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We have studied the lattice dynamics of bcc Zr at 1400 K. We find that (a) the [111]
longitudinal branch plunges rapidly to low frequencies in the vicinity of q = 3 [111]indi-
cating a natural inclination for this metal to undergo a structural transformation to the
& phase, (b) the [110] longitudinal branch is anomalous at the zone boundary, and (c) the
condition of elastic isotropy is satisfied to within experimental error. Temperature-de-
pendent elastic peaks were observed in the vicinity of the reciprocal lattice points of
the cu phase.

Inelastic neutron scattering experiments have vicinity of the (d reflections persisted at tempera-
revealed anomalies in the phonon spectra of su- tures as high as 1300 K and that the dynamical
perconducting transition elements and their corn- response lacks the average cubic symmetry of
pounds that are generally attributed' to strong the lattice. Clearly, an understanding of the lat-
electron-phonon interactions in these metals. tice dynamics of the host metal may help in a
As a result considerable effort has been directed more fundamental understanding of the ~ trans-
towards an understanding of the origin of these formation in these alloys.
anomalies and their relation to the superconduct- Thus measurements of the dispersion curves of
ing properties of these metals. The transition the bcc phases of the transition metals of the
elements in the fifth and sixth columns of the fourth column are of particular interest since
periodic table (and in particular Nb) have being they provide information on how the addition of
extensively studied, since the experiments and conduction electrons affects the normal modes
their interpretation are made easier by the fact of vibration of bcc superconducting elements and
that these elements have the same crystal-struc- on the origin of the (d-phase formation in alloys
ture, body-centered cubic. Measurements of the of the elements of the fourth column. We were
dispersion curves of the high-temperature bcc successful in growing single crystals of bcc Zr
phases of the transition elements in the fourth and in this note we report the preliminary re-
column (in particular of bcc Zr), on the other suits of a study of its dynamical properties by
hand, have not been attempted because of the dif- inelastic neutron scattering techniques.
ficulty of growing single crystals of these phases. The bcc Zr crystals were grown in a vacuum

The transition elements of the fourth column furnace mounted on the sample goniometer of a
solidify to a bcc structure (P phase) but all under- triple-axis spectrometer. Single crystals of
go, at temperatures below 1000 K (for Zr 1135 hcp Zr were cycled through the hcp-bcc trans-
K), a transformation of the martensitic variety formation temperature (- 1135 K) and then main-
to the hcp structure (ct phase). There is, how- tained at approximately 1400 K. In a few cases
ever, a competing transformation to the so-called single crystals of bcc Zr of sufficient volume
+ phase which occurs both under pressure' in (1-3 cm') for inelastic neutron scattering experi-
the pure metals as well as upon alloying. ' From ments were found and oriented by standard neu-
the point of view of lattice dynamics, what is in- tron-diffraction techniques. In all cases the ori-
teresting about the & phase is that it can in princi- entation of the bcc crystal relative to that of the
pie form from the bcc phase through the softening parent hcp crystal was found to obey Burgers'
of the —,[111]longitudinal mode. To characterize crystallographic relations. By using these crys-
the dynamics of the co transformation and the pre- tallographic relations and appropriately orienting
monitory structural fluctuations in the bcc phase the hcp parent crystal, we were able to grow
Moss, Keating, and Axe performed neutron scat- bcc crystals in both orientations required to
tering experiments' on Zr, .„Nb, .„and Zro 92Nbo p8 measure the dispersion curves.
alloys. In these studies' Moss, Keating, and A first set of measurements was performed
Axe found in particular that elastic peaks in the on the sample (crystal I) used in our measure-
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FIG. 1. Dispersion curves along the [100], [110], and
[111]symmetry direction of bcc Zr at 1423 K. The
frequencies obtained for the two crystals examined in
these experiments {see text) were found to agree to
within experimental errors. The solid lines were
drawn as a guide to the eye.

ments' on hcp Zr. After completion of the meas-
urements on P Z-r, chemical analysis showed that
the crystal had absorbed a rather large amount
of oxygen (13000 ppm). In order to ascertain the
effect of 0 on our results a second set of meas-
urements was performed on a crystal (crystal II)
contained in an evacuated thin-wall tantalum cru-
cible. The oxygen content of crystal II after the
measurements was found to be 2900 ppm. The
measurements on crystal I and crystal II were
performed on triple-axis spectrometers at the
Ames Laboratory research reactor (ALRR) and
the high-flux isotope reactor (HFIR) of the Oak
Ridge National Laboratory, respectively.

