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Detection of Alpher-Rubin attenuation and a search for nuclear acoustic resonance
of surface waves in tantalum films

Robert G. Spulak, Jr.
Sandia Rational Laboratories, 3/buquerque, 1Veu Mexico 87785

(Received 7 April 1989)

The first observation of Alpher-Rubin attenuation of surface acoustic waves is reported. The sur-
face waves were propagated on an ST-cut quartz substrate, and absorption occurred in a 10-pm tan-
talum film due to the surface-wave-driven oscillation of conduction electrons in an external 24-kG
magnetic field. A scaling law is derived that relates attenuation coefficients of bulk and surface
waves. Unsuccessful searches were made for nuclear acoustic resonance (NAR) of surface waves
due to electric quadrupole transitions of ' 'Ta and magnetic dipole transitions of 'H. Theoretical
estimates of the attenuation of surface waves agree with the observed Alpher-Rubin eIII'ect and indi-
cate that the NAR signal was less than the noise.

I. INTRODUCTION

Surface acoustic waves (SAW's) are elastic waves that
propagate along the free surface of a solid with acoustic
energy confined to within one wavelength of the surface. '

This wave solution was first found by Lord Rayleigh for
an isotropic solid. Piezoelectric crystals also have
surface-wave modes that can be launched and detected by
suitable electrode patterns. ' The propagation velocity is
-3X10 cm/s with frequencies —100 MHz for typical
electrode designs. Because of the confinement near the
surface, the propagation is sensitive to surface boundary
conditions. Thin films in the propagation path can be
used to modify boundary conditions, causing attenuation
and dispersion of the wave.

This paper reports results from an experiment that
measures very small changes in attenuation (10
—10 cm ') of surface acoustic waves. The surface
waves were propagated on ST-cut quartz substrates
(Euler angles A, =0, 8=90', p= 132,75') and attenuation
occurred due to absorption by a tantalum film on the sub-
strate in the acoustic path. Two eA'ects were investigated.
First, nonresonant Alpher-Rubin attenuation of the sur-
face wave was observed when the sample was placed in a
24-kG magnetic field. This is the first detection of
Alpher-Rubin attenuation using surface waves. Second,
an attempt was made to observe nuclear acoustic reso-
nance (NAR) of ' 'Ta and 'H in the films.

Theories specific to SA%"s were developed for the
eFects studied. A scaling law was derived that relates the
attenuation of surface waves to the characteristics of
bulk-wave absorption that are more easily measured and
calculated. The measured Alpher-Rubin attenuation
agrees well with the scaling-law prediction. The NAR of
'H is much too weak to be seen with this technique, and
the linewidth of the ' 'Ta NAR is probably too great to
allow detection with surface waves.

II. THEORY

A. Scaling between bulk and surface waves

The absorption of acoustic energy from bulk waves is
described by the attenuation coeKcient of the acoustic
amplitude,
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where P, is the power absorbed per unit volume and Po is
the incident power per unit area (Aux) in the wave. The
attenuation coe%cient is useful because it is independent
of the amplitude of the wave. This is because both Po
and P, are proportional to the square of the strain. For
example, in an isotropic medium,

Po =—pv E

where p is the mass density, v is the wave velocity, and v.

is the strain amplitude. The power absorbed, P„ is pro-
portional to the square of quantum-mechanical matrix
elements ' which are proportional to strain.

For a surface wave, the attenuation coe%cient can be
found by perturbation techniques. This results in an ex-
pression with the power flux per unit width in the denom-
inator. Then the surface-wave attenuation must be

P,
sUr 2 PW

(3)

where P is the power Aux per unit width and P, is the
power absorbed per unit area of the surface.

The power per unit area absorbed from the surface
wave is

P.=f Pdx, , (4)
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where x3 is the coordinate normal to the surface. The
power Aux per unit width of the surface wave can be cal-
culated from the eigenvalue solution for the wave. '

A scaling law has been developed for isotropic materi-
als that allows attenuation results obtained for bulk
waves to be applied to surface acoustic waves. This is
much gimpier than calculating the attenuation from first
principles using perturbation techniques or Eqs. (3) and
(4). The stresses at the surface, and other surface-wave
properties, have been calculated as a function of the
power per unit width and the frequency of the surface
wave for a variety of materials. For the ST-cut quartz
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substrates used in these experiments, the main com-
ponent of stress is

o 0=2.42(P a))'

in cgs units, where co is the angular frequency. The strain
at the surface is so=a.o/co, where co=pu is the elastic
stiAness in isotropic materials. Then,

P =0.171p U co/co

(cro and so are the amplitudes. ) A bulk wave with the
same strain amplitude (so) would have a power Aux per
unit area

P~ =
2pU Eo

and, thus, for the same strain amplitude,

P =0.342 P, .

