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Abstract

Diffuse intensity maxima in ZrNx caused by short-range ordering (SRO) of nitrogen atoms or vacancies are shown
in electron diffraction patterns along four different low-index zone-axes. Analysis of the shape of the diffuse intensity
was performed using an equation developed by Sauvage and Parthe´ [1]. Additional {1,1/2,0} diffuse intensity maxima
were also observed and these have not been previously reported for interstitial carbides and nitrides with a NaCl-type
crystal structure. Both a Kohn construction, which assumes that the positions of 2kF110 yield the diffuse intensity
maxima, and microdomain crystal models based on M2X or M4X3 crystal structures, are presented as possible expla-
nations for the origin of the {1,1/2,0} diffuse intensity maxima. The close relationship between the SRO model and
the shape of the Fermi surface indicates that the Fermi surface in ZrN has nearly the same shape as that of TiN.
 2003 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

When a compound has many point defects but
an insufficient concentration to produce long-range
ordering (LRO), short-range ordering (SRO) may
occur. This causes diffraction effects that give dif-
fuse intensity maxima in reciprocal space. A clear
example of this phenomenon occurs in the tran-
sition-metal carbides such as TiC, VC and NbC
[2,3]. In nitrides, evidence for diffuse intensity has
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been found in TiN, but not in VN [2]. Such diffuse
intensity features are normally ascribed to SRO of
vacancies or interstitial atoms [1,4]. Diffuse inten-
sity maxima and SRO have not been reported for
ZrN, which has the same NaCl crystal-structure
type as the carbides and nitrides above.

A geometrical model proposed by Sauvage and
Parthé[1] successfully explains the shape of dif-
fuse intensity surfaces in ordered transition-metal
carbides and nitrides. However, the diffuse inten-
sity is not always uniform and was found to have
maxima at the {1,1/2,0} positions in (Ti,Mo)Cx [4].
This diffuse intensity was produced by a short-
range body-centered tetragonal, ordered structure
of the Ti4Mo type [4,5]. The {1,1/2,0} diffuse
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intensity has not been observed in other transition-
metal carbides and nitrides with a NaCl crystal
structure containing only two elements.

The {1,1/2,0} diffuse maxima also occur in
alloys such as Ni-rich Ni–Mo, Ni–V [6], and Au–
Cr [7]. The maxima are due to stacking of the
{420} planes in microdomains of different tetra-
gonal lattices such as D022, D1a, and Pt2Mo. Theor-
etical analysis also indicates that A2B2 crystal
structures can produce {1,1/2,0} diffuse intensity
maxima, although no such A2B2 alloys are known
to exist [8,9]. Since SRO tends to have a precon-
figuration of the RO state [10], it may be possible
to build a crystallographic model to explain the ori-
gin of SRO in ZrN if one understands the crystal
structures of the possible LRO phases in transition-
metal carbides and nitrides with NaCl crystal-
structure type.

A different approach to explain diffuse scat-
tering maxima has been developed using the Kriv-
oglaz–Clapp–Moss (KCM) theory [9,11–13]. This
theory relates the Fourier transform of the effective
pair interaction (EPI) energy parameters V(k) to the
SRO scattering and usually, the diffuse intensity
has a maximum where V(k) is minimum. Based on
this theory, a Kohn construction was used to
explain the fourfold splitting of the diffuse scat-
tering about the {110} positions in Cu3Au alloy
[14]. The same procedure could be used for ZrN
if information about the Fermi surface and k vector
were available. Such information can be obtained
from experimental data that reveal the diffuse
intensity surface. Sauvage and Parthé [1] have
found a close relationship between the diffuse
intensity model and the Fermi surface model, indi-
cating that diffuse scattering also can be used to
obtain information about the Fermi surface of com-
pounds. Construction of the Fermi surface from the
shape of the diffuse intensity has been also perfor-
med for titanium oxide, where good agreement was
obtained [15].

The present paper describes diffuse intensity
maxima and SRO in ZrNx. The origin of SRO is
also investigated using in situ electron irradiation.
Both the KCM theory and crystallographic models
are used to explain the observed diffuse intensity
maxima. Discussion of the Fermi surface of ZrN
is also provided.

