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behavior of this particular phonon mode, it is interesting
to observe the overall behavior of the phonon dispersion
relations under pressure. It is considered that in this ma-
terial the valence-electron —phonon interaction is the key
quantity in understanding its electronic as well as
structural properties. The effect of pressure on the pho-
non dispersion relations should directly manifest these
electron-phonon interactions.

In our previous work, we already measured the
acoustic-phonon dispersion relations at atmospheric pres-
sure (1 bar) and the results were compared with the force-
constant model of Kaneta et al. The purpose of the
present paper is to extend the previous work to observa-
tions at higher pressures and directly investigate the pres-
sure dependence of the phonon dispersion relations. Un-
fortunately, the highest pressure achievable with our
inelastic-neutron-scattering experiments (about 30 kbar) is
still significantly below the critical pressure to drive the
phase transitions. Nevertheless, from the viewpoint
described above, it will provide useful information on the
dynamical properties of valence-electron fluctuations.
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FIG. 2. Acoustic-phonon dispersion relations of black phos-
phorus along its three orthorhombic principal axes. Open and
solid symbols represent the present observation at 1 bar and 15.4
kbar (room temperature), respectively. Solid curve is a force-
constant-model fit to the data at 1 bar carried out by Kaneta
et at. (Ref. 8). A suffix to the mode T (transverse) or L (longi-

tudinal) denotes polarization direction of the phonon.

II. EXPERIMENTS

Black phosphorus single crystals were grown from melt
at about 1100'C and 10 kbar as previously reported. A
large crystal, 8&(4&2 mm, was used in the measurement
at 1 bar of the TA, [100] and TA„[010] branches, which
were not observable in the previous experiment. For
measurements under pressure, crystals were trimmed by a
string saw so as to fit a pressure cell 4 mm in diameter
and 10 mm high. In order to measure a complete set of
acoustic branches along the three orthorhombic principal
directions as sketched in Fig. 1, crystals having three dif-
ferent zones —(100), (010), and (001)—were prepared. The
mosaic spread of these crystals was found to be 0.5'—1'
full width at half maximum in the (001) plane and 2'—5'
along the [001] axis, the layer-stacking direction.

Measurements of phonon energies were performed on a
triple-axis spectrometer at the Brookhaven High Flux
Beam Reactor. Neutron energies of E;=14 and 30 meV
were used for a constant-incident-energy —mode operation,
while Ef ——24 and 30.5 meV were used for a constant-
final-energy —mode operation. Monochromator and
analyzer crystals were of pyrolytic graphite. Horizontal
collimators (in-pile, monochromator-sample, sample-
analyzer, and analyzer-detector) were either 20" or 40" de-
pending on resolution and intensity requirements.
Higher-order contamination of the incident beam was re-
moved by a graphite filter in the constant-E; measure-
ment.

A clamp device specially designed for neutron scatter-
ing at high pressure was used in the present experiment.
The crystal was mounted with a pressure-transmitting
fluid (Fluorinert FC-75) in an aluminum cell of 4 mm i.d.
and 10 mm high. The cell was sealed with beryllium
copper extrusion rings and cap, and then mounted inside a
barrel-shaped alumina cylinder. A series of tungsten car-
bide pistons inserted into the cylinder and back-up blocks
transmitted load applied by a small hydraulic press to the

sample. After the load was locked by an aluminum lock-
ing sleeve and mating steel support pieces, the clamp de-
vice was transferred onto the neutron spectrometer. Pres-
sure was determined from the measured lattice constants
based on the previous data on compression. All measure-
rnents were carried out at room temperature.

