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Magnetic resonance absorption of 9.3kMc phonons in ruby and europium-doped

calcium fluoride has been observed directly at liquid helium temperatures.

The spin-

lattice interaction in terms of a deformation potential has been used to calculate the
transition probabilities for 4M=1 and 4M=2 transitions, both of which are allowed.

The quadrupole selection rules were verified by their angular dependence.

In pink ruby

(0.05% Cr) the maximum attenuation observed at 1.5°K was 0.075 per cm., corresponding

to a magnetoelastic constant G2=3Xx10-30 ergs2.

The corresponding direct relaxation

time T4 is 1sec. at 4.2°K. The experimental technique utilizes piezoelectric excitation
of the hypersonic waves in a quartz crystal driven by a resonant cavity.

In the past few years, several workers
have discussed the theory of spin-phonon
interactions and proposed experimental in-
vestigations?. Cross sections for direct spin-
phonon processes were first computed by
Altshuler, who predicted a measurable ab-
sorption of sound waves in crystals at elec-
tron paramagnetic resonance if the sound
frequency is 10%-10° cps or higher. Since
the absorption cross section increases rapidly
with frequency, a convenient tool to test
these theories is to apply recently developed
microwave frequency (10 cps) sound tech-
niques® to experiments of this type. We have
made such observations in ruby and in Eu-
doped CaF,.

A lattice strain representing such a hyper-
sonic wave produces variations in the
electric field gradient which, via spin-orbit
coupling, then cause spin transitions. In
analogy with the crystalline field term in the
usual spin-Hamiltonian, we introduce the
deformation tensor d(#), which describes
these variations, and write the phonon-spin
interaction

F(H)=8-d-S, (1)

where S is the spin operator. In general,
each component of d is a linear combination
of the six strain components eg(?):

d1j=2 Gijkzskl . k, l=1,2,3 (2)

The constants of proportionality Gy form
the magnetoelastic tensor G. By symmetry
arguments the elements of this tensor can
be expressed in terms of only two independ-

ent constants: Gi;1;=G;; and Gass=Ga for
cubic crystals, and four constants, G, G,
Gz, Gy, for hexagonal and trigonal crystals.
We transform the Hamiltonian S#Z°(¢f) from
crystalline coordinates (x/, y', z’) to laboratory
coordinates (x, y, z), choosing H, parallel to
z. If H, is coplanar with the crystalline
x’,z' axes and forms an angle ¢ with 2/, the
spin operator transforms as

S =(S, cos 8+ S, sin 6)? .

For longitudinal waves propagating along
the trigonal c¢-axis, the pertinent Hamiltonian
terms which induce transitions in zero order
are:

F () =¢22[2(G11+G12)—Gs]
X [S? sin? 0+ (S.S.+S.S.) sin f cos 0] . (3)

Since the operator |S,?| has non-vanishing
matrix elements between levels M and M+2,
and |S.S.+S.S.| between M and M=+1, tran-
sition probabilities for AM=2 are of the
same order of magnitude as for 4AM=1.
They are:

_&W)
WM-M¢1——4—h2—€§/,/
K, .
X[2(G11+G12)—Gys]? 1 sin? @ cos?f, (4a)
Wyayn:;i(hy—gﬁ'z'
Kz .
X[2(G114+G12)—Gs)? 16 sin* @ , (4b)

where g(v) is the line shape for the spin-
phonon interaction and
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K, =(S+M)(ST+M+1)(2M=F1)*
and
K,=(S+M)(SFM+1)
X(S+M—-1)(SFM+2).

Similar expressions in terms of Gy, Giz, Gis
and G, can be derived for longitudinal
waves traveling perpendicular to the c-axis
and for transverse modes. Determination of
absolute transition probabilities hinges upon
measurement of 2, which cannot be done
accurately with the present technique. How-
ever, by measuring a, the attenuation per
cm, at magnetic resonance for various modes
and directions of propagation one can obtain
the individual constants Gi;. For longitudinal

waves:
I= %sf'z'.ﬂvs )
A = nlw W ,
adu:1=ﬂ
7
ng(v)[Z(Gu +G13) —Gya]*nvK, sin? 6 cos? 0
dhpv?