2. Specimen preparation and experimental
procedures

2.1. Sample preparation

The ZrN sample used in this study was prepared
by encapsulating a 50 µm-thick foil of high-purity
α-Zr in a sealed quartz tube under an atmosphere
of high-purity N and annealing for 2 h at 1200 °C.
The N content of the foil was determined to be
31.9 at% from the increase in weight of the nitrided
specimen compared with the initial high-purity Zr
foil. To produce a homogeneous distribution of N
throughout the foil and to obtain a two-phase mix-
ture of α-Zr � ZrN, the nitrided foil was annealed
for 10 h at 1200 °C in an encapsulated tube filled
with high-purity Ar and then quenched into cold
water. Regions of ZrN in the two-phase specimen
were selected for transmission electron microscopy
(TEM) observation.

Disks 3 mm in diameter were cut from the foil
using an ultrasonic cutter. Three different thinning
methods were employed in order to prepare thin
foils of the brittle nitrided samples: (1) A double-
jet technique was used to electrolytically thin the
disks. An electrolyte of perchloric acid and meth-
anol in the ratio 3:97 by volume was used, and the
disk specimens were thinned in this electrolyte at
18 V and at �50 °C. Final thinning was obtained
by cold-stage ion-beam milling for 1 h. (2) The 3
mm diameter disk was glued on a Cu grid using
epoxy glue and then dimpled to 20 µm thickness.
Final thinning was performed by ion-beam milling
at 5 kV for 6 h. (3) A tripod polisher was used to
thin the 3 mm disks on both sides to achieve a
thickness of 15 µm. Final thinning was performed
by ion-beam milling for 4 h.

2.2. TEM procedures

The thinned specimens were examined in a
JEOL 2000FXII electron microscope operating at
200 kV. Electron diffraction patterns, each of
which provides a two-dimensional slice of the
intensity distribution in reciprocal space, were
obtained for many different specimen orientations
using a large-angle titling stage. These two-dimen-
sional sections were combined to establish the
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three-dimensional distribution of the diffuse inten-
sity in reciprocal space. Long exposure times, such
as 90–180 s, were used to reveal the weak diffuse
intensity in the patterns. In situ electron irradiation
experiments on ZrN were also performed in the
2000FXII microscope at room temperature. The
beam current-density used during irradiation was
approximately 0.2 A/cm2.

3. Results

3.1. Diffuse intensity maxima and SRO in ZrN

Fig. 1 clearly shows diffuse intensity maxima in
the [001], [011], [111] and [112] zone-axes in ZrN,
confirming that SRO is present. The shapes of the
diffuse intensity maxima are the same as those

Fig. 1. Diffuse intensity due to SRO of vacancies in electron diffraction patterns from ZrN observed along four different zone-axes:
(a) [001], (b) [011], (c) [111], and (d) [112]. Arrows indicate the positions of intensity maxima.

observed in transition-metal carbides [2,3] and
have been analyzed theoretically by Sauvage and
Parthé [1]. These investigators assumed that the
value of the diffuse intensity is constant along a
given surface and zero elsewhere. They proposed
a geometric model for the diffuse intensity distri-
bution using the following equation [1]:

cos(πh) � cos(πk) � cos(πl) (1)

� 3C cos(πh) cos(πk) cos(πl) � 0,

where the empirical parameter C, which ranges
from �1 to 0, describes the shape variation of the
diffuse intensity surface. The pattern of diffuse
intensity calculated for the four different zone-axes
in Fig. 1, according to Eq. (1), are shown in Fig.
2. The results shown by dashed lines in Fig. 2 cor-
respond to C � 0 and those shown by full lines
correspond to C � �1.



1264 P. Li, J.M. Howe / Acta Materialia 51 (2003) 1261–1270

Fig. 2. Calculated diffuse intensities for transition-metal carbides and nitrides along different zone-axes [1]: (a) [001], (b) [011], (c)
[111], and (d) [112]. Dashed lines correspond to C � 0 and full lines to C � �1.

The parameter C can be determined by the fol-
lowing equation [1]:

C � �
1 � 2 cos 2πF

3 cos2 2πF
(2)

with F �
1
2

D(000�220)�Ddiff

D(000�220)
,

where D(000–220) is the spacing between the 000 and
220 diffraction spots and Ddiff is the distance
between the two diffuse bands. Thus, C can be
obtained by measuring D(000–220) and Ddiff in Fig.
1(a)–(c). These measurements show that Ddiff is
approximately 0.35 of D(000–220), which in turn
gives a value of C � �0.15. This value is close
to that of TiN [1]. The shape of the diffuse inten-

sity tends to be circular in Fig. 1(a) rather than
square, which is in good agreement with the calcu-
lated results shown for C � 0 in Fig. 2.

