
PHYSICAL REVIEW 8 VOLUME 28, NUMBER 2 15 JULY 1983

Phonon anomalies in transition-metal nitrides: HfN
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The phonon dispersion curves in Hfw have been measured at room temperature in the high-
symmetry directions 6, X, and A by coherent inelastic neutron scattering. Anomalies in the disper-
sion of the acoustic branches have been detected which are similar to those that have already been
reported for superconducting transition-metal compounds with nine valence electrons. The experi-
mental results are well described by a double-shell model which is also used to calculate the density
of states.

I. INTRODUCTION

Carbides and nitrides of the group-IVB, -VB, and -VIB
transition metals form a class of compounds with an
unusual and interesting combination of physical proper-
ties. They combine covalent characteristics, such as ex-
treme hardness and high melting point, with metallic na-
ture, such as appreciable thermal and electrical conduc-
tivity. Almost all these transition-metal carbides and ni-
trides have the face-centered-cubic rock-salt structure, and
for many of them, the phonon dispersion curves have been
measured by coherent inelastic neutron scattering. '

The phonon dispersion curves reflect the extreme
hardnesses and high melting points by the steep slopes of
the acoustic branches in the long-wavelength range and by
the relatively high-lying optic branches, separated from
the acoustic part of the spectrum by a frequency gap of a
few terahertz.

The general nature of the optic branches is, for most of
the transition-metal carbides and nitrides, similar to that
of ionic compounds with the rock-salt structure. The
longitudinal branches (LO) lie above the transverse
branches (TO), due to the long-range Coulomb interac-
tions that are screened by the conduction electrons. This
metallic screening destroys the Lyddane-Sachs-Teller split-
ting" and results in a degeneracy of the LO and TO
modes at the center of the Brillouin zone. However, for
most of the transition-metal compounds the screening vec-
tor is small compared to the dimensions of the Brillouin
zone. The LO branches therefore recover quickly from
the screening effect and are for most of the transition-
metal carbides and nitrides found above the TO branches.
The only exceptions are UC, UN, and, as the results of
the present measurements show, HfN.

The most remarkable feature of the transition-metal
carbides and nitrides, however, is the appearance of
anomalies in the phonon dispersion curves for the com-
pounds that are superconductors. In addition to the corre-
lation between superconductivity and phonon anomalies, a
correlation can be established between the number of
valence electrons and the occurence of the phonon

anomalies. Transition-metal carbides and nitrides with
the rock-salt structure and eight valence electrons per unit
cell are not superconducting and do not have anomalies in
the phonon dispersion curves, but with nine and ten
valence electrons the compounds are superconductors and
show anomalies. The number of valence electrons can be
changed by nonisoelectronic substitution of the metal or
nonmetal component or by deviation from stoichiometry
(solid solutions and vacancies).

A qualitative understanding of the correlation between
the number of valence electrons, the phonon anomalies,
and the superconductivity can adequately be obtained
from the analysis of the calculated band structures. A rig-
id band structure is a useful first approximation to the real
band structure, and a change in the number of valence
electrons will essentially shift the Fermi energy of a rigid
electron density of states, from a position in a region of
very low density of metal d and nonmetal p states, up-
wards into a region of higher density of p and d states. '

This leads to a strong electron-phonon coupling that yields
the phonon anomalies and the high transition tempera-
tures for superconductivity. This simple qualitative pic-
ture is confirmed by the results of first-principles calcula-
tions either based on localized wave functions' or on a
nonorthogonal tight-binding parametrization of the band
structure.

The most successful model so far in reproducing the
measured phonon dispersion curves of transition-metal
carbides and nitrides with rock-salt structure is the
double-shell model, ' which describes the electron-phonon
coupling by a second-shell coupling the electrons of the
metal sublattice. This additional electronic degree of free-
dom, which simulates the charge density of the d elec-
trons, is treated in the adiabatic approximation. For the
analysis of the experimental data, the double-shell model
is used.

