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Neutron coherent Inelastic scattering measurements have been made of the
phonon dispersion relation of uranium nitride both above and below the
Keel temperature % = 50 K. Within the precision of the measurements,
about 1% in frequency and 10% in line width and in scattered neutron in-
tensity, no significant changes in these phonon properties were observed
as a function of tecperature other than those arising from population
factor changes and a small stiffening of the lattice as the temperature
decreases. At 4.2 K, two acoustic and CXTO optic branches have been de-
termined for each of the [001], [110] and [111] directions. The optic
mode measurements revealed (a) a 20% variation in frequency across the
Brillouin zone and (b) an interesting disposition of the hO and TO
modes, such that V LQ > VTO along [001] and [110], while the reverse is
true along the [111] directions. Within the experimental resolution,
the LO and TO modes are degenerate near q = 0. We have been unable to
obtain any satisfactory description of these results on the basis of
conventional theoretical treatments (e.g. rigid-ion or shell models).
Other possible interpretations of the results are discussed.

To be published in the Proceedings of the International Conference on
Lattice Dynamics held in Paris, France, 5-10 September 1977. '



WIONON DISPERSION DELATION OF URANIUM NITRIDE
ABOVE AND BELOW THE Nf EL TEMPERATURE

1. INTRODUCTION
• * -

The vlbrational and magnetic properties of
. nany simple uranium compounds (e.g. UN1, UCzi
UO2*»*, US1) have been extensively studied
during the past decade, and a vide variety of
behaviour has been observed9. In the case of
uranium nitride, UN, previous experiments have
shown (1) a large electronic contribution to the.
low temperature specific heat6, (iij sharp .
anomalies in the temperature dependence of the
elastic constants7 near the Neel temperature Tj$,
Indicating a correlation between low frequency

-- acoustic phonons and magnetic properties, and -
(ill) optic phonon modes with frequencies near
12 TKz, almost independent of wavevectorJ. Re-
cent experiments at Chalk River8*9 showed no

. definite evidence of well-defined spin waves in
the lox*-temperature antiferromagnetic phase;
critical fluctuation effects were observed near
TJJ in the longitudinal susceptibility but not
in the transverse. The relationship between the.
phase transition and the localized 5f and itin-
erant 6d-7s electrons remains to be clarified10.
In view of these observations, it seemed worth-
while to carry out a detailed study of the •

* plionon dispersion relation in UN, both above and
below TK (50 K), in an attempt to throw further
light upon the phase transition mechanism.

2. EXPERIMENTAL RESULTS

The present neutron scattering measurements
vere made with two single crystal specimens,
0.8 cm3 total volume, using the C5 triple-axis
spectrometer at the NRU reactor, Chalk River,
operating mainly in its constant-Q anode, x«Lth
fixed analyser energies of 28.6 and- 22.3 meV
(6.92 and 5.40 THz, respectively). The crystals
vere oriented with [110] axes, vertical, inside a
variable temperature cryostat. A rather com-
plete set of phonon frequency measurements were
Bade at A.2 K for longitudinal (L) and trans-
verse (T) modes propagating along the 1001],
fllO] and [111] directions. Certain selected
nodes were also studied at 45 K, 57 K, 77 K and
293 K. Examples of two typical optic modes,
vith reduced wavavector aq/2tf=- (0,0,0,75), are
shown in Fig. 1, and the complete results are
given In Table 1. IK.thin.the precision of our



measurements, about 1% in frequency and 10% in
line width and in scattered neutron intensity,
no significant changes in these phonon proper-
ties were observed as a function of temperature
other than those arising frost population factor

• changes and a small stiffening of the lattice
(i.e. increase in average phonon frequency) as
the temperature decreases. Thus the results at
4.2 K, as shown in Fig. 2, are qualitatively the
came at all temperatures up to 293 K; in par-
ticular, during the experiments with the [110]
crystal orientation, no definite evidence was

• found for any influence of the magnetic struc-
ture and dynamics on the vibrational properties.
In addition to these specific phonon studies, a
number of constant-^ and cons:-ant energy (E)
scans were made at 4.2 K and 293 K, over wide
ranges of $ and £ (E up to 83 raeV, or 20 THz)
in efforts to observe magnetic excitations. No
neutron scattering was observed other than that
vhich could be attributed to phenons. However,
during s. subsequent series of experiments (still
in progress at the time of writing) with a
single UN crystal at 4.8 K oriented with a flOOj
axis vertical, some interesting results have
been found for the intensity of a particular TO
node (aq/2ir = (0,0,0.5)) as a function of §.
For aJ<${/2TT > 4, the intensity varies approxi-
mately as expected for a one-phonon scattering
process. For lower Q values, however, the in-
tensity is higher than expected on this basis,
vhich may indicate the existence of a magnetic
contribution. Further experiments on different
nodes and in different zones are required to
obtain conclusive results on this point.

The most striking features of the results
(Fig. 2) are (a) a 20% variation in frequency of

vthe optic modes across the Brillouin zone and
(b) an interesting disposition of the LO and TO
modes, such that Vfj0 > VJQ along [001] and {110],
vhiie the reverse is true along the [111] direc-
tion. As vill be seen in §3, these features
make it very difficult to obtain a satisfactory
theoretical description of the data in terms of
• conventional rigid-ion or shell models11.

.3. THEORETICAL DISCUSSION

At high temperatures, UN" has the cubic HaCt
structure, and the tetragonal distortion which
exists below T^ in the Type I antiferroraagnstic
phase is very small12 (c/a = 0.99935). Although
come uranium compounds, for.example UO2, display
ionic character3, UK has metallic conductivity.