The absorption of the SAW per unit area in a film on
the surface is the absorption per unit volume at the sur-
face multiplied by the thickness of the film. If the film
thickness is comparable to the wavelength, then one must
integrate the actual absorption over depth [Eq. (4)].
Then,

C. NMR absorption

In NMR the power absorbed per unit volume by a set
of nuclear spins is

n (hv)
2I+1 kT (12)

where n is the number density of spins, I is the total spin,
v is the frequency of the perturbation, and 8 ~ is the
transition rate from the Zeeman-energy state with spin
component m to the state with component m'. The rate
is given by

aA& z zB f(8),cr p
2puc 1+P~

where o. is the electrical conductivity, c is the velocity of
light, B is the external magnetic field, p=coc /4vrcrv,
and f (0)=sin 0 for longitudinal waves and f (8)=cos 0
for transverse waves, where 0 is the angle between the
external magnetic field and the propagation direction of
the wave. Surface waves are a specific superposition of
transverse and longitudinal components that yield an os-
cillation amplitude that decays into the surface and all of
the components of which propagate at the same velocity. '

where P, is the bulk absorption at the surface strain and
d is either the thickness of a thin film or the e6'ective
depth of the absorption from the integration. The at-
tenuation of the surface wave is now related to the at-
tenuation of a bulk wave with a strain amplitude equal to
the strain at the surface for the SAW:

P~ d cod
assur

= =2.92 a,
2P, (0.342pu /co) pU

(10)

B. Alpher-Rubin absorption

Nonresonant acoustic absorption occurs in a conduc-
tor in an external magnetic field due to the induction of
oscillating magnetic fields from the motion of the conduc-
tion electrons, driven by the wave. This "Alpher-Rubin"
attenuation is, for bulk waves

in cgs units.
Recalling that a for the bulk is independent of the

strain amplitude, Eq. (10) is generally applicable, in-
dependent of power or strain. This equation allows the
use of data and theoretical calculations for bulk attenua-
tion for the estimation of the attenuation of surface
waves. However, an actual film on the surface will per-
turb the surface wave due to the change in elastic proper-
ties and the change in electrical boundary conditions im-
posed on the piezoelectric material. " In addition, the
elastic stiAness is a tensor for the piezoelectric substrate,
not the scalar co. In spite of these simplifications, Eq.
(10) shows the functional relationship between bulk- and
surface-wave attenuation and can be used as a scaling
law.

(13)

e)B2sjn2g cos2g

2pU

1 —P
(1+P )

2P
p2

(14)

where g' is the in-phase magnetic susceptibility and y" is
the out-of-phase magnetic susceptibility of the material.
The matrix elements, which are generally not calculable,
are contained in the susceptibilities. The magnetic dipole
transition selection rules require that hm =+1, and the
frequency of the perturbation at which resonance occurs
will be ~=yB, where y is the gyromagnetic ratio for the
nucleus of interest.

Electric quadrupole NMR absorption occurs because
the oscillating strain in the lattice produces a perturbing
electric field gradient that interacts with the electric
quadrupole moments of the nuclei. The transitions are
between Zeeman-energy levels. Electric quadrupole ma-
trix elements are calculable because the perturbation can
be expanded in spherical harmonics, which are the
angular-momentum (energy) eigenfunctions. ' The elec-
tric quadrupole transition selection rules allow Am =+1

where H is the time-varying perturbation Hamiltonian at
frequency v and g(v) is a line-shape factor, the integral
over v of which is unity. Again, in principle, Eqs. (3), (4)
(12), and (13) can be used to calculate a,„,. However, a
for bulk acoustic NMR can also be scaled with Eq. (10).