II. EXPERIMENTAL

A. Crystal preparation

A single crystal of HfN was grown by the zone-
annealing technique. A hafnium rod of 99.9% purity
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{Koch-Light Laboratories Ltd. ) and a diameter of 14 mm
was made from four hafnium bars by zone melting in heli-
um of 99.99% purity. The rod was then zone annealed in
a nitrogen atmosphere of nominal 99.99% purity at a
pressure of 2 MPa and a temperature of approximately
2500 C for 60 h. In this way the hafnium rod was con-
verted to a single crystal of HfN. Specimens for deter-
mination of T, and the lattice constant were cut from the
crystal using spark erosion. The transition temperature
for superconductivity was measured to be 8.2 K using an
induction method. ' The lattice constant a=4.5241{1)(A)
was determined from a Guinier powder pattern using
Cuba radiation. The composition HfNO 94~~~ was deter-
mined gravimetrically by quantitative conversion of hafni-
um nitride to HfO2 by ignition in air at 1000 C for 1 h.
The crystallographic direction (110) was nearly parallel to
the cylinder axis of the single crystal.

B. Inelastic neutron scattering

A sample with a cylindrical shape and oriented in such
a way that the cylinder axis is perpendicular to the scatter-
ing plane is considered to be ideal for inelastic neutron
scattering measurements on a triple-axis spectrometer.
This is only the case, however, if the absorption can be
neglected. Inelastic neutron scattering of highly absorbing
materials has become feasible with high-flux reactors, and
in that case a large cylindrical sample is not well suited for
the experiment. In transmission, only small-volume ele-
ments located along the two lines in which the bisector of
the incoming and the outgoing beam cuts the surface of
the cylinder contribute to the scattering. In reflection,
only half of the cylindrical surface {to a depth of a few
millimeters) contributes to the scattering. In backscatter-
ing a maximum of intensity is obtained, and in transmis-
sion a minimum is obtained. More intensity can be gained
if the cylindrical sample is replaced by a sheetlike sample
of the same volume. This sheetlike sample must be orient-
ed perpendicular to the scattering plane with the normal
vector of the sample surface parallel (reflection) or perpen-
dicular (transmission) to the bisector of the incoming and
outgoing neutron beam.

The cross section for the absorption of thermal neutrons
in HfN is 107 b. Based on the considerations outlined
above and on precalculations of the planned scans, three
approximately 1.8-mm-thick disks with normal vectors
(3,3,4.3) were cut by spark erosion from the single crystal.
The disks were arranged in a line perpendicular to the
(110) scattering plane with aligned normal vectors. The
sample obtained in this way had a volume at 1.1 cm and
a total mosaic spread of 40'. Measurements were per-
formed in both reflection and transmission. All measure-
ments were carried out at the high-flux reactor of the In-
stitute Laue-Langevin in Grenoble. The phonon disper-
sion curves in the high-symmetry directions were mea-
sured at room temperature. The measurements of the
acoustic branches were carried out with the triple-axis
spectrometer IN8. The optic branches were studied on the
triple-axis spectrometer IN1 which is sited on the hot
source. Constant-energy-transfer scans were used f'or pho-
nons which lay on parts of phonon dispersion curves suffi-
ciently steep to give well-defined peaks. All other pho-
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FIG. 1. Phonon dispersion curves for HfN at room tempera-
ture. Closed circles and triangles indicate the experimental data
for longitudinal and transverse phonons, respectively. The lines
represent the results of the double-shell model calculation.

nons were measured with constant-momentum-transfer
scans. In Fig. 1 circles and triangles indicate the mea-
sured data for longitudinal and transverse phonons,
respectively.

The dispersion curves of HfN are, in many ways, very
similar to those of other rock-salt structure transition-
metal carbides and nitrides with nine valence electrons per
unit cell. At small wave vectors the acoustic branches
have steep slopes. Optic and acoustic bands are separated
by a frequency gap of about 10 THz. The acoustic
branches exhibit the typical anomalies of superconducting
transition-metal compounds with nine valence electrons.
These anomalies are very pronounced in HfN. The LA
branches have minima at q =0.5 (001), q =0.55 (110),and
q =0.5 (111) (in units of 2~/a).

