. For a specimen con-
taining ~200 ppm Fe*", ~55 ppm Fe*t, ~20 ppm
Cr*, and ~20 ppm Mn?* the average results are

AM =1 line, Av="742 Mc/sec,
AM =2 line, Av=1042 Mc/sec,

where Av is the separation of the half-power points.
Some confirmation of these values is provided by direct
calculation. For most purposes we want the microwave
photon linewidth, rather than the spin-phonon line-
width estimated in the Appendix of Ref. 3, The Kittel-
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F16. 6. The spin-phonon transition probability W, as a function
of magnetic field orientation.

Abrahams method® is directly applicable, although
we must make a minor change because the magnetic
impurities in MgO lie on a face-centered-cubic lattice.
The AM =1 line in the specimen cited has a predicted
dipolar width of (6.543) Mc/sec, confirming the other
estimates.

We return to the problem of saturation in Sec. 5 and
are able to show that the degree of saturation achieved
and the rise times observed are consistent with es-
timates of the ultrasonic power level. We also discuss
reasons for the discrepancy in Fig. 6 between the
experimental and theoretical curves of the angular
dependence of the spin phonon transition probability.
The line shapes of the various resonances are discussed
in detail in Sec. 6.

4. SPIN-LATTICE RELAXATION TIMES

In this section we discuss the relaxation times and
compare them with theory. The main effect of the
random strains in the lattice on the Fe** and Ni?* is to
move the M,=0 level with respect to the center of
7(a). In Fig. 7(b) we show the direct process spin-
lattice transitions and their probabilities. The tran-
sitions shown are in all cases those for phonon absorp-
tion; the corresponding phonon emission and absorption
probabilities (W, and W, respectively) are related

Wo/Wi=[n(E)+11/n( B:) =exp(Ei/kT),

where E; is the transition energy and #(E;) the cor-
responding Bose-Einstein occupation number (see, for
example, Ref. 30).

Three level systems, such as Fe*+ and Ni**, have two
spin-lattice relaxation times. We now relate these to the
transition probabilities W;. When the populations of
the various spin levels are disturbed we may describe
their recovery by rate equations, from which charac-

% C. Kittel and E. Abrahams, Phys. Rev. 90, 238 (1953).
3 A, Abragam, The Principles of Nuclear Magnetism (Oxford
University Press, London, 1961), pp. 267, 268,
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teristic relaxation times can be obtained. If #; is the
deviation from equilibrium of the number of spins per
unit volume in state S,=1 these equations are

1= —m(Wat-Ws) +nWatn_Ws,
1i0=+nWa—no(W1+Ws) +n_aW1,
tiea= +mWastnWi—n_1(Ws+Wy). (3)

When we concentrate on the spins relatively close to the
center of the resonance line, for which Ey—%(Ey+E_y)
is less than, say, fiw/10, it is reasonable to assume
that W;=W,. This is valid for most of the experiments
to be described. Outside this regime the relaxation times
have a complicated form which is consistent with
the predictions given in general in Ref. 37. One further
simplification is that at the temperatures of interest
(2 to 7°K) fiwy/kT is only about 0.1 and we may assume

Wi=Ww,
without significant error. With these simplifications
we find

(l(ﬂ1—"ﬂ~1) /dt= _ (W1+2W3) (nl—n_l) 5
d(ne—3[m+n_])/dt=—3Wi(n—3[m+nl). (4)

Thus we expect the recovery to equilibrium to show two
time constants, 7,=1/(W1+2W3) characterizing the
recovery of (#;—#_1), and a longer constant, ,=1/3W1,
characteristic of the recovery of no—3[m+n_1]. The
relative importance of 7, and 7, depends on the par-
ticular way in which the spin populations have been
disturbed; indeed, by suitably disturbing the popula-
tions we may measure both 7, and 7.

The relaxation times have been measured by the
pulse-saturation recovery technique. If the initial
saturating pulse is applied at the peak of the resonance
line, the spins which are saturated are those for which
E1— Ey~FEy— E_i~fuw, Transitions from the levels
S,=—1to0 .S,=0 and from S,=0 to S,=-1 are both
induced, with the over-all result that (#i—n_) is
altered, but ny—%(m~+n_) is hardly affected. Thus
for saturation exactly at fiw, we expect to measure 74
only; 7 will not be important. On the other hand, if
the saturating pulse is applied slightly off resonance,

Mg=+1 /I\
Mg=0 We
LEVELS Wy 2ho
" l/
— Mp= =1
@ ®

Fic. 7. (a) The energy levels of Fe?* or Ni?* in MgO, showing
the effect of random strains. (b) The probabilities of transitions
induced by thermal phonons. Only transitions in which one phonon
is absorbed are shown.

