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ergy, as observed in Fig. 1.
From our tunneling experiment on a clean tan-

talum junction, we believe that the existing theo-
ry of superconductivity based on the electron-
phonon interaction explains the behavior of one
transition metal. Neither the small zero-bias
conductance peak in the normal state, nor the
relatively large change in background conduct-
ance with bias, seems to affect the superconduct-
ing density of states which is obtained by normal-
izing two measured tunneling conductances.
Melting of small samples in ultrahigh vacuum is
capable of producing good quality junctions and
can hopefully be applied to other transition met-
als.
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HYBRID PHONONS AND ANHARMONIC INTERACTIONS IN A1PO4
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(Received 3 February 1970)

We have observed, by means of Raman studies at elevated temperatures, strong an-
harmonic interactions between one-phonon states and between one- and two-phonon states
in aluminum phosphate. These result in striking destructive interference of scattering
amplitudes and in the formation of coupled modes. Hybridization of one- and two-phonon
states is compared with that observed in quartz.

Four kinds of coupled-mode interaction involv-
ing only phonons have previously been demon-
strated by Raman studies on crystals. The first
and simplest is illustrated in the spectra of
SrTi03. ' Two phonons of the same symmetry

are near in frequency; one is strong1y e1ectric-
field dependent and is swept through the energy
of the second by application of an external field.
Each phonon has a linewidth which is smaller
than the distance of closest approach, i.e., the

1107



VOLUME 24, NUMBER 20 PHYSICAL REVIEW LETTERS 18 MwY 1970

interaction energy, and no line-shape anomalies
occur, only an intensity transfer and anticross-
ing or level-repulsion characteristic of coupled
harmonic oscillators. The second case has been
illustrated in n-quartz. ' A temperature-depen-
dent one-phonon state interacts with a two-pho-
non state as it is swept through the latter. The
interaction is again well approximated by cou-
pled "harmonic" oscillators —only because the
interaction between the one- and two-phonon
states is a little larger than their linewidths.
Recently Ruvalds and Zawadowski have made
many-body calculations which justify the phenom-
enological coupled-mode description in quartz. '
The third case is that illustrated by Rousseau
and Porto in BaTiO, : A sharp one -phonon state
interacts with a background continuum. In this
case, unlike those in SrTiO, and quartz, there
are striking line-shape anomalies and strong in-
terference effects. The data are accurately de-
scribed by Pano's theory' of Auger-like proces-
ses, which details interference effects associat-
ed with coupled discrete and continuum states.
While Rousseau and Porto described their ob-
served interaction as between one- and two-pho-
non states, more detailed study of BaTiO, in-
dicates' that it actually illustrates only one-pho-
non interactions. Although the BaTiO, "contin-
uum" is broad and rather featureless, it is
apparently due to a heavily damped one-phonon
excitation. The fourth case of coupled modes is
the two-phonon bound state in diamond analyzed
by Cohen and Ruvalds. '

In the present Raman study of AIPO4 we have
been able to probe two of the kinds of anharmonic
interaction discussed above: the one-phonon
state interactions characteristic of BaTiO„and
the one- and two-phonon state interactions ob-
served in quartz. In comparison with the work
of Rousseau and Porto, who were able to vary
the interference in BaTiO, by selecting different
po1arization phonons propagating along different
axes but were not able to change the phonon fre-
quencies, the present study includes striking
temperature effects —the broad feature is "tuned"
continuously through the sharp mode by varying
temperature. Combined with earlier work on
quartz, the new AlPO4 data show how powerful
soft optic modes are as a probe of anharmonic
interactions.

The temperature dependence of the soft mode
in A1PO, triggering the e-P phase transition is
shown in Fig. 1. The linewidth over the same
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FIG. 1. Frequency versus temperature for the soft
mode in Alp04 triggering the n-P phase transition.

temperature region (300-840'K) varies linearly
from 20+ 5 cm ' at 300'K (full width at half-
height) to 80+ 10 cm ' at -840'K. At tempera-
tures below 300'K the spectrum is strikingly
similar to that of isomorphic e-quartz. A fea-
ture at about 200 cm ' of A, symmetry broadens
and decreases in frequency with increasing tem-
perature. It is very nearly Lorentzian in shape
at low temperatures, and below 400'K no inter-
action between the soft mode and the A, mode at
158 cm ' is apparent. (While AlPO» is isomor-
phic to n-quartz and has the same A, soft mode
at -200 cm ', it has additional A, — and E-sym-
metry modes at lower frequencies; this is be-
cause the unit cell is twice as long as that of
quartz in the c direction, owing to the substitu-
tion of Al and P ions in alternate silicon sites.
The assignment of these new modes can be made
from Elcombe's [001] inelastic neutron scatter-
ing data on quartz, ' and will be detaQed in a
later publication). Above 400'K a striking an-
harmonic interaction between the soft mode and
the A, phonon at 158 cm ' occurs, which is
shown in Fig. 2. This interaction is accurately
described via a Green's function treatment in
the accompanying paper by Zawadowski and
Buvalds (ZR). ' The data shown can also be de-
scribed by Fano's formalism.

In Fano's notation, as used by Rousseau and
Porto,"the amplitude for scattering into a
coupled discrete-plus-continuum state is given
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x[(E-E -E)'+~'Ill'I'] '

&4, I
~ I4 (cont)&&@ («nt) lnl4 (0)&

It is important that (4 (cont)Inly(0)& is only
vaguely defined. Rousseau and Porto and Ru-
valds and Zawadowski all equate 4 (cont) with
backgrounds associated with two acoustic pho-
nons, but evaluate (4(cont)lnl4 (0)) in completely
different ways. Rousseau and Porto assume
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FIG. 2. Temperature dependence of the Fano-type
resonance at -160 cm ' in AlPO4. The middle bump
in the uppermost trace is an E mode of no present in-
terest.