(5)
I is the phonon intensity and # is the spin
population difference per cm?®. In a para-
magnetic ultrasonic resonance experiment
g(v) and « are observed and thus the
magnetoelastic coupling constants are meas-
ured. This results in a determination of
the relaxation time due to direct spin-phonon
processes?

(6)

The experimental arrangement (Fig. 1)
consists of two cavities for the generation
and detection of 9.4kMc hypersonic waves
in a liquid helium bath. The longitudinal
waves are produced by the piezoelectric
effect in the x-cut quartz crystal in the
cavity on the left. The acoustic power is
transmitted into the sample which is clamped
between the two quartz rods with stop-cock
grease as a bonding material. The trans-
mitted power excites the cavity on the right
which feeds into a sensitive radar receiver.
The receiver output is connected to an in-
tegrating network, which is gated on only
for the duration time of a particular pulse.
The integrator puts out dc voltage propor-

M. E. BROWNE AND W. I. DOBROV

RECORDER

RESONANT
CAVITIES

Fig. 1.

tional to the acoustic power, and, as the
magnetic field is varied, the recorder thus
traces out an acoustic power absorption line.
In some experiments, a single cavity was
used and the reflected power fed into the
receiver by means of a circulator. Although
conversion of longitudinal to transverse waves
takes place at the boundaries, the latter do
not contribute to the measured spin-phonon
effects as long as we are in the unsaturated
region. This fact has been carefully checked
by varying the pulse rate (down to 20 cps)
and driving power. Fig. 2 shows paramag-
netic ultrasonic resonance lines in pink ruby
(0.05% Cr) at §=70° corresponding to tran-
sitions —1/2—+1/2 and —1/2——3/2 (high field
limit labeling). The transition probability
for a pure —1/2—+1/2 line should be zero
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according to Eq. (4a). This does not in-
validate our assumption of the quadrupolar
form of the operator which describes the
spin-phonon interactions, because at 9.4 Mc
the wave functions are quite strongly mixed.
On the contrary, when actual wave functions
are taken to compute (M |S.;2|M'), the Hamil-
tonian, Eq. (1), is in good agreement with
experiment. Three ruby lines corresponding
to 4M=1 transitions (high field labeling)
were observed, but the intensity of the 4M
=2 line was below our sensitivity limit.
The sensitivity limit depends on the signal-
to-noise ratio of the pulse received and varies
from sample to sample depending mainly on
face parallelism and bonding. At 1.5°K, the
minimum detectable attenuation in the pink
ruby studied was 2% corresponding to an
attenuation a=0.0055 per cm. The largest
attenuation observed was 0.075 per cm. From
this data, G* is computed to be 3x107*°ergs?
and Ty.~~1 sec at 4.2°K*. The latter value
was obtained by using a mean sound velocity
of 8x10° cm/sec and estimating « for trans-
verse modes in Eq. (6).

In the event the wave front makes an ap-
preciable angle with the detecting transducer
face (a condition unfavorable for absorption
detection), any velocity variation at para-
magnetic ultrasonic resonace will modulate
the pulse amplitude. Such line shapes with
characteristically dispersive features have
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indeed been observed in ruby.

Attenuation of longitudinal waves was ob-
served in cubic crystals of CaF; doped with
0.3% Eu. Here the sound disturbs the local
cubic symmetry of the S-state ions leading
to a quasi-axial term in the spin interactions.
The maximum attenuation (0.12 per cm) was
observed when the angle between the direc-
tion of sound propagation and magnetic field
was near 45° in agreement with Eq. (4b).

Attempts to observe paramagnetic ultra-
sonic resonance in calcite doped with 0.1%
Mn and in irradiated quartz were unsuccess-
ful. On this basis and with our experimental
sensitivity, it has been concluded that a in
these crystals is less than 0.001 per centi-
meter.

We would like to thank Professor C.D.
Jeffries for fruitful discussions, and H.
Nakano for his assistance with the experi-
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