% D. K. Ray, T. Ray, and P. Rudra, Proc. Phys. Soc. (London)
87, 485 (1960).
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at a frequency w where
| w—wp [>>spin packet width, (5)

the situation is less simple. In our experiments, the
ratio (5) was about 10:1. Two groups of spins are
affected, one for which Ey— Ei~hw (so Ey— Ey#hw)
and the other for which E;— Ey~fiw. In the first group,
the populations of the S,=0 and S,=—1 levels alone
are appreciably changed, and in the second group those
of the S.=0 and S,=1 levels alone. Thus both
(m—n_y) and no—% (#1+n_1) are altered for each group
of spins and the recovery will be characterized by both
7o and 5. As 73 is the longer of the two times (7;°67,)
if the final stage of the recovery is monitored, 7, will
be obtained. We have neglected the spectral diffusion
of energy across the resonance line in our discussion.
This would give a temperature-independent contri-
bution to the relaxation rate. This has not been ob-
served. Measurements of the relaxation rate as a func-
tion of temperature have been reported.®® The rate is
proportional to the temperature in the range 2 to 7°K,
as expected for a direct process.

The W; and the relaxation times are now calculated
explicitly in terms of the spin-lattice coupling coeffi-
cients and the properties of the host lattice. Ray ef al.%
have shown that the relaxation times, including their
angular dependence, can be written in the general
form®

1 =3 Vg+4Yr+A(Ve—Vr),
T l= YE—A(YE—YT), (6)

in which A=/*4m*+n* where the magnetic field has
direction cosines (/, m, n) with respect to the cubic
crystal axes. These results assume that the phonon
system has cubic symmetry. If we assume an isotropic
Debye model for the MgO lattice we find (either
directly, or by comparison with the work of Shiren2)

Y= [(MO) %k T/ i h4pv5:]TQ§Gllz,
Yo = (fiwo) % T/ wh*pv* |Gas?, (7
in which p is the density of the crystal, v is an effective

TasiE I. Spin-lattice relaxation times at 4.2°K with H along the
EOOI] axis. We quote #7T in seconds °K.

F62+ Ni2+
Experiment  Theory Experiment  Theory
1T 1.0X10~* 0.72X10¢ 2.6X107% 8.9X1073a
T 2.6X10™* 4.5%10* 3.4X1073 4.3X1072=

8 Using the coupling coefficients of Ref. 41 alone.

( 8 J7.)B. Jones and M. F. Lewis, Solid State Commun. 5, 595
1967).

% There is an error in Ref. 37 in that the implicit frequency
dependence of the X[2, (200), 2, (200), a, 1, 1] coefficients is
neglected in the discussion of their Eq. (42). This has been cor-
rected in our expressions.
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TasLe II. Anisotropy factors.

Fert Niz+
Experiment  Theory Experiment = Theory
Aa —0.03+0.1  40.1 0.0740.1 +0.02
Ay —0.4+0.1 —0.38 0.05+0.1 —0.06

velocity of sound, such that
= (2/5v54-3/5v5)1,

and Gy and Gy are the spin-phonon coupling coefficients.
The anisotropic terms in the relaxation times are, from
(6) and (7), proportional to 1%Giu?—Gs?; both the
degree and sign of the anisotropy depend on the relative
sizes of | 3Gu/4 | and | Gu |. If we define an “anisotropy
factor” in terms of the relaxation times for a magnetic
field along the [0017] and [1117] directions by

A=[1(111) —4(001) /3[4 (111) +#(001) ],

then we find that for 7,, the relaxation time observed
after saturation at exact resonance,

Aa=(2—1)/{He+1},
where x is (3Gu/4Gu)?. Correspondingly for s,
Ab= (l—x) .

These results assume that the phonon density of states
is reasonably isotropic. If it is not, the effective value
of x should be altered to take account of the lower
(cubic) symmetry of the actual distribution.

In Tables T and IT we give the predicted relaxa-
tion rates at 4.2°K for H along the [001] direction and
the anisotropy factors. The anisotropy factors use
the mean of the Watkins-Feher® and Shiren® results.
The experimental values are also shown, and are derived
from measurements like those in Fig. 4,

MgO:Fe*t

Here the theoretical predictions are largely confirmed.
Thus 7, is less than 7, (although the predicted ratio is
rather larger than that observed) and the magnitudes
of both times are in very reasonable agreement with
experiment. The anisotropy has been measured and is
in accord with the predictions. In the case of 4, if we
can neglect other relaxation mechanisms, the anisotropy
gives a rather accurate measure of Gu/Gu, because
reasonably large errors in A4, do not introduce corre-
sponding errors in the ratio. We find

| Gu/Gus | =1.59+£0.09.
The error quoted is simply that of the experimental

technique. It does not, for example, make any allowance

( 4 G). D. Watkins and E. Feher, Bull. Am. Phys. Soc. 7, 29
1962).
4 N. Shiren, Bull. Am. Phys. Soc. 7, 29 (1962).
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for the possibility that we may be measuring a mixture
of 7, and 7. Our feeling is that we have measured 7,
by itself, although it is possible that in attempting
to measure 7,, a certain amount of the longer time 7,
may have been admixed. This is because of the experi-
mental difficulties of working exactly at the center of a
very wide line, and the admixture would account for
both the discrepancy between the predicted and ob-
served values of 7,/7, and for the slight deviations of
the anisotropy of 7, from the predictions.