Here 4(0) is the no-phonon ground state; 4 (disc)
and 4(cont), the discrete and continuum states
with energies Eo and E; I", the shift in resonance
energy due to the interaction (equivalent to 6 in
the usual Green's function notation); n;J, the
polarizability tensor element for the state desig-
nated in parentheses; and W'= (4 (disc) IP,„„
x I4 (cont)). The change in sign of the numerator
in Eq. (1) at E =Eo+E causes a characteristic
antire sonance line shape.

In Fano's theory a one-phonon state is viewed
as interacting with a continuum. The physical
origin of the Raman interference is cancellation
of scattering amplitudes to the one-phonon state
(4, I

from the ground state I4 (0)&:

(4, I '"I4(0)&

i.e., a direct second-order Raman transition.
Zawadowski and Ruvalds assume

&4 (cont) I
~ l4 (0)& = &4 (cont) le, l4, &

x (@,I

&~'~ I4 (0)),

i.e., first-order Raman transition to a one-pho-
non state 4, followed by three-phonon interaction
due to cubic anharmonicity (see Fig. 1 of ZR).
Fano's theory is sufficiently general to encom-
pass both contributions to (4 (cont)lo.'l4 (0)); how-

ever, the experimental data on both BaTi03'
and ALPO4 support the assumption of Ruvalds and
Zawadowski that only first-order processes
occur. While the 4(cont) states summed over in
the accompanying Green's function calculation
(ZR) are implicity specified as two-phonon
states (since only three-phonon interactions are
included), we show in the following section that
those in A1PO4 consist primarily of 2TA&, , two
transverse acoustic phonons at ci itical point K.

In concluding this phase of the discussion, we
wish to emphasize the difference between one-
phonon couplings in SrTi03 and A1PO4. In SrTiO,
the optic phonons are directly coupled (via an
electric field); in AIPO, (and BaTiO, ) they are
indirectly coupled via the anharmonic terms link-
ine each to the two-acoustic-phonon background.

We now turn to the second anharmonic cou-
pling in Al PO, . The interaction between one-
and two-phonon states like that in quartz does
not appear in AlPO4 until very near the phase
transition at -852 K.' As the soft mode moves
toward 164 cm ' a small satellite at 147 cm
grows in intensity and moves to lower energies,
while the main peak is pinned at about 164 cm
This is identical to the observation in quartz;
refer to Ref. 2 for details. Even the frequency
(147-164 cm ') of the inferred two-phonon state
is the same (see Fig. 1). The data are shown in
Fig. 3 and are somewhat less distinct than in
quartz on account of the 158-cm ' mode inter-
action and the presence of another strong line at
lower frequencies.

Some information exists concerning the loca-
tion in the Brillouin zone of the 73-cm ' acoustic
phonons which cause the 147-cm ' peak, Miss
Eleombe's inelastic neutron studies' on quartz
show that the zone-edge transverse acoustic
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FIG. 3. Temperature dependence of the one- and
two-phonon coupled mode resonance in AlPO4. The
strong line at -115 cm is an E (TO+ LO) phonon.

mode at q=(m jc)(0, 0, 1) is at -50 cm '. Hence
Professor I eadbetter's (70+ 5)-cm ' peak in
the one-phonon density of states inferred from
inelastic neutron scattering" in polycrystalline
quartz must originate elsewhere in the zone.
From Miss Elcombe's model calculation' we
infer that the most likely location of the contrib-
uting acoustic phonons in both quartz and A1PO4
is at critical point K, which is q = (2n ja)(-, , 0, 0).
We tentatively assign the two-phonon state as
2TA and encourage the inealstic neutron study
of the acoustic branches in quartz at K in order
to provide verification.

As in quartz, it is satisfactory to treat the in-
teraction as a cubic anharmonic coupling of one
optical phonon at q =0 and two acoustic phonons
at q=K and -K. Both the quartz and AIPO4 data
can be described by the coupled-mode equation

&+ -~a(1+~2)+~a[(~i-2) +41 ~I ] (4)

where ~, is the temperature-independent two
acoustic-phonon state at -145 cm ' and co, is the
temperature-dependent soft optic phonon; W is
the off-diagonal matrix element in the anharmon-
ic Hamiltonian connecting the two states. In
quartz the data show that 8" is proportional to
the linewidth of the soft mode, or since that line-

width varies linearly with temperature, 8"= AT,
with A =1.6 cm ('K) '. In A1PO4 the existing
data are too scanty to determine the form of lV,
although some theoretical justification for 8"
=A T dependence has been cited by Shapiro, ' and
we shall assume that form is generally valid.
Since the distance of closest approach (equal to
-2W) of the one- and two-phonon maxima in the
spectra are the same in quartz and in AlPO4 and
occur at about the same temperature, we infer
a value of A = 1.6 in AIPO4 also.

We note that, as shown in Fig. 1, the soft mode
will no" intersect co=0 at To= 852'K. This shows
that the phase transition is not exactly second
order, in analog with Q-quartz.

The excellent A1PO4 samples were grown by
Dr. R. Lang at McMaster University and pro-
vided to the author through the courtesy of Pro-
fessor Crespin Calvo. We thank L. E. Cheesman
for his usual excellent technical assistance also,
and J. M. Worlock for helpful discussions.
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