The dispersion curves determined along the
[100], [110], and [111]symmetry directions at 1423
K are shown in Fig. 1. The data obtained with
crystal I and crystal II were found to agree to
within experimental error. Comparison of Fig. 1
with the dispersion curves of Nb (Ref. 7) and Mo
(Ref. 8) which have, respectively, one and two
additional electrons outside closed shells reveals
some striking differences in the phonon spectra
of these transition metals. In particular the
L[100] and T[100] branches of P-Zr do not cross
as in Nb, and unlike the case of Mo no strong
anomaly is observed at the point H. The L[110]
branch of p- Zr, on the other hand, shows a rather
pronounced anomaly in the vicinity af the point
N. No such anomaly has been observed in the
dispersion curves of the column-V and -VI
transition metals or any other bcc metal. Note
that the anomaly observed at N in bcc Zr may be
related to the anomaly of the zone-center LO[001]

mode of hcp Zr (Ref. 8) since the (001) hcp plane
transforms' to a (110) bcc plane. To within ex-
perimental accuracy the T,[110]and T,[110] trans-
verse branches are degenerate almost up to the
zone boundary. This observation implies in par-
ticular that, to within experimental accuracy,
the shear moduli c«and —,(c» —c») are equal,
i.e., bcc Zr metal is isotropic with regard to the
propagation of elastic waves. From the transi-
tion metals of the V and VI columns only tung-
sten' satisfies the condition of elastic isotropy.

The most unusual feature of the dispersion
curves shown in Fig. 1 is the anomalously low
frequency of the ~2[111] normal mode. The L[111]
branch reaches a maximum of approximately 18
meV at &

= 0.3 and then plunges rapidly to below
5 meV in the vicinity of f =0.66; actually, as a
result of instrumental resolution, we were not
able to determine the minimum of the dispersion
curve. Such a behavior has not been reported
for any other bcc element.

It should be pointed out that the precise deter-
mination of the frequencies in the vicinity of q
=-,' [111]is limited not only by instrumental resolu-
tion but also by the possible presence of &-phase
material (see below); clearly, if this phase is
present the lowest-frequency results may be dis-
torted by Bragg scattering or low-q phonons from
this phase. However, we did not observe any
anomalous broadening of the neutron groups near
q =~2[111]. The low-frequency data for the L[111]
branch shown in Fig. 1 were obtained by measure-
ments on two crystals (crystals I and II) under
different instrumental and resolution conditions.
Figure 2 shows phonon groups obtained in four
constant-energy-transfer scans through q =~[111]
with crystal II at the HFIR. The frequencies de-
termined from these scans were in excellent
agreement with those deduced from similar scans
obtained with crystal I at the ALRR.

Comparison of the dispersion curves of p Zr-
with those of Nb and Mo reveals that the overall
spectrum and the frequency of the &[111]mode
soften appreciably in going from Mo to P-Zr.
More informative in this respect are the results
of a detailed investigation by Powell, Martel,
and Woods" of the lattice dynamics of a series
of Nb-Mo alloys. Although the dependence of the
measured dispersion curves on alloy composi-
tion was found to be rather complicated, an exam-
ination of these data (Figs. 1-8 of Ref. 10) shows
that the frequency of the f[111]mode softens con-
tinuously with increasing Nb content in the alloys.
Thus the results of the present experiment and
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FIG. B. Temperature dependence of the elastic peak
observed in the vicinity of the {f,~4, f) superiattice re
flection of crystal I. The corresponding elastic peak
of crystal II was also found to decrease with increas-
ing temperature but not as rapidly as for crystal I
(see text).
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FIG. 2. Constant neutr-on energ-y gain (-~) scans
through q =3 [111)obtained with crystal II at the HFIB.
The frequencies obtained from these scans agree to
within experimental precision with those deduced from
similar scans with crystal I at the ALRB.

those of Powell, Martel, and Woods" indicate a
continuous softening of the ~[111]mode as the
number of electrons outside closed shells de-
creases from six for Mo to four for P-Zr. Since
as we already mentioned the & phase can be
formed by the softening of this mode, this obser-
vation provides support to suggestions" " that
the transition to the phase is electronically
driven and proceeds presumably through charge
density waves of the appropriate wave vector.