III. EXPERIMENTAL RESULTS

Phonon dispersion relations measured along the three
orthorhombic principal directions are displayed in Fig. 2.
Each branch is denoted by T or L instead of TA or LA
because only acoustic branches were measured. Open
symbols represent data at 1 bar. The T, [100] and T„[010]
branches, which were not considered in the previous ex-
periment were observed in the present measurement. The
present, more complete set of acoustic branches was re-
cently fitted by a force-constant model by Kaneta et al.
Solid curves in Fig. 2 show the results of the best-fit cal-
culations. Also shown by solid symbols in the same figure
are phonon energies measured at 15.4 kbar. One can see a
remarkable hardening for all branches along [001], the
layer-stacking direction. No appreciable change in energy
was observed in the [010] direction, which is the hardest
axis. In the [100] direction, on the other hand, an unex-
pected softening was observed for the L[100] branch. In
contrast, the T,[100] branch shows a normal hardening.
Figure 3 gives more detailed behavior of these two
branches. A speculation on this softening mechanism is
given in the next section. The pressure dependence of the
T~[001] branch was investigated carefully because atomic
displacements for the A 11-to-2 7 transition analyzed by
Kikegawa and Iwasaki correspond to this phonon branch
at its zone boundary (q/a =1). According to a lattice-
dynamical analysis, this mode shows the adjacent puck-
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FIG. 3. Pressure dependence of acoustic-phonon dispersion
relations along [100). The mode L shows the definite softening
in contrast to the normal hardening observed in I,.

ered layers moving in an opposite direction, i.e., +b. As
seen in Fig. 4, the energy of this zone-boundary phonon
increases normally upon compression from 1 bar to 15.4
bar; however, with further increasing pressure up to 25.2
kbar the hardening seems to be saturate. At present it is
not known whether this phonon softens at high pressure
closer to the critical point of 45 kbar.

IV. CONCLUSION AND DISCUSSION

We studied phonon dispersion relations of black phos-
phorus at various pressures. The results are summarized
as follows:

(i) Supplementary data at 1 bar T, [001] and part of
T„[010]have been obtained.

(ii) Acoustic-phonon branches at P =15.4 kbar have
been observed along [100] and [001] except for the T„
mode along [100]. In general, the phonon energies show
hardening as pressure is applied. However, the I. mode
along [100] shows definite softening with increasing pres-
sure.

(iii) The special mode which is expected to have partic-
ular relevance to the 2 I 1-to-2 7 phase transition does not
show any softening within the (0—14)-kbar region. When
the pressure is increased to 25.2 kbar, hardening of the
mode shows the tendency to saturate. It may be possible
that this branch would soften when the pressure is further
increased towards the critical pressure.

It is remarkable that the L mode along the [100] direc-
tion shows softening throughout the whole branch. In
Fig. 5 we give the actual displacement patterns of the L
mode along [$00] with /=0. 25. These lattice vibrational
patterns drawn with thick solid lines on the (010) and
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FIG. 4. Pressure dependence of phonon dispersion relations
observed along [001] being the layer-stacking direction. The T~
mode at the zone boundary (q/v*=1), corresponding to atomic
displacements relevant to the A 11-to-A 7 transition at 45 kbar,
shows a tendency to saturate its hardening at pressure higher
than 15.4 kbar.

FICr. 5. Calculated lattice-vibrational patterns for LA[100] at
q/a =0.25 in which the anomalous softening was observed
(Fig. 3). Eigenvectors were obtained from a force-constant
model which was fitted to the present data at 1 bar by Kaneta
et a/. In the lower figure, only puckered layer located at z =

~

is shown.
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(001) planes are obtained from eigenvectors calculated by
the force-constant model giving the eigenvalues shown in

Fig. 2. Dotted lines represent the time-averaged bonding
which corresponds to the static structure as shown in Fig.
1. Properties of the local distortion may be mainly as-
cribed to the bending of the bond angles ai and a2 (also
see Fig. 1). We may therefore characterize the overall

property of this particular branch as the "accordion
motion" of each puckered layer. On the other hand, it is
known that the electronic configurations at the narrowest

gap are mainly composed of bonding and antibonding of
the p, orbital, the energy of which should be strongly af-
fected by the change of the bond angle. We may speculate
that the energy associated with this accordion motion may
be very sensitive to the change in band nature through
electron-phonon interactions. Numerical calculations of

electron-phonon interactions, with the aim of verifying
the origin of softening of the accordion motion along the
[100]direction, are planned.
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