The absolute magnitudes of 7,7 and 7,7 differ
slightly from the predictions. The discrepancy, some
409, could be interpreted as arising from errors in the
coupling coefficients or in the assumptions about the
phonon system. On the other hand, it may represent
some other relaxation mechanism; if it does the esti-
mate of Gu/Gu will be still less reliable.

MgO:Ni*t

There is a pronounced discrepancy between the
magnitude of the relaxation rate observed and theo-
retical estimates. Qualitatively, a number of features
of the theoretical model are realized—the isotropy,
temperature dependence, and the difference in re-
laxation rate on and off resonance. However, the abso-
lute relaxation rates observed are too fast. This is true
even when we consider the specimen which gives the
longest relaxation times (we make the usual interpre-
tation of relaxation via fast relaxing impurities in
explaining variations of factors of 2 or 3 from sample
to sample). It is not the first time that discrepancies
have been found between observed rates and those ob-
tained from calculation using experimental coupling
coefficients.? If we are observing relaxation by im-
purities, then the temperature dependence (71" con-
stant) shows that the rate determining process is the
transfer of energy from the impurity to the lattice, so
that the anisotropy observed is that of the impurity
relaxation. If we are in fact observing direct relaxation
Nit to the lattice (which we doubt), then the ob-
served anisotropy would suggest | Gui/Gu | =1.334-0.08
and would, in fact, be in agreement with the previous
observed values. This estimate of Gu/Gu will not be
used again in this article.

5. THE SATURATION BEHAVIOR

In this section we show that the saturation observed
and the rise times, both described in Sec. 3, are con-
sistent with the estimated ultrasonic power level.

The microwave phonons induce AS, =41 transitions
in the spin system. The ultrasonic field is pulsed; for
simplicity we assume square-wave pulses of duration 7.
We define W, as the probability per unit time that a
pa ticular spin makes a transition AS,=-1 due to the

2 P, L. Donoho and T. D. Black, in Proceedings of the Four-
teenth Colloque Ampere, Ljubljana, 1966 (North-Holland Pub-
lihsing Company, Amsterdam, (to be published).
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ultrasonic pulse. The pulse was applied some distance
(typically of the order of 10 spin-packet widths) from
the center of the resonance line. As discussed in the
last section, two groups of spins will be affected: Those
for which the transitions between S,=0 and S,=—1
are induced, and those for which the transitions between
S.=0 and S,=+1 are induced. We can treat these
groups separately. For the first group, the rate equations
are a simple extension of Egs. (3). If NV, is the number
of spins per unit volume in state .S,=1, we have

(d/dt) Ny=—Ny(Wot-W3) +NoWot-N_ W,
(d/dt) No= N\ Wo—No(W1+Wot-W,)
+N_A(Wi+W,),
(d/dt) N _1=NW3+No(Wi+W,)
—N_(WstWi+W,). (8)

The monitoring spin resonance line had the same fre-
quency as the ultrasonic pulse, and the spin resonance
signal measured n=N_;— N, as a function of the ultra-
sonic power.

The second and third of Eqgs. (8) can be written in
the form

dn/dt=[thermally induced terms |—2Wpn. (9)

The thermally induced terms vanish at equilibrium
when W, is zero. If the spin system is initially in
equilibrium the pulse will cause saturation with a
characteristic rise time of the order of 1/2W,. The
degree of saturation achieved will be close to the equi-
librium value if the risetime is appreciably less than
the pulse duration 7. The condition that some saturation
is observed is, of course, weaker, and we will return
to this later. We define the degree of saturation .S for
the steady state in the presence of the ultrasonic field by

n(Wy) =n(W,=0)[14+S(W,) 1™ (10)
Direct solution of the equations of motion show
SWr [ (14+Wy/Ws) /(A4+W1/3Ws) ],  (11)

where 7 is 1/3Wy. As Wi/W3 is small S~W r;,. The
degree of saturation can be calculated directly. It is
independent of the magnitudes of the coupling coeffi-
cients G and Gu although it depends on their ratio.
We can express W7, in the following form, using the
results of (6) and (7):
o 2 % €puise { sin’f cos?f }

" 0 02 eumermat | (4Gu/3G1) 4-sin’ cos0 - sin’6)

(12)

This is valid for longitudinal ultrasonic waves propa-
gating along the [0017] axis and for spins whose resonant
frequency exactly coincides with the ultrasonic fre-
quency. It also assumes that the spin-phonon line shape
for each spin packet is Lorentzian with full width at
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half-intensity A, where A is much larger than any
spread of frequencies in the pulse. #? is

1/3034-2/303
2/5v

and 6 is the angle between the magnetic field [con-
strained to the (110) plane] and the crystal [001] axis.