While there is good agreement between the gen-
eral shape of the diffuse intensity in Figs. 1 and 2,
there is a significant increase in the diffuse intensity
at the {1,1/2,0} positions in ZrN in Fig. 1(a) that
is not present in the calculations in Fig. 2. Similar
diffuse intensities have been reported in (Ti,Mo)Cx

and these were explained by Ti4Mo metal-atom
ordering [4,5], but this is different from ZrN
because there is only one metallic element in this
phase. Further investigation of the origin of SRO
was performed by in situ electron irradiation of ZrN
in the TEM, as described in the next section.
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Fig. 3. Electron diffraction patterns from ZrN as a function of
200 kV electron irradiation in the TEM: (a) before irradiation,
(b) irradiated for 600 s, and (c) irradiated for 3000 s. Note the
disappearance of the diffuse intensity, such as that indicated by
an arrow in (a), with increasing irradiation.

3.2. In situ electron irradiation of ZrN

In situ electron irradiation experiments were per-
formed in the JEOL2000FXII microscope to deter-
mine whether or not the SRO observed in the ZrN
phase is due to nitrogen-vacancy ordering. The
results of these experiments are shown in Fig. 3.
Clear diffuse intensity maxima at the {1,1/2,0}
position are evident in the diffraction pattern in
Fig. 3(a), which was taken immediately before
exposure to the electron beam. The diffuse inten-
sity became weaker after the specimen was
irradiated for 600 s at 200 kV in the TEM, as
shown in Fig. 3(b). Finally, the diffuse intensity
disappeared in Fig. 3(c), after further irradiation at
200 kV for 3000 s.

The disordering evident in Fig. 3 is not due to
thermal effects from the 200 kV electron beam.
The thermal conductivity of ZrN is approximately
20.5 W/m K, which means that ZrN is a good ther-
mal conductor [16]. Beam heating is generally neg-
ligible in metals and other good conductors under
standard TEM conditions, because the temperature
change is only a few degrees centigrade [17].

An explanation for the disordering effect seen in
Fig. 3 can be attributed to collision between the
200 kV electrons and N atoms in ZrN. The
maximum energy transferred to the target atoms
in an electron–atom collision Ep, is given by the
following equation [5,18]:

Ep �
2E(E � 2mc2)

Mc2 , (3)

where c is the velocity of light, E the energy of
the incident electrons, and m and M are the masses
of the electron and target atom, respectively. The
displacement of an atom occurs when Ep � Ed,
where Ed is the threshold energy for atom displace-
ment. The threshold energy Ed for the displacement
of C atoms in monocarbides was estimated as
about 5 eV, whereas the energy for the metal atoms
was estimated as 20–40 eV [5]. Although values
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of Ed for N and Zr are not available, it is reasonable
to assume that the value of Ed for N is nearly the
same as that of C, because the masses and bonding
in these two atoms are similar. It is also reasonable
to assume that Ed for Zr atoms is 20–40 eV, which
is typical for many metal atoms. Substituting the
electron mass, and the mass values for N and Zr
into Eq. (3) above, one finds that Ep for N is 17.2
eV and Ep for Zr is 5.7 eV, under 200 keV electron
irradiation. The value of Ep is much greater than
the threshold value of Ed for N, which means that
displacement of N atoms occurs under 200 keV
electron irradiation. The situation is reversed for Zr
atoms. Thus, 200 kV electron irradiation provides
sufficient energy to knock N atoms off their inter-
stitial sites, scrambling their SRO arrangement
with vacancies, which are also present on these
sites. This results in the loss of diffuse intensity
maxima at the {1,1/2,0} positions (Fig. 3) and
explains the origin of the diffusive intensity in
ZrN.

4. Discussion

4.1. Possible fermi surface in ZrN

As mentioned previously in Section 1, the shape
of the diffuse intensity in transition-metal carbides
and nitrides is strikingly similar to the shape of the
theoretical Fermi surface of a primitive cubic
metal, so that the diffuse scattering can be used to
obtain information about the Fermi surfaces in
these compounds. Castles et al. [15] have perfor-
med such analyses for titanium oxide, where a
close relationship between the shape of the diffuse
intensity and the Fermi surface was obtained. By
comparing the calculated shapes of the Fermi sur-
faces for TiC and TiN [19] shown in Fig. 4 with
the diffuse intensity in the [001] (Fig. 1(a)) and
[011] (Fig. 1(b)) zone-axes of ZrN, it is evident
that the experimental data for the projection of the
diffuse intensities conform well to the (001) and
(011) sections of the Fermi surfaces for TiN (Fig.
4(b)), but not to those of TiC (Fig. 4(a)). These
results suggest that the Fermi surface of ZrN is
more like that of TiN [19–21] than TiC [19,20].