The above-mentioned features of the phonon dispersion
curves of HfN are common to all transition-metal com-
pounds with nine valence electrons that have the rock-salt
structure, and were therefore expected. Features which
have not been expected were found in the dispersion
curves of the optic branches. The most remarkable
characteristic of the optical branches in HfN is that the
TO branch lies in the whole A direction above the LO
branch. In the X direction, the LO branch has a small
minimum at about q=0.7 (110). In the 5 direction LO
and TO branches cross at about q=0.7 {001). None of
these characteristics is found in other transition-metal
compounds with nine valence electrons. The only
transition-metal compounds that show inverted LQ and
TQ branches in the A direction are UC (Ref. 3) and UN
(Ref. 5). In Uc, the LO and TO branches are nearly de-
generate in the whole zone and the small splitting is of the
same order of magnitude as the experimental error. UN,
however, shows a dispersion of the optical branches very
similar to that of HfN. UN has eight valence electrons
per unit cell. It is not superconducting and has no
anomahes in the dispersion of the acoustic phonons. So
far, the measured dispersion of the optic modes in UN has
not been reproduced by a theoretical analysis.



PHONON ANOMALIES IN TRANSITION-METAL NITRIDES: HfN 979

0 0 0 0 0 0 0
III. THEORETICAL

A. Double-shell model

O O O 0
8 0 m Qo 8 8

QO00 0 0 0 0 0 0 0 0

Ph0 0 O 0 O ~ O
I I I I I

QO

O

0
Ch 'Cf' M QO0 ~ QO0 0 0 0 0 0 0 0 0

I I I I I

QO
Ch O QO

t
O ~ O

QO0 0 0

t 0 0 0 0 0
QO ~ ~ t l '458 M M W W 0

ch W ch 0 Ch0
t

Q Q Q Q w w w Q Q
I I I

QO ~ 0 ~ QOe 0 ~ » 00 0 ~ 0 0 0 ~ 0 0
I I I I I I

t

0 0 0 0 0 0 0 0 0

0 A 0 0 0 O 0 O

0 0 0 0 0 0 0 0

Q
O

QO O

I I I I I

Q
I

QO
QO

gq

QOC % O
Q

O
Ch

en QO t

O n O

QO
QO ~eq ~

O

0 & 0

QO

QO QO Ch

O
QO

Q
O

~ ~j) z'C&gQgp
N N Z Z

t 0
ChO Q000000000

I I I

QO

tD
V O

0
0

I

II

Il

~0&
C + 0 O

8

p'4~[

The measured data were analyzed with a double-shell
model. ' This model has already been used to reproduce
the measured phonon dispersion curves of TiN, ZrN, 5-
NbN, ' and the superconducting transition-metal car-
bides. In the present calculations force constants are tak-
en into account between neighboring nitrogen (subscript 1)
and metal (subscript 2) ions (A ~2,B&2), between first-
(Az2', B2z', Czz'), second- (A2q', B22'), and third- (Azz', B22')
nearest neighbors in the metal sublattice, and between
first-nearest neighbors in the nitrogen sublattice
(A'~'~', 8'~'~'). These forces are assumed to act via inner
shells, that carry the charges Y& and Y2. The shells are
coupled to their own cores by the force constants k

&
and

k2. The ionic charges are Z& ———Zz. All Coulomb in-
teractions are screened by the conduction electrons and
this screening is taken into account in the Thomas-Fermi
approximation. The screening vectors are kF and k, =kF.
The charge density of the d electrons of the metal sublat-
tice is represented by a second shell around the metal ions.
The coupling of this outer shell to the outer shells of first-
and second-nearest neighbors in the metal sublattice is
described by the force constants A2, B2,C2 and A2 and
Bz', respectively. The outer shell is coupled by the force
constant k' to the inner shell at the same metal ion site.
The outer shells represent an additional electronic degree
of freedom which describes the resonancelike softening of
the phonon dispersion curves at q vectors, where phonon
anomalies occur. The width of the phonon anomalies is a
monotonically increasing function of k', whereas the
depth of the anomalies is monotonically decreasing with
increasing O'. The positions of the anomalies in the 6 and
X directions depend on the ratio of first- and second-
nearest-neighbor coupling constants of the outer shells, A 2

and A2'. The LA anomaly in the 4 direction occurs at
q=(O, O,O.S) when only second-nearest-neighbor couplings
between the outer shells are taken into account. When
nearest-neighbor couplings become important, the anoma-
ly is shifted towards the zone boundary.