€thermat 1 (12) is the thermal energy per unit volume
in a band of width A at frequency 7iw. As A~6 Mc/sec
we find, in the Debye approximation,

€thermal~2 X 107 ergs/cc (13)

at 4.2°K. This is uncertain to perhaps 4509, because
of the difficulties in estimating A.

epulse 1S the ultrasonic energy per unit volume in the
pulse. The total energy in a 1-usec pulse can be esti-
mated from the input pulse power (typically 102 W,
although higher powers were used for the line-shape
measurements in Fig. 5), the transducer power con-
version efficiency of about 10—* (Ref. 43), and the bond
efficiency of about 1071, This energy is distributed over
a volume of order (crystal cross section) Xv;X (pulse
duration), about 0.1 cc in our case. Thus the ultrasonic
energy per unit volume is

€pu1se~0.1 erg/cc. (14)

The degree of saturation .S and the rise time can
now be checked. From (12) we find that Wr(=~.S)
is typically of the order of 0.01 epyise/€thermar. Thus,
from (13) and (14), S is of order 50. The high degree
of saturation observed is consistent with this value.
Further we see that the rise time 1/2W, will be rather
less than 1 usec, again in agreement with experiment.
Peak driving powers in excess of 10* W were used when
particularly strong saturation was desirable.

This discussion neglects two important features.
The first is that, in assuming W, to be independent of
time, we have neglected the attenuation of the pulse
as it saturates the spin system. For the Fe** concen-
trations in our samples (~100 ppm) the energy re-
quired to saturate the spin packet, starting from 4.2°K,
is about 109, of the energy in the ultrasonic pulse.
This value is consistent with the power level needed
to give appreciable saturation, and serves as a check of
our estimates of the various energies. We have also
neglected effects arising from the coherence of the
microwave ultrasonic field. Experimentally this seems
justified; presumably the finite pulse length, the
finite transit time through the crystal, and the con-
siderable attenuation are sufficient to eliminate these
complications from coherence. Effects such as the in-
version of the populations of the energy levels by a
180° pulse could occur in principle (see Ref. 36).

In addition to checking the magnitudes of S and the
rise time we can also check the angular dependence
of W,. For longitudinal phonons propagating along the

s H. E. Bommel and K. Dransfeld, Phys. Rev. 117, 1245
(1960).
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[001] axis the predicted dependence is®

W y~sin? cos?),

(15)

where 6 is the angle between the magnetic field and the
[001] axis. The observed dependence, shown in Fig. 6,
bears a qualitative resemblance to (15). Thus the ob-
served transition probability has a maximum near
0=45° and has two minima, roughly equal, at §=0°
and 6=90°. The maximum is reduced because the pulse
has been heavily attenuated in partially saturating
the spin system. The real difference is the large back-
ground, which is roughly independent of 6. One possible
explanation is that some of the spins experience an
effective magnetic field whose direction differs from
that of the applied field because of nearby magnetic
ions. Bolef and Gosser* observed a similar background
in the ultrasonic attenuation and found it to increase
rapidly with Fe** concentration, which would support
this explanation. However, if this is so, an appreciable
attenuation background should accompany the back-
ground saturation in our experiments. This is not ob-
served, and suggests that the longitudinal waves of the
main pulse are not responsible for the background
saturation.

Several spurious effects could cause some background
saturation. For example, transverse waves may be
generated accidentally in the transducer, there may
be leakage of microwave power between the cavities,
or dielectric losses in the quartz transducer may gen-
erate a heat pulse. These explanations can be ruled
out because the delay between the production of the
pulse and the rise in saturation would be different for
these mechanisms and the one we have been discussing,
and/or because they should persist when the ESR
spectrometer is detuned with respect to the ultrasound.
Similarly reconversion of ultrasound to microwaves at
the quartz/MgO interface can be ruled out by calcu-
lation, or because the microwaves would easily be de-
tected if of sufficient intensity to saturate the spins.
The most plausible explanation of the background
appears to be ultrasonic mode conversion, which has
been proposed before® to explain a similar background
in cw ultrasonic saturation experiments in ruby. The
surprising feature of our experiments is that the back-
ground is so large—more than 109, of the energy is
converted in a single traversal of the MgO. It is not
clear if the mode conversion takes place within the
MgO or at the surfaces; Tucker’s work® on AlLQO;
demonstrated conversion at the surface.

MgO:Fe** is ideal for the observation of paramag-
netic saturation by pulsed phonons because of its
strong spin-lattice coupling. Saturation results can be
used to estimate spin-lattice coupling coefficients of
other systems or to measure the ultrasonic attenuation

“ The accidental generation of transverse waves in an X-cut
transducer can be eliminated by evaporating a metallic film on
to the quartz; this shorts out any electric field in the y-z plane.