Fig. 4. Calculated Fermi surface sections in the first Brillouin
zone of: (a) TiC, and (b) TiN [19].

4.2. KCM explanation for the origin of {1,1/2,0}
diffuse intensity in ZrN

It is currently possible to perform ab initio elec-
tronic structure calculations in order to understand
the structure and stability of phases. A generalized
Ising Hamiltonian (H) is often used to describe the
energy of formation of a binary A–B alloy [10–
14]. The ordering energy �Eord derived from H,
that describes the difference between the actual
state and a statistically uncorrelated arrangement,
is given by:

�Eord � NCACB �
lmn � 000

Vlmnalmn, (4)

where N is the number of the lattice sites. CA and
CB are the atomic fractions of A and B atoms,
which satisfy the identity: CA � CB � 1. almn are
the Warren–Cowley short-range order parameters,
which relate to the occupation of atomic sites sep-
arated by a lattice vector, given by:

almn � 1�
PAB

lmn

cB � 1�
PBA

lmn

cA , (5)
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where PAB
lmn is the conditional probability that given

an atom A at the origin of space there is a B atom
in the neighboring shell lmn of an A–B alloy. Vlmn

are the EPI energy parameters, given by:

Vlmn �
VAA

lmn � VBB
lmn�2VAB

lmn

2
, (6)

where VAA
lmn, VBB

lmn and VAB
lmn are the various nearest-

neighbor bond energies. Based on this theory, the
KCM approximation directly relates the Fourier
transform of the EPI energy parameters V(k) �

�
lmn

Vlmneikrlmn to the short-range order scattering

in Laue units, ISRO(k), as [9,11,12]:

ISRO(k) �
D

1 � 2CACBV(k) /kBT
, (7)

where kB is Boltzmann’s constant, T is temperature
and with the normalization factor D close to 1.

Eq. (7) indicates that maxima in the diffuse
intensity occur at positions in reciprocal space with
a minimum value of V(k). As was first indicated
by Roth et al. [22], parallel flat sections of the
Fermi surface can give rise to a log singularity in
V(k) at 2kF, where 2kF is the distance between the
flats. Such singularities appear as minima in V(k)
and should be observable as traces of those pieces
of Fermi surface that are responsible for them. This
theory was able to successfully explain the fourfold
splitting of diffuse scattering about the {110} pos-
itions in Cu3Au alloy using a Kohn construction
[14]. We use the same procedure below, to explain
diffuse intensity maxima at the {1,1/2,0} positions
in ZrN.

According to the calculations for SRO in Fig.
2(b)–(d), the shape of the projected diffuse inten-
sity indicated by dashed lines indicates that there
is a tendency to have flatness normal to the
�110� directions. This means that we can use 2kF110

to make a Kohn construction in a (001) reciprocal
lattice section for ZrN. Fig. 5(a) shows this con-
struction to illustrate the {1,1/2,0} diffuse intensity
maxima that occur in ZrN. The value of kF110 (
kF110 � kF011 by symmetry) was obtained from the
experimental data in Fig. 1(b), shown enlarged in
Fig. 5(b). When two ‘anomalous’ 2kF surfaces
cross, an approximate doubling of the depth of the
minimum in V(k) occurs, giving rise to a doubling

Fig. 5. (a) Kohn construction for the (001) plane in ZrN, using
2kF110 centered about the four fundamental diffraction spot pos-
itions, and (b) experimental data for ZrN, shown enlarged from
Fig. 1.

of intensity near the {1,1/2,0} positions shown in
Fig. 5(b).
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4.3. Crystallographic explanation for the origin
of {1,1/2,0} diffuse intensity in ZrN