Thus the splitting between the LO and 70 modes
near q*=0, which is typical of alkali halides
and arises from -macroscopic electric field
effects, is zero, within experimental error, in
the case of UN. If we consider only the modes
propagating along [001], the manner in which the
£0 branch rises sharply above the TO with in-

• creasing q is very reminiscent of the screening
effects characteristic of degenerate semicon-
ductors13. However, along [110] the L0 branch
is almost q-independent for the first half of
the zone, and along [111] it decrease in fre-
quency away from 1q = 0, These effect*' suggest
that the types of force model previously used
for alkali halides and degenerate semiconductors
are not likely to be satisfactory in the case of
UN, and that an approach based on the pseudo-
potential theories for metals may be more suit-
able. It is dear, in any event, that the pic-
ture1 of UN as a set of Einstein oscillators
(the H ions) moving independently within the
fee lattice of U ions is quite inappropriate,.
In this connection it is of interest to note the
published values for the radii of such ions as
N3- (1.71 A " or 1.48 A15} and U3* (1.03 A"16},

•as compared with the U-N distance of 2.442 A.
Although the valence state of N is not known,
it seems unlikely that the nitrogen ion could
be significantly smaller than uranium.

In order to confirm or deny these conjee—'
tures, we have fitted the results of Pig. 1, to-
gether with the measured elastic constants7, on
the basis of several versions of the well-known
rigid—ion and shell models11. The most general
rigid-ion model included axially-symmetric
short-range forces between nearest-neighbour U
and N ions and between second—nearest-neighbour
ions (U-U and N - N ) , as well as the ionic
charge 2, for a total of 7 adjustable para-
neters. Fjrqm a mathematical viewpoint, the
least-squares fitting was satisfactory, but the
best value for the quality of fit parameter X
vas only 5.6, indicating rather poor correspon-
dence between theory and experiment (X~l indi-
cates a satisfactory fit). The results of the
best 7-parameter fit; are shown as solid
(transverse) and dashed (longitudinal) curves
in Fig. 2. The N-N force constants were very
small, less than 5% of the U-N or U-U force
constants, and could be set to zero with little *
change in the quality of fit. This is most
probably due to the inherent*difficulty in
achieving the observed orde-ing of the L0 and
TO branches mentioned in §2; the actual N-N
forces may well be quite large. The "ionic
charge" parameter 7. was found to be rather



small (-K3.3O|e{ on the uranium); X increased
only to 5.7 if Z was set equal to zero.

Broadly speaking, one can say that the
acoustic branches are reasonably well fitted by
the rigid-ion model, but the calculated optic
branches are far too flat and too close to each
other, displaying at most an 8% variation in
frequency and failing to provide the observed
ordering of the LO and TO branches in each
direction. The situation became noticeably
vorse when the polarizabilities of either or
both of the U and N ions were allowed to vary
during the fitting process: in no case were we
able to obtain a mathematically satisfactory
minimum of X» and the lowest vdne obtained dur-
ing extensive searches of shell model parameter
space was about 5.0 - still quite a poor fit,

: having similar characteristics (too flat optic
branches, incorrect ordering of LO and TO modes)
to the rigid-ion models. Although it is pos-
sible that a suitable shell model fit may even-
tually be found, this does not seem very likely
in view of the difficulties xre have encountered
up to this point. Alternative theoretical
approaches, for example the pseudopotential
model, or the recently developed charge fluctu-
ation model17*18, are clearly required in order
to describe the measured dispersion curves*
Whatever theoretical approach is attempted, the
possibility should be kept in mind that there
may indeed be a magnetic response, perhaps ex-
tending over a wide energy range (much larger
than kjTjj), which may be coupled to find may
cause distortions of the phonon response.
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TABLE 1 . TEMPERATURE DEPENDENCE OF SELECTED KORMAL 1'ODES It" URANIUM HITRIDE

llodc l a b e l , vavevector
4.2 K

Normal Mode Frequency (THz)
45 K 57 K 77 K 293 K
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3,0.
4,0.
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4)
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4)
5)
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12
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12
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2
4
4.

1.
1.
2.
3.
3.

4.
5.

2.
3.
3.,
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.95 ±

.60 +

.20 +

.40 +

.05 +

.20 ±
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.31 ±

.68 +

03 +
92 +
78 ±
38 +
55 +

99 +
21 +

74 ±
22 +
27 +
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.05
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1.
1.
2.
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3.

4.
5.

2.
3.
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.44 ±

.00 +

.61 +

.20 +

.37 ±

.05 ±

.25 +

91 ±
.30 +
.63 +

01 ±
94 +
77 +
34 +
51 +

94 i.
17 t.
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19 + .
23 ± .
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.04

.04
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1.
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2.
3.
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4.
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2.
3.
3.
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.20 +
—

—

_
-
—

02 +
93 +
77 +
34 ±
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78 +
17 +

71 +
15 ±
24 ±

.10

.06

.06

.02

.02

.03

.03

.05

.06

.06

.03

.05

.04

12.34
12.99
12.61
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11.41

12.08
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1.01
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-
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+
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Figure Captions

Fig. 1. Scattered neutron energy distributions observed at two different neutron sossntun
transfers in UN corresponding to the same reduced wave vector £q/2Tr = (0,6,0.75>.
The arrow beneath each temperature value indicates the appropriate intensity scale
for each, pair of groups.

Fig. 2. Dispersion relation for normal modes in UN at 4.2 K. The solid and dashed curves
represent the best rigid-ion model fit to the results.
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