% E. B. Tucker, Proc. IEEE 53, 1547 (1965).
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in the quartz. For both these cases the spin-lattice
interaction must be strong enough to give a rise time
shorter than, say, the separation of the ultrasonic
echoes (about 10 usec in our experiments). The satura-
tion method has advantages over steady-state satura-
tion techniques in these cases, simply because it is
easier to estimate W, from the energy in each pulse
than to estimate the mean-square strain in the steady
state from rough values of the phonon lifetimes and
input power. The restrictions on the rise time limit the
application of the present method. MgO:Ni?* is another
system which could be used; we estimate the rise time
to be 5-10 usec in this case.

Some saturation will be observed even in systems
with weak spin-lattice coupling. The successive pulses
and their echoes induce saturation which accumulates,
the degree of saturation reaching a limit which is
roughly the cw value reduced by the fraction of the
total time for which the spins are exposed to a phonon
pulse. We have observed a signal from MgO:Fe®t
which was probably taken in these circumstances. This
is shown in Fig. 5(c); the magnetic field is along the
[111] axis where the lines are sharpest and the spin-
lattice interaction close to its maximum. It was not
possible to measure the rise time because the Fe** lines
overlap the tail of the Fe** line.

6. THE SPIN-RESONANCE LINE SHAPES

Several workers have considered the possibility that
the widths of the paramagnetic resonance lines in MgO
may be caused by internal strains.”®4" These workers
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have usually assumed some distribution in magnitude
for the strains and confirmed that various features of
the line shapes are consistent with the same distribu-
tion of strains. Thus McMahon* found that the AM =1,
AM =2, and double quantum transitions of MgO: Fe*t
were strain broadened. Elsa Feher#” showed that con-
sistent strain distributions could explain the linewidths
of MgO:Mn** and MgO:Fe* and the angular depend-
ence of the width for these systems.

The choice of a qualitative form for the distribution
of strains has been made in several ways. McMahon as-
sumed a Lorentzian distribution because the MgO: Fe?*
line shape was very closely Lorentzian. Feher assumed
a Gaussian shape for ease of analysis. Neither distri-
bution is entirely satisfactory for, as we will see later,
the observed line shape may lie between these two
extremes and appears to depend on the component of
strain considered. To obtain more complete agreement
with experiment one must presumably make a calcu-
lation from first principles and consider the details of
the dislocation structure. Some attempt to do this
has been made by Stoneham.?® For present purposes we
will find, however, that it is often unnecessary to specify
a particular shape.

In a perfect MgO crystal lattice the spin Hamiltonian
for Fe* and Ni?* has the simple form

H():gBH'S,

where g is an isotropic g factor. When there are dis-
tortions the spin Hamiltonian contains terms linear in
the strain. Equation (2) is, in more detail,

H1=Glll:i’(23zz"3zz_ew) (282— 82— 52 +%(em—ey) (S2— S ]

We adopt the notation of Shiren.?® The axes x, y, 2
are the cubic axes of the crystal and e is the strain
tensor. We will ignore terms quadratic in the strain as

+G44I:eyz( Slel+ S:USZ) +3zz( Sa:Sz_!" SzS:t) +3a;y( SySz+ SzSy) :l. (16)
where
hAw= Gu[% (3 cos?0 — 1) ][ezz_% (exz+eyy) :l
+Gul ery sin?0+V2 sinf cos (e, +e.) | (17)

they are small for AM =1 transitions even in the case
of MgO:Fe**; the second-order terms are of great
importance for the AM =2 and double quantum transi-
tions. This perturbation H; gives a strain-induced
zero-field splitting; it shifts the S,=0 level relative to
the S,==1 levels without affecting the separation of
the S,==1 levels.

First, the qualitative line shapes are considered.
We have studied the line shapes for the magnetic field
in the (1I0) plane. When the field is at an angle 0
from the [0017] axis in this plane the transition energies
for the two AM =1 transitions at a spin where the strain
tensor is e are

ho=gBHEhAw

4% D, H. McMahon, Phys. Rev. 134, A128 (1964).
4, R. Feher, Phys. Rev. 136, A145 (1964).

The two cases of particular interest are those when
H is along the cubic [001] axis, when

ﬁAw:Gll(ezz_'%[ezz—i"euy]) (18)

and when H is along the trigonal [1117] axis (cosf=
1/3),
hAw =%G44(8Iy+eyz+6zx) . (19)

In the first case only tetragonal strains (and their
corresponding coupling coefficient) appear; in the
second case only trigonal strains occur.

If the distribution of [e,,—%(ex+tey,) ] has a full
width at half-intensity ez, the observed spin-resonance
line with H along a cubic axis will have a similar dis-
tribution but with width Gueg. Similarly, when H lies
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along a trigonal [1117] axis the spin-resonance line
will have width Guer, where er is the width of the
distribution of %(es+eéy.+¢.0). For reference we com-
pare our notation with that of Ref. 28

—1_ . —4
ER=5€001, ET=ge€ni.

