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Phonon anomalies in transition-metal nitrides: ZrN
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The phonon dispersion curves in superconducting ZrN have been measured in the high-
symmetry directions A, =, and A by coherent inelastic neutron scattering at room temperature.
Anomalies in the dispersion of the acoustic branches have been detected which are similar to
those reported already for the superconducting transition-metal carbides and for TiN. The ex-
perimental results are well reproduced by a double-shell model which has also been used to cal-
culate the phonon density of states. The calculated density is in good agreement with the resuits
of time-of-flight measurements and with recent Raman data.

I. INTRODUCTION

The carbides and nitrides of the groups IV, V, and
VI transition metals exhibit a unique combination of
covalent properties like high bonding strength and
high melting points with metallic properties such as
appreciable thermal and electrical conductivity and
metallic luster. The compounds are hard and brittle.
Some of the transition-metal carbides and nitrides are
superconductors with T. values up to 18 K.!'2 These
fairly high 7, values indicate a strong electron-
phonon interaction. It is therefore of great interest to
investigate the phonon spectra of these compounds.
In recent years lattice dynamics of transition-metal
carbides has been intensively studied both experimen-
tally>~7 and theoretically.>"'? It has been found that
some of the transition-metal carbides which are su-
perconductors show anomalies in the phonon disper-
sion curves whereas those which are not supercon-
ductors do not exhibit these additional structures.
Theoretical investigations'*~!° have shown that both
the phonon anomalies as well as the high supercon-
ducting transition temperatures originate from a
resonance-like increase of the dielectric screening. In
a recent paper? we have shown that TiN exhibits
anomalies which are even more pronounced than
those for the isoelectronic carbide NbC. The present
paper extends our investigation of transition-metal
nitrides to ZrN.

II. EXPERIMENTAL

A single crystal of ZrN was prepared by a zone an-
nealing technique.?! A zirconium rod of nominal -
99.99% purity was zone annealed in a nitrogen atmo-
sphere of nominal 99.99% purity under a pressure of
2 MPa at a temperature of approximately 2800 °C.
The composition of the crystal was determined gra-
vimetrically by ignition of ZrN in air of 1180 °C to
Zr0O,. The composition -of the single crystal used in
the neutron scattering experiments was ZrNgg3. The
lattice constant of the specimen was determined from
a Guinier powdeg pattern using Cu K «; radiation to
be a =4.574(1) A. The density was measured by the
method of Archimedes and was 8,, =7.327 g cm™3.
The sample used in the inelastic coherent neutron
scattering experiments was cylindrical in shape with
diameter 11 mm and length 32 mm.

The phonon dispersion curves were measured in
the high-symmetry directions A, 2, and A. All meas-
urements were performed at room temperature in a
scattering plane perpendicular to the [110] axis. The
acoustic branches of the phonon dispersion curves
were measured on a triple axis spectrometer at the
DR3 reactor at Rise National Laboratory. A combi-
nation of different measuring techniques such as
variable incoming neutron energy and fixed outgoing
energy, or fixed incoming neutron energy and vari-
able outgoing energy (monochromator and analyzer
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scans) was used. The optic branches were measured
on the triple-axis spectrometer IN1 situated at the
hot source of the high-flux reactor of the Institut
Laue-Langevin. The scans were performed at con-
stant incident neutron energy and mainly at constant
wave-vector transfer Q. Due to the high incoherent
background from the sample and the IN1 hot-source
spectrum spurious scattering processes were observed
up to high orders. Care was taken to. avoid superpo-
sitions of the desired phonon peak with any spurious
scattering events by frequent changes of the incident
energy. Comparison scans were performed at nearby
wave vectors Q where no coherent processes could
contribute in order to assess the background scatter-
ing originating from the density of states via in-
coherent scattering. In addition, constant energy-
transfer scans were used where the dispersion curves
are steep enough to give well defined peaks. In this
case the incoherent scattering is merely a smoothly
varying background with the coherent one-phonon
peak standing out clearly on top of it. The results of
the measurements are shown in Fig. 1. At the bot-
tom of the figure is shown a mapping of the meas-
ured relative intensities of the acoustic phonons
measured in odd and even zones.
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IIl. MODEL CALCULATIONS