B. Results aad discussion

The measured phonon dispersion curves of HfN (Fig. 1)
in the 5 direction show only a small LO-TQ splitting.
The LO-TG splitting at the I point in ionic crystals with
rock-salt structure is a measure of the strength of the
Coulomb interaction. The screening of the conduction
electrons reduces this splitting to zero at the I point for
the transition-metal carbides and nitrides. The dielectric
screening function is, however, rapidly decreasing with in-
creasing q and this leads to a maximum splitting between
LO and TO in the 6 direction at about q =0.4
(001)—q =0.6 (001). This splitting is an indication of the
strength of the Coulomb interaction and is very small in
Hfw. The Coulomb interaction can therefore be neglected
and all charges in the model can be put equal to zero.
This means that no long-range Coulomb interactions of
the cores are taken into account and that the shell dis-
placements lead only to mechanical short-range overlap
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TABLE II. Characteristic features of the phonon anomalies in the [00$] direction and outer-shell coupling constants for supercon-
duciing transition-metal carbides and nitrides.

Compound

Anomalies
Position Width

(reduced-wave-vector component)
Depth
(THZ)

hv
k'

(e /2ro)
Az

(e /2ro)

Coupling constants

tl

{e /2roz)
/

A2'/Az
i

TiN
ZrN
NbN
NbC
TaC
Hfw

0.65
0.68
1.0
0.65
0.65
0.58

0.3
0.5
0.6
0.4
0.6
0,6

3.0
0.5
5
1.8
1.2
1.0

1.9
5.0

10.0
6.0
8

12.5

—0.40
—1.11
—1.28
—0.71
—0.96
—1.83

—0.41
—0.70

0.21
—0.94
—1.30
—2.58

1.03
0.63
0.17
1.32
1.35
1.41

polarization contributions to the dynamical matrix.
Furthermore, the polarization of the nitrogen ions can be
neglected (k )

——m) ).
The parameters of this model have been determined by

a least-squares fit to the measured phonon dispersion
curves. The numerical values are listed in Table I. For
comparison, the values obtained for the other transition-
rnetal compounds are also reported in Table I. The short-
range parameters A &2,8&2,A22, 822 of HfN are in the same
range of magnitude as those of the other transition-metal
compounds. In Table II the positions and the shapes of
the anomalies of various superconducting transition-metal
compounds are listed together with the outer-shell param-
eters. The value of k' is in inversely proportional to the
depth of the anomaly. On the other hand, the outer-shell
coupling constants are proportional to the width of the
anomaly. In HfN the anomaly is very shallow and wide in
comparison with TiN. This explains why k' and A2 and
A 2' are large in HfN. The ratio of A2' to A 2 is rather large
because the position of the anomaly in the 5 direction of
HfN is close to q=(0, 0,0.5). The large values of A2
cause a softening of the longitudinal-acoustic branches at
and near the zone boundary. To compensate for this
softening, which is not observed in the experimental data,
interactions to more distant neighbors in the metal sublat-
tices (A 22', A pp') Inust be taken into account.

According to the large mass ratio and the absence of
long-range Coulomb interactions, the optic branches of

St——
1

gL

HfN would be rather flat and nearly degenerate like in UC
(Ref. 3) if the first-nearest-neighbor nitrogen-nitrogen in-
teractions (A'~~', 8'~'&') are neglected. The coupling con-
stants determined from the measured dispersion curves at
room temperature have been used to calculate the one-
phonon density of states. The result is shown in Fig. 2.
The density of states consists of two narrow bands. The
optic band is separated from the acoustic band by an ener-

gy gap of about 10 THz.

The measured phonon dispersion curves of HfN show
in their acoustic branches the typical features already
known from the other superconducting transition-metal
carbides and nitrides. The acoustic branches are well
described by a double-shell model, and the numerical
values for the parameters are similar to those found for
other transition-metal compounds.

The optical branches are, however, quite different from
those of most other transition-metal compounds. They
have only weak dispersion and small splittings of the dif-
ferent branches. This indicates that long-range Coulomb
interactions are less important in HfN than in other
transition-metal compounds with the exception of UN and
UC showing some similarity with HfN. The most in-
teresting feature is the inversion of the LO and TO modes
in the A direction. In most rock-salt structure compounds
the LO modes have higher frequencies than the TO
modes, but in HfN, the LO modes are in the whole A
direction below the TO modes. This means that long-
range Coulomb interactions can be neglected and that
first-nearest-neighbor nitrogen-nitrogen interactions be-
come important. This interaction indicates a strong over-
lap of the p-wave functions at neighboring nitrogen atoms.
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FIG-. 2. Calculated one-phonon density of states of HfN.
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