The linewidths quoted in Table IIT and our previous
estimate of Gu(Fet) =(1.5920.09) Gu(Fe*t) may be
combined to give

0/ =3.3+0.3

compared with the theoretical value of 2.3 for an iso-
tropic homogeneous dislocation distribution.?

We have so far said nothing about the shape of the
resonance line and the strain distribution. There is no
need to be explicit for most of what we have to say.
The relations between the width of the spin-resonance
line and the width of the strain distribution

hAwonr = Guez,
hAwim = Guer (20)

hold irrespective of the detailed shape. They also hold
if we use, instead of the full widths at half-intensity of
the distributions, the separation of the points at which
the derivatives of the distributions are largest. In
fact we are only concerned about the shape of the strain
distribution in two situations. The first is when we
want to compare the distribution with theory, that is,
when we are interested in the shape per se. The second
is when we want to extract the strain contribution to
the linewidth from other effects, such as dipolar
broadening. For present purposes, the assumption of a
Lorentzian shape is sufficiently good for the dipolar
contribution about 2 G wide to be subtracted.

The observed resonance lines are nearly Lorentzian.
Their shape is, however, dependent on the direction of
the magnetic field, and is narrower in the wings for
H along [111] than when H lies along the cubic axis.
The only prediction appears to be that of Stoneham,?
who obtained a line shape

I{w) =27r_1f—c° dx exp[i(w—wp) %]

Xexp[—a*(A—Bln|x|)] (21)

in which 4 and B depend on the relevant components
of strain, the density of dislocations, and the Burgers
vectors. If B were zero, this would be a Gaussian
shape; when B is finite the intensity is even lower in the
wings than for a Gaussian distribution. The conflict
between the predicted shape and experiment was dis-
cussed in Ref. 28 and is almost certainly a result of
the neglect of the subgrain structure of the dislocation
distribution in MgO crystals. The main point of in-
terest here is, however, that the ratio B/4 depends on
which components of e are considered. In particular
B/A will differ for the distribution of e,.— (ezst+e,y)
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Tasie III. Linewidths in Oe. The separation of the points of
maximum slope of the various lines are given. The three widths
for Mn?* and Fe®* are for the (—3—1), (3—3%), and (§—%)
lines, respectively; for these systems the errors are estimated to
be between 5 and 79%,.

Ion (100) field (111) field
Crystal I Fert 634412 32246
Fett  0.95,12, 21 1.0,2.1,3.2
Mn2t  0.85,3,5.7 0.8,1.2,1.8
Crystal IT Niz+ 502 3542
Fer*  1.1,8.9,17 1.2,2.05,3.1
Mn**  0.95,2.5,4.5 1.15,1.4,1.8

and of (eye.te,.), so the line shapes for H along
[001] and for H along [111] should be different.
Detailed calculation shows that the predicted shape
should fall off slightly faster in the wings for H along
the [111] axis than for the field along a cube axis. This
is observed. It is not clear how seriously one should
treat the agreement, for an especially simple disloca-
tion distribution is assumed and subgrain structure
neglected. What is encouraging is that the simple model
does predict a dependence of the line shape on field
direction qualitatively similar to that observed.

We may use the strain-broadened contributions to
the observed linewidths, Awi and Awy, with Egs.
(20) to compare coupling coefficients (Gy and Gu)
and the strain fields in which ions of different species
occur. Experimentally, we obtain the product of a
coupling coefficient and a parameter of the strain dis-
tribution, e.g., Gueg or Guer. These data will now be
used to compare the magnitude of coupling coefficients.

If the coupling coefficients are known from static-
stress measurements® or from ultrasonic attenuation
work® the strain distributions experienced by different
ions may be compared. It appears that different spins
(say Ni** or Fe**) experience essentially identical dis-
tributions of strains. This seems to hold as accurately
as experimental errors allow; in particular, the agree-
ment between strain distributions from different species
is at least as good as that between strain distributions
from different transitions of the same species (see, for
example, McMahon’s work on MgO:Fe** and the
work on MgO: Co** cited in Table I of Ref. 28). From
this we may conclude first that there is no appreciable
tendency for the spins considered to accumulate near
to the dislocations—there is no correlation in space
between the spins and the sources of strain. Secondly,
the properties of the individual ions do not significantly
affect the strain distribution. This means that the ions
considered do not show a static Jahn-Teller distortion
of more than the detection limit of about 0.3X10~%;
some of the ions should definitely not show a distortion
(e.g., the S-state ions Mn*" and Fe3*) whereas others
(notably Fe?* and Ni*t) could in principle, show a
distortion.
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Instead of assuming values for the coupling coeffi-
cients and deducing strain distributions we may assume
all species experience the same distribution of strains
and compare the magnitudes of the coupling coefficients.
This is analogous to a static-stress experiment except
that the dislocations in the crystal provide the stresses
and the strength of the stress must thus be found from
the effect on the linewidth of some other spin in the
crystal. Also as strains of both signs occur it is not
possible to obtain the signs of the coupling coefficients.
However we should be able to improve the consistency
of the various sets of coupling coefficients obtained by
other workers. The reason that we are able to do this
is that the method of measuring line shapes (by saturat-
ing with phonons when it is necessary to get a zero line)
is remarkably sensitive, whereas straight ESR measure-
ments are rather crude in the case of very broad lines.