The measured data have been analyzed in terms of
a double-shell model'® which had already been used
to reproduce the measured data of the transition-
metal carbides and those of TiN. In the model, force
constants to first 4,, By and second 4,1,B11,42,,B,
nearest neighbors (1 labels the nitrogen ions, 2 labels
the metal ions) are taken into account. These forces
are assumed to act only via the shells. The shells are
coupled to their own.cores by the force constants K,
and K, and carry the charges Y; and Y,. The ionic
charges are Z; and Z,. This leads in the adiabatic ap-
proximation to the well-known equation of motion of
the shell model

ma*U=IR +ZCZ — (R + ZCY)

x(K+R +YCY)T (R +YCDIU , (1)

where m, Z, Y, and K are diagonal matrices of the
masses, the ionic charges, and the core-shell force
constants, respectively. The screening due to the
conduction electrons has to be taken into account by
adding the term D*u to the right-hand side of Eq.(1).
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FIG. 1. Acoustic and optic phonons of ZrNg¢3. Squares and triangles represent the experimental data for transverse and
longitudinal phonons, respectively. The solid and dashed lines are the results of calculations using a double-shell model and a
simple-shell model, respectively. At the bottom is shown a mapping of the measured relative intensities of the acoustic phonons

measured in odd and even zones.
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D* is given by

sc, N =4 K' qaqﬂ 1
D&, (q,KK') =4nwZEZE 2 <@

—-1] , )

where €(q) is the dielectric function which is calculat-
ed in the Thomas-Fermi approximation, and Z¥ are
the screening charges.

The coupling of the conduction electrons in the
metal sublattice is described by force constants
AP B, Y to first and 452, B$? to second nearest
neighbors in the metal sublattice. These forces are
assumed to act through an outer shell of the metal
ions which is coupled by the force constant K' to the
inner shell of the metal ions. This additional elec-
tronic degree of freedom is taken into account by re-
placing the short-range matrix R in Eq. (1) by the re-
normalized matrix '

R=R+K'(K'+R)7'R',

where R' is the short-range matrix for the additional
coupling in the metal sublattice and XK' is the diago-
nal matrix of the coupling between inner and outer
shells. It is obvious that the renormalization leads to
a sharp resonance-like softening when K' and R’
have different signs and the denominator XK'+ R’ be-
comes small. The sharpness of the resonance
depends on K' whereas its position in g space
depends on the ratio of first- and second-nearest-
neighbor forces in the metal sublattice. If only
second-neighbor interactions are assumed the soften-
ing in the A direction will occur at 0.5(1,0,0). If in
addition nearest neighbors are mixed in, it will be
shifted towards the zone boundary where it will occur
when nearest-neighbor forces are much stronger than
second-nearest-neighbor forces.

The parameters of the model have been deter-

mined by a least-squares fit to the measured data and
are compared in Table I with the parameters obtained
for TiN.

IV. RESULTS AND DISCUSSION

In Fig. 1 the measured data are compared to the
results of model calculations. Squares and triangles
represent the experimental data for transverse and
longitudinal phonons, respectively. The solid and
dashed lines are the results of calculations using a
double-shell model and a simple-shell model, respec-
tively. The experimental data are well reproduced by
the calculations using a double shell model. The
difference between the full curves and the dashed
curves exhibits clearly the softening of the longitudi-
nal branches which has also been found in the super-
conducting carbides.’® Compared to TiN,2 the
anomalies in ZrN are less pronounced, i.e., the
softening is weaker and extends over a larger region
in g space. This has to be attributed to the difference
in stoichiometry of the two samples (ZrNg o3 com-
pared to TiNgeg). It is well known that the supercon-
ducting properties depend strongly on the number of
valence electrons per elementary cell. Transition me-
tal compounds with eight valence electrons (VE) per
elementary cell are not superconducting whereas
those with nine and ten VE are superconducting and
show anomalies in the dispersion curves. This
behavior does not depend on whether the change in
VE per elementary cell is due to changes in the metal
component, the nonmetal component or the
stoichiometry. The transition temperature is a mono-
tonous function of the stoichiometry and therefore of
the number of VE. This can be understood in a
rigid-band model which has been proved to be a rea-
sonable first approximation for the electronic struc-
ture by various band-structure calculations.??=2* In

TABLE 1. Double-shell model parameters of ZrN and TiN. Force constants are given in units of e2/2r0, screening vectors
are given in units of m/ry. The subscripts 1 and 2 refer to the nonmetal and metal sublattice, respectlvely The superscripts n

refer to the nth-order neighbors in the fcc metal sublattice.