Magnetic dipole NMR absorption occurs through the
interaction of the oscillating (perturbing) magnetic fields
generated as described above (in the discussion of
Alpher-Rubin attenuation) with the dipole moments of
the nuclei. The attenuation coefticient for bulk waves is



ROBERT Q. SPUI.AK, JR.

or +2. The resonant frequency of the Am =+2 transi-
tions is twice the value for Am =+1. The attenuation for
hm =+2 for transverse bulk waves is" (note that Ref. 11
incorrectly has u in the denominator)

nvegS
2 z 2 3

g(v)sin 8,
4 (2I) (2I —1) (2I+1) pu kT

(15)

where F(I)=[(I+m)(I+ m —1)(I+m +1)(I+m
+2)]'~ and the sum is over all the allowed transitions, e
is the electron charge, Q is the scalar quadrupole moment
of the nucleus, k is Boltzmann's constant, T is the abso-
lute temperature, and S is an element of the tensor that
relates the strain in the lattice to the electric field gra-
dient. The exact element S that is used depends on the
propagation direction relative to the crystal axes; an ad-
ditional numerical factor ( —

—,') may be required in Eq.
(15) for diFerent propagation directions.
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III. EXPERIMENT

Figure 1 shows a schematic sketch of the sample design
for the propagation of a surface acoustic wave through a
film on the surface of a piezoelectric substrate. The
surface-wave device is a standard SAW delay line. The
surface wave is launched by an interdigital electrode pat-
tern at one end and detected by an identical transducer at
the other end. The surface-wave velocity is the eigenval-
ue for the superposition of wave modes that decay into
the interior. ' Thus, the electrode spacing is chosen so
that the applied oscillating voltage produces a periodic
strain in the piezoelectric substrate with a wavelength
that is the surface-wave velocity divided by the applied
frequency. Since the detecting transducer couples most
efFiciently to waves of the correct wavelength, this delay
line is a narrow-bandpass filter. The frequency of opera-
tion is thus restricted.

The SAW devices were made by Crystal Technology'
to the author's designs. The substrate used was ST-cut
quartz. The tantalum films were deposited between the
transducers by electron-beam evaporation. The tantalum
would not adhere to the optical-quality surface of the
quartz, so an underlayer of chromium, -0.2 pm thick,
was used to provide adhesion for the Ta film.

The attenuation of the surface wave in this sample is
detected by a transmission marginal oscillator. ' Figure
2 shows a block diagram of the basic circuit. The sample

SWEEP
OSCILLATOR

FIG. 2. Schematic of the marginal oscillator.

is placed in the feedback loop of an oscillator which uses
radiofrequency amplifiers. Stable oscillation occurs only
when the phase shift around the loop is a multiple of 2w
and the product of the amplifier gain and the total loss is
unity. The gain of any amplifier decreases slightly with
increasing signal level and ultimately saturates. The at-
tenuators are adjusted to result in a total loss that re-
quires a small oscillation amplitude to give the required
gain for oscillation. Thus, a very. small change in at-
tenuation in the sample will be compensated by a small
change in gain of the amplifier to maintain oscillation.
This will change the signal level a measureable amount.

A portion of the oscillation signal is split from the
feedback loop and detected with a diode, yielding the os-
cillation level. The external magnetic field is modulated
and phase-sensitive detection of the oscillation level is
performed with a lock-in amplifier to reduce random
noise. The external field is also swept, and the lock-in
output for successive sweeps can be averaged by a digital
oscilloscope to further reduce noise.

The change in transmitted power of an electrical cir-
cuit is usually expressed in decibels, and the power
change in dB, AP, is

EXTERNAL MAGNETIC FIELD 8
HYDROGEN OR METAL NUCLEI 5P = —cz,„,l20 log»e, (16)

/IIIII/I
SUBSTRATE

/////////

where I is the acoustic path length. For very small
changes in acoustic loss (i.e., to first order), the change in
detector output, AV, is proportional to the change in
power due to the sample:

METAL-HYDRIDE FILM

FICx. 1. Schematic sketch of the surface-wave sample.
where C is the sensitivity (e.g., mV/dB) of the oscillator.
The oscillator was calibrated at various oscillation levels
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by inserting 0.1-dB attenuators into the feedback loop
and noting the change in oscillation level. This change in
attenuation is very large compared to the change expect-
ed for effects in the film, and the nonlinearity of the
response was recognized by averaging the beginning and
ending oscillation levels (before and after the O. l-dB in-
sertion) as the oscillation level appropriate to the sensi-
tivity observed. The lock-in amplifier detects the root-
mean-square signai due to the sinusoidal modulation:

s= — M,av
2 dB

where 58 is the amplitude of the modulation. Thus, the
lock-in signal is

the external magnetic field. The curve is
s = l. 84 sin 0+2.54 cos 0 pV, which shows that the
SAW consists of both transverse and longitudinal com-
ponents [Eq. (11)].