The three cases on which we concentrate are those
of Fer*, Fett and Ni*t in MgO. Our final accuracy has
been limited by the fact that it has not been possible to
grow crystals with appreciable amounts of both Ni2t+
and Fe**. Consequently we have compared the widths
of the Fe** and Ni?* lines in one crystal to obtain the
Gij(Fe3t) /G;;(Nizt) and we have compared the Fe*t
and Fe*t linewidths in a second crystal to obtain the
Gqj(Fert) /G;j(Fert). The ultimate accuracy is limited
by the extent to which we can separate the strain-
broadening and dipolar broadening contributions to the
Fe*t width. Other errors, such as in the actual measure-
ments of the linewidths and in the contributions of
dipolar broadening to the broad Fe*t and Ni*" lines,
are relatively small. We also used the Mn** linewidths
as well as the Fe3* to check our work. The two contri-
butions to the Fe** line shape are separated by noting
that the dipolar contribution should be independent
of the transition considered, whereas the inhomoge-
neously broadened contribution to the different transi-
tions ($:2), ($:3), and (3:—3%), should be in the ratio
2:1:0. The resulting line shapes are, of course, the
convolutions of these two contributions, at least in the
reasonable approximation that there is no correlation
between the defects causing dipolar broadening and
those which introduce the inhomogeneous strain broad-
ening.28 If both the contributions were Lorentzian the
resulting width would be the sum of the component
widths

AH=AH 4;,-+AH .. (22)

On the other hand, if both components were Gaussian
(as assumed by Feher) then

AH=[(AHd1p) 2+(AHinh)2]1/2‘ (23)

Both the observed line shapes and theoretical arguments
favor (22), and this equation gives a more consistent
set of values for AHiy,. The linewidths are given in
Table III. From these we deduce

| Gu(Fext) /Gu(Ni2+) | =10.040.2 (24)

LEWIS AND A. M.

STONEHAM 164
compared with Shiren’s 1144 and the Watkins-Feher
value 14=4. For the trigonal coupling coefficients

| Gu(Fer) /Gu(Niz+) |=7.840.8, (25)

where the accuracy is reduced by the difficulty of
separating the dipolar contribution to the Fe* and
Mn?*" widths. Shiren’s value for (25) is 7.643, and
that of Watkins and Feher is 1544. Clearly these
ratios are in slightly better agreement with Shiren’s
estimates.

Finally, we use the ratios (24) and (253), together
with | Gu(Fet) /Gu(Fert) | obtained in Sec. 4 to
derive a ‘“‘consistent” set of coupling coefficients for
Ni*t and Fe**. In doing so it should be emphasized
that (24) and (25) assume that all ions in MgO ex-
perience the same internal strain field. Further, the
estimate

| Gu(Fe) /Gu(Fert) | =1.59-0.09 (26)

assumes that the MgO phonon system is essentially
isotropic and that no unexpected relaxation mechanisms
affect the degree of anisotropy of the relaxation.
Although (24), (25), and (26) establish the ratios
of the coupling coefficients quite well, the magnitude
of one of the coefficients must be chosen in some way
from absolute measurements, such as those of Refs.
40 or 41. For example, if we choose Gu(Fe*)=v
then we have

Gu(Fe*) = (1.59-:0.09),
Gu(Fert) =7,

Gu(NiH) = (0.159-£0.012) y,
Gu(NiZH) = (0.128-£0.012) .

There is no obvious way of choosing 7. One possibility
would be to equate the product of these four coefficients
with the corresponding experimental values. We then
find v =407 from the data of Ref. 40 and v =384 from
that of Ref. 41. The former estimate may be more
reliable as coupling coefficients obtained from static-
stress measurements are not liable to the systematic
errors inherent in concentration measurements. With
this value,

Gu(Fer) =647-£40,
Gu(Fert) =407,

Gu(Niz+) =64.7-6,
Gu(Niz+) =520+ 5.

Systematic errors in v, possibly as high as 509, are
not included.