The observed low frequency of the $111]mode
motivated a search for superlattice reflections
characteristic of the ~ phase. Using as reference
the bcc lattice of P-Zr these superlattice reflec-
tions are at (h +~, k+&2, l +&2) where h, k, and l
are the Miller indices of the (h, k, l) parent re-
flection of the bcc lattice. Elastic peaks in the
vicinity of the superlattice positions were found
for both crystal samples examined in the present
experiments. The widths of these elastic peaks

were only slightly larger than the widths of the
parent bcc reflections and the intensities ob-
served could not be accounted for by the meas-
ured ~~ contamination of the neutron beam. The
elastic peak observed in the vicinity of the (f »4, ~4)

superlattice reflection of crystal I is plotted for
various temperatures in Fig. 3; the correspond-
ing elastic peak of crystal II was also found to
decrease with increasing temperature but not as
rapidly as for crystal I. The variation in the in-
tensity of the elastic peaks with changing temper-
ature was found to be reversible. Notice (Fig. 3)
that these elastic peaks are displaced toward a
lower scattering angle from the exact positions
of the superlattice reflections characterizing the
~ phase. Thus for both samples examined in the
present experiments we observed temperature-
dependent elastic peaks in the vicinity of the su-
perlattice positions characterizing the ~ phase
at temperatures well within the bcc region. Un-
fortunately no definite conclusion regarding the
detailed temperature dependence of these elastic
reflections can be drawn before a comprehensive
study has been made of the dependence of these
elastic peaks not only on the oxygen contamina-
tion but also on crystal preparation, heat treat-
ment, and the mosaic structure of the sample at
high temperatures. ln this connection it should
be pointed out that because of secondary extinc-
tion effects no information can be obtained from
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the intensity of the central peaks without some
knowledge of the mosaic spread of the ~-phase
material.

Experiments to investigate the detailed structure
and temperature dependence of the anomalies
observed in bcc Zr, in particular at V and ~[111]
as well as the elastic peaks in the vicinity of the
reciprocal lattice points of the phase on high-
purity samples, are presently in progress at the
HFIR of the Oak Ridge National Laboratory. We
are also planning to investigate whether the pho-
nons of the L[111]branch exhibit deviations from
cubic symmetry as observed by Axe et a/. 4 in
their study of bcc Zr-Nb alloys.

This work was supported by the U. S. Depart-
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The surface vibrational modes of atomic hydrogen adsorbed on (100), observed by
electron-energy-loss spectroscopy in off-specular directions, indicate bridge bonding at
all coverages. The vibrational frequencies show a dependence on the %-H-W bond angle
which changes due to reconstruction of the tungsten lattice. The results indicate a W(100)
c[2 &2jH low-coverage P2 phase consisting of atoms occupying bridge sites on a (~2&~2)
R45 reconstructed substrate similar to the clean crystal surface at low temperatures.

Low-energy electron-diffraction (LEED) stud-
ies of the chemisorption of hydrogen on the (100)
face of tungsten show a complex series of changes
occurring with increasing coverage. Previous
discussions' attempted to explain the observations
in terms of structural models in which the hydro-
gen atoms were located at various adsorption
sites on an undistorted substrate surface. How-
ever, whereas the observations are consistent

with H occupying nearest-neighbor bridge-bonding
sites W-H-W to form a (1&& 1) superstructure on
the unreconstructed surface at saturation cover-
age (p, =17 && 10"H atoms/cm'), LEED intensity
calculations' were found to be incompatible with
all structures proposed to date to explain low-
coverage adsorption.

The reason would appear to relate to the fact
that the elean tungsten surface is unstable at
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