The predicted Alpher-Rubin attenuation for a surface
wave in the pure Ta film at 23.6 kG and 24 MHz is
a~~=1.5X10 cm ' [Eqs. (10) and (11)]. (Note that
p =2.2 g/cm; the mass density is that of quartz since the
density enters through the elastic properties of the sub-
strate. ) From Eq. (19), the lock-in signal should be
sAR =2.0X 10 V, very close to the magnitude observed.
From Eqs. (11) and (19), we see that the lock-in signal
should be proportional to B. Measurements at 8 =0, 10,
and 24 kG showed strict linearity.

20 8tXgU1
s = —Cl log, o(e) 5B . (19) B. Magnetic dipole NMR

Each sample was attached to a small circuit board and
very fine gold wires were bonded to the transducers to
provide electrical connection. A sample was placed in a
probe to position it in a 24-kG electromagnet. The probe
could be rotated to provide different angles between the
SAW-propagation direction and the magnetic field. Mag-
netic field sweep and modulation could be provided at
amplitudes up to 68-65 G.

IV. RESULTS

A. Alpher-Rubin absorption

Alpher-Rubin attenuation was detected in a 10-pm
tantalum film with an oscillation frequency of 24 MHz
and an acoustic path length of 0.432 cm. The Alpher-
Rubin attenuation signal was acquired on the digital os-
cilloscope and the average signal s and the standard devi-
ation As were calculated over an acquisition period of—16 s. The lock-in —amplifier integration time constant
was 1 s and the modulation amplitude was 68 =60 G.
The sensitivity was C =10 mV/dB, with an average
signal-to-noise ratio of s/bs =28. A typical signal was
s =2. 17 pV with bs =0.10 pV at 0=m /4.

Figure 3 shows the observed signal s as a function of
the angle 0 between the SAW-propagation direction and
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FIG. 3. Observed Alpher-Rubin attenuation signal as a func-
tion of the angle between the wave-propagation direction and
the external magnetic field. The error of each data point is
-0.08 RV.

Alekseev'" first proposed using surface waves to stimu-
late NMR. At the time, however, SAW technology did
not exist to make the samples described above. Alekseev
calculated the ratio of attenuation coeKcients for SA%'
and bulk-wave electric quadrupole resonance by integrat-
ing the matrix elements over depth using the Rayleigh
surface-wave- strains. The results were 0.,„,=2.41m in
MgO and 0.,„,=4.040 in RbBr. Since the matrix ele-
ments are proportional to the square of the strain, the
effective depth of the surface wave is d =j E dx3/eo.
This is d -0.3A., where k is the wavelength. ' Then, us-
ing Eq. (10), a,„,=1.58m for MgO (p=3. 58 g/cm ) and
a,„,=1.66a for RbBr (p=3. 35 g/cm ). These results are
in reasonable agreement, considering the scalar lowest-
order derivation of Eq. (10) and the fact that Eq. (10) uses
the SAW strain for ST-cut quartz, not MgO or RbBr.
Since the NMR attenuation of surface waves appeared to
be similar to the NMR attenuation of bulk acoustic
waves, and nuclear acoustic resonance using bulk acous-
tic waves is a well-developed technique, ' the author at-
tempted to observe nuclear acoustic resonance using sur-
face waves.

An attempt was made to observe the resonance of 'H
in a 5-pm-thick film of tantalum that was loaded with hy-
drogen to form Ta2H. This film was deposited on a SAW
device designed to operate at 98.6 MHz, the resonant fre-
quency of 'H at -24 kG. The acoustic path length was
0.432 cm. No attenuation, either resonant or non-
resonant, was observed. The calibration of the oscillator
was C =142.5 mV/dB and the noise in the signal was
As-5 pV. The search for the resonant signal was per-
formed at various lock-in —amplifier settings (integration
time constant, etc.) and various modulation amplitudes
by varying the average external magnetic field about the
resonant value and observing many sweeps of the exter-
nal field.