Our discussion so far has been confined to the AM =1
line, which corresponds to an allowed transition in
both acoustic and conventional spin resonance. As the
line is strongly inhomogeneously broadened the acoustic
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and ESR line shapes should be essentially identical (for
dipolar broadening this is not necessarily the case; this
is discussed in Refs. 48-51). The AM =2 lines have,
however, quite different shapes in acoustic and con-
ventional resonance. This can be seen by comparing
Fig. 5(d), where the acoustic line shape is given with
Fig. 5(c) which gives the usual ESR line shape. Figure
5(d) was obtained using piezo electric measurement of
the echo height at low phonon powers. Although one
cannot draw quantitative conclusions from it because
of phase cancellation effects (most important at high
phonon powers®%) | it is clear that the AM =2 line shape
is not identical with that in Fig. 5(c). The phonon
line shape [Fig. 5(d)] is enhanced on the low-field
side relative to the (conventional) photon line shape
of Fig. 5(c). The explanation, due to Rampton®
is this. The AM =2 line is allowed for phonons because
of their quadrupolar selection rule,% but forbidden for
the photons which have dipolar selection rule if the
Fe?*+ are in a cubic crystal field. The departures from
cubic symmetry reinstate the (photon) ESR line with a
transition probability which is greatest for ions in the
most distorted sites—i.e., for the ions whose contribu-
tions to the AM =2 line occur at the lowest fields. This
explanation accounts for two observations previously
reported by one of us (M.F.L.). In Ref. 17 it was
stated that the ultrasonic attenuation drops faster than
the ESR line shape on the low-field side of the AM =2
line. In Ref. 16 it was noted that the ultrasonic attenua-
tion and dispersion were nof greatest where the ESR
signal was a maximum; this was wrongly attributed to
a second ultrasonic attenuation mechanism.

7. CONCLUSION

We have examined the saturation behavior of
MgO:Fe?t and the spin-resonance line shapes and spin-

48 R. Loudon, Phys. Rev. 119, 919 (1960).

49 A. M. Stoneham, Phys. Letters 14, 297 (1965).
( % K, W. H. Stevens and J. W. Tucker, Phys. Letters 14, 291

1965).

5 A, M. Stoneham, Phys. Letters 18, 22 (1965).

52V, W. Rampton and P. M. Rowell, J. Phys. Chem. Solids
28, 395 (1961).

8% H. M. Rosenberg, J. K. Wigmore, and M. F. Lewis, Phil.
Mag. 15, 701 (1967).

#V. W. Rampton, Ph.D. thesis, University of Nottingham,
England, 1965 (unpublished).

8% R. D. Mattuck and M. W. P. Strandberg, Phys. Rev. 119,
1204 (1960).
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lattice relaxation times for Ni** and Fe*t in MgO. The
saturation behavior is quantitatively consistent with
theory, although the angular dependence of the transi-
tion probability W, deduced from the saturation has a
background attributed to ultrasonic mode conversion.
The spin-lattice relaxation times of Fe** are in good
agreement with theory in magnitude, in dependence
on the magnetic field orientation and in their depend-
ence on the position of measurement in the inhomo-
geneous line. Under the rather drastic assumptions that
the lattice is dynamically isotropic’®® and that no other
relaxation mechanisms complicate the direct process
relaxation, the anisotropy of the relaxation rate gives
| Gu(Fert) /Gu(Fert) |=1.5940.09. The agreement of
theory and experiment for Ni** is less satisfactory,
possibly due to the presence of fast relaxing impurities.

The saturation by ultrasonics has been exploited to
measure the Fe?* line shape with considerably greater
accuracy that conventional methods allow. The most
interesting qualitative result is that the line shape
changes with magnetic field orientation. This is in
qualitative agreement with theoretical work on strain
broadening by dislocations.?® The angular dependence
of the linewidth is also obtained, and we find g1/ €111 =
3.3+0.3; this is in acceptable agreement with the ap-
proximate theoretical value of 2.3. Further by com-
paring the linewidths of Fe* and Ni** and by making
the assumption that the ions in MgO all experience the
same internal strain distribution we find

| Gu(Fert) /Gu(Nit) | =10.04-0.2
and

| Gu(Fe*t) /Gu(Nit) |=7.840.8.

The quoted errors are considerably less than those in
the ratios of coupling coefficients measured more
directly. It is possible to use these ratios to improve the
consistency of the coupling coefficients already pub-
lished, but it is difficult to choose an absolute magnitude
for the set of coefficients because of systematic errors in
the published measurements.

% It may be worth commenting that C. F. Weissfloch [Can. J.
Phys. 44, 2509 (1966) ] has shown that the elastic anisotropy of
AlLO; does not significantly affect the orientation dependence of
the relaxation rate of Al,O;: Crét,
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Fic. 3. Echo patterns detected piezoelectrically (upper traces)
and saturation signals (lower traces) at 4.2°K. The large scale
divisions of the time base are 5 psec apart. D is the driving pulse,
E the point at which the phonon pulse enters the MgO, and R
the first reflection from the MgO: quartz bond. (a) MgO with
about 100 ppm Fe**; only about one-third of the MgO specimen
is in the ESR cavity. (b) MgO with about 3000 ppm Fe**. All
the specimen is in the ESR cavity. The opposite signs of the lower
(saturation) traces in (a) and (b) are of no significance. The
first echo of the lower trace in (b) is slightly reduced by elec-
tronic effects.