Ay, By Ay By, Ay By A K,
ZrN 15.51 1.12 10.68 -2.71 2.29 0.57 -0.62 300.00
TiN 18.53 » 1.92 11.65 -3.18 R cee -0.70 41.60
. R R A s
ZrN —1.108 0.140 -0.097 —0.696 0.4509 5.0 0.3 0.3
TiN -0.399 -0.094 —0.043 —-0.411 0.0213 1.9 0.5 0.5
Yl - Y2 =0 Kl = 0o
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this picture the Fermi energy lies in a minimum of
the electronic density of states for compounds with
eight VE and is shifted into a region with increasing
density of d states when the number of VE is in-
creased. In a microscopic picture this leads to a
strong p-d coupling which results in a resonance-like
behavior of the dielectric function for certain g vec-
tors.'® 19 It should be mentioned that in contrast to
the carbides and to TiN, the TA branch in the X
direction shows no anomaly. From the slopes of the
acoustic branches the elastic constants have been
determined to be

c11=4.54 102dyn/cm? ,

c12=1.21 102dyn/cm? ,
and

css=1.24 102dyn/cm? .

Optic and acoustic branches are separated by an en-
ergy gap. Because of the screening due to conduction
electrons the LO and TO modes are degenerate at the
I" point, whereas the splitting of LO and TO modes at
the L point is due to the long-range Coulomb interac-
tion which is not completely screened at larger g vec-
tors.

In Table I the parameters of the model for ZrN
and TiN are compared. The short-range force con-
stants for both compounds are very similar. The
main difference is that for ZrN second-nearest-
neighbor interactions in the nitrogen sublattice had to

eee ZrNg g7

G (hw) (arbitrary units)

hw [meVv]

FIG. 2. Histogram of the calculated one-phonon density
of states of the acoustic phonons of ZrNj 93 compared with
the results from time-of-flight measurements on ZrN g;
(Gompf, Ref. 25).
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be added. They are, however, small compared to the
second-nearest-neighbor forces in the metal sublat-
tice. It should be mentioned that in both compounds
the polarizability of the nitrogen ions can be neglect-
ed and that in ZrN the polarizability of the Zr ions is
much weaker (K larger) than the polarizability of
the Ti ions in TiN. The less pronounced anomalies
lead to a bigger K' value. It is the K' value which
essentially describes the localization of the anomalies
in g space. The smaller the K' value is the more lo-
calized are the anomalies. The coupling constants

{2/K' and Bj, /K’ describe essentially the magni-
tude of the softening. In ZrN these quantities are
generally smaller than in TiN thus reflecting the
weaker softening in ZrN. :

In Fig. 2 the calculated one-phonon density of
states of the acoustic branches (histogram) is com-
pared with the results from time-of-flight measure-
ments (dotted line) by Gompf? on ZrNgg;. The
overall shape of both spectra is in good agreement.
Small differences in the intensity ratios may be due
to the fact that the measured density has to be con-
verted into the true phonon density of states by fre-
quency dependent corrections and that the
stoichiometry of the samples used in the time-of-
flight measurements and the samples used in the
present triple-axis experiment was quite different.

In Fig. 3 the calculated density for both the acous-
tic and the optic branches is compared with the Ra-
man spectrum measured by Spengler and Kaiser?® on
ZrNygs. Again we find good agreement in the acous-
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FIG. 3. Histograms of the calculated density of the acous-
tic and optic phonons of ZrNj g3 compared with the Raman
spectrum measured on ZrNg o5 (Spengler and Kaiser, Ref. 26).
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_tic part of the spectrum. The calculated density of
the optic branches seems to be shifted slightly to
higher frequencies compared to the second peak in
the experiment. However, there are strong two-
phonon contributions of the acoustic branches super-
posed with the density of the optic branches in this
peak. It can be easily imaginated that the subtraction
of the two-phonon contribution indicated by the ar-
row labeled 2A will lead to the calculated density.

V. CONCLUSIONS

It has been shown that ZrN exhibits similar pho-
non dispersion curves as the isoelectronic carbides.
This is in accordance with the rigid-band picture.
Compared to TiN the anomalies are less pronounced
which is very likely to be related to the poorer
stoichiometry of the ZrN sample. The experimental
results are well reproduced within the framework of a

double-shell model which has already been used to
describe the lattice vibrations in other transition-
metal compounds.'®!22° The calculated one-phonon
density is in good agreement with the results of
time-of-flight measurements?’ and with recent Ra-
man measurements.?
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