Assume that the NMR resonance line is roughly tri-
angular. Then, the derivative is Bo, /BB =e /8' where
a is the maximum absorption strength of the line and
8'is the full width at half maximum. The attenuation is
a=aog(B), where g(B) is the line-shape factor, the in-

tegral of which over B is unity and g(v)=2~g(B)/y.
Then, a =aog(B ), where B is the field at the max-
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imum of g(B) and g(8 )=1/Wsince the integral is uni-
ty. Thus, Ba/BB =an/W and the lock-in signal is

20 CX()
s = —Cl log, o(e) M,

2 8 (20)

20 2aAR5B
sAR c 1 glo(e)

2
(21)

where a&& is the Alpher-Rubin attenuation of the surface
wave. From Eq. (11), a~R=3.2X10 cm '. From Eq.
(10), a&R =4. 5 X 10 cm '. Then, from Eq. (21),
s~R=1.4X10 V. This is a factor of -40 less than the
noise for one sweep.

C. Electric quadrupole NMR

Another attempt was made to detect attenuation of
surface waves due to NMR. The ' 'Ta nucleus has one of
the largest electric quadrupole moments, Q =3.9 b.
Thus, an attempt was made to observe attenuation due to
a pure 10-pm tantalum film at the frequency of the

where ao"' is the total strength of the line in the surface-
wave case.

NAR of hydrogen using bulk acoustic waves has been
reported only once, for NbHo 026. The observed attenua-
tion was a=2X10 cm ' at 210 MHz and 49 kG. This
is a very weak effect. The linewidth was 0.4 G, and the
resonance was observed by averaging 192 sweeps at 72 s

per sweep. The total line strength was therefore

ao = 8 X 10 cm '. The reported susceptibility was
y"+0.3y', or f3=6. 8 [Eq. (14)].

Since both Ta and Nb are bcc group-V transition met-
als, assume that g' and y" are similar. Then scale the ob-
served value of ao in Nb to give the expected signal s in
the present experiment. For Ta, 0.=5.76X 10' s
p=16.65 g/cm, and P=2.08 at co=6.2X10 s '. How-
ever, the hydrogen in the film lowers the conductivity,
and a conductivity of o.=6.7X 10' s ' was measured for
the film on the SAW device, giving P= 74. Scaling with
Eq. (14) to the film conditions gives ao=8X10 " cm
Equation (10) then gives ao"'=1.1X10 ' cm '. Using
Eq. (20), with W-58 —1 6, the expected lock-in signal
is s-4X10 "V. This is a factor of 10 less than the ob-
served noise for one sweep.

In addition to the search for nuclear acoustic reso-
nance, this sample was used to search for Alpher-Rubin
absorption. The Alpher-Rubin nonresonant absorption
was not detected in the 5-pm Ta2H film. The lock-in sig-
nal is

Am =+2 transitions for ' 'Ta, v=24 MHz in the 24-kG
magnet. No nuclear acoustic resonance was detected, but
the Alpher-Rubin attenuation was observed as described
above.

From Eq. (15), the resonant quadrupole attenuation
should be about cr=4. 0X10 g(B) cm ' in the film.
[I =

—,
' for ' 'Ta, QF(I) =1008, ~S~4~ =2. 11X10'

statcoulombs/cm, ' and p =2.2 g/cm .] Then, ao"'
=2.7X10 cm ' [Eq. (10)] and the expected signal is
7.2X 10 58/W V. The largest practical modulation
amplitude is 6B/8'-0. 3, or the phase-sensitive detec-
tion will integrate over the line and it will not be detect-
ed. Then s =2.2X 10 /O'V.

The linewidth of the quadrupole transition is fairly
broad, 8'=40 G at T =4.2 K. ' Any deviation from cu-
bic symmetry fUrther broadens the line because of the
electric field gradients induced in the lattice. ' For exam-
ple, small amounts of hydrogen in tantalum strain the lat-
tice and broaden the line, 8'= 250—300 G for
TaHo oo4 88. Films typically have very high stresses and
strains' and the resonance line could conceivably be very
broad. Even a narrow line of 8'=40 G would give a sig-
nal of only s =0.05 pV, comparable to the lowest noise
achieved.

V. SUMMARY

This paper describes the study of very small changes in
propagation of surface acoustic waves in films. Non-
resonant Alpher-Rubin attenuation was detected with an
attenuation coefticient of the surface wave of only
a = 1.5 X 10 cm. A scaling law [Eq. (10)] will allow the
use of bulk acoustic data to estimate the magnitude of
physical effects on surface-wave propagation. Searches
for nuclear acoustic resonance were unsuccessful and
theoretical considerations show that the NAR effects
were less than the noise.
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