Successful explanation of the diffuse intensity in
reciprocal space based on the Fermi surface con-
struction lead us to further consider whether or not
we could explain this phenomenon in real space.
Okamoto and Thomas [6] have previously
explained the close relationship between
stable/metastable ordered structures in alloys such
as Ni-rich Ni–Mo and Ni–V, both of which display
{1,1/2,0} diffuse intensity maxima in the SRO
state. These crystal structures can be constructed
by consecutive stacking of {420} planes to yield
different ordered arrangements, such as the D022

structure (stacking sequence AAAB…), the D1a

structure (AAAAB…), and the Pt2Mo-type struc-
ture (AAB…). Based on high-resolution TEM
results, Van Tendeloo and Amelinckx [7] inter-
preted the {1,1/2,0} SRO in Au4Cr and Ni4Mo as
being due to the presence of microdomains of D022

structure with elements of the D1a structure, that
sometimes extend several unit cells along the c-
direction, while being only one or a small number
of unit cells wide. Theoretical analysis [8,9] has
also shown that it is possible to have an A2B2 alloy,
which consist of {420} planes with an AABB…
stacking sequence that give rise to {1,1/2,0} dif-
fuse maxima, although no such A2B2 alloys are
known to exist. It is known that SRO can be
expected to represent something like a precon-
figuration of the LRO state, and this makes it poss-
ible to investigate whether or not the same type of
{420} planar stacking and crystal structures dis-
cussed above might apply for ZrN.

Unfortunately, few experimental results con-
cerning possible LRO phases in Zr–N alloys have
been published. Two possible metastable phases
were recently identified: one was Zr4N with a mon-
oclinic crystal structure by Sharma et al. [23,24]
and another was tentatively identified as Zr2N with
a tetrahedral body-centered crystal structure by Li
and Howe [25]. The details of these LRO phases
are not presented here as the purpose of this dis-
cussion is to emphasize that only a few LRO
phases have been identified and many unknown
phases are likely to exist in this system.

Computational research on LRO in interstitial

compounds, especially in the systems Ti–C, Zr–C
and Ti–N, has been performed by Gusev and
Rempel [26–28]. From this work, two ordered
phases with the tetragonal crystal structures shown
in Fig. 6 are important, because the A2B2, D022,
D1a and Pt2Mo structures, which can display
{1,1/2,0} diffuse intensity maxima, all have a tetra-
gonal lattice. The superstructure shown in Fig. 6(a)
is a tetragonal M2X-type structure (space group
I41/amd) and the Ti2N phase with this structure has
been identified in the Ti–N system [29,30]. Fig.
6(b) shows a tetragonal M4X3 superstructure (space
group I4/mmm). An ordered phase with this struc-
ture has not been previously found in interstitial
carbides and nitrides, but it appears that such a
phase could form in the Zr–N system, as dis-
cussed subsequently.

The two superstructures in Fig. 6 can be con-
sidered as two tetragonal interpenetrating sublatt-
ices, one containing metal atoms (M) and the other
containing interstitial atoms (N) and vacancies (V).
If we ignore the metal atom sublattice, the remain-
ing tetragonal sublattices containing interstitial
atoms and vacancies are shown in Fig. 7. It is
important to note that Fig. 7(a) yields an A2B2

crystal structure with an AABB… stacking
sequence of {420} planes. Fig. 7(b) yields a D022

crystal structure with an AAAB… stacking
sequence of {420} planes if one considers that the
A planes contain vacancies and the B planes con-
sist of interstitial atoms. These two crystal structure
models are able to predict the origin of {1,1/2,0}

Fig. 6. (a) M2X and (b) M4X3 crystal structure types with N
occupying the X positions.
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Fig. 7. The A2B2 and A3B (D022) crystal structures showing
various {420} planes indicated by dotted lines in the right fig-
ures occupied by vacancies (A planes) or N atoms (B planes):
(a) A2B2 with an AABB… stacking of the {420} planes, and
(b) A3B with an BAAAB… stacking of the {420} planes.

diffuse maxima in ZrN as due to SRO ordering of
vacancies and N atoms along the {420} planes.
This provides a crystallographic basis for the origin
of the {1,1/2,0} diffuse intensity maxima in ZrN.
Thus, both the Fermi surface analysis and simul-
taneous ordering of N and vacancies are able to
provide different approaches to understand the
appearance of diffuse intensity maxima in electron
diffraction patterns from the ZrN phase. Further
confirmation of these explanations and the physical
connection between the two analyses may come
from future work on LRO phases in the Zr–N sys-
tem.

The crystallographic models of SRO in ZrN are
different from those used for FCC alloys in the
past. Thus, it is likely that {1,1/2,0} diffuse inten-
sity might occur in other interstitial alloys with
M2X and M4X3-type tetragonal crystal structures.
The only difference is that the diffuse intensity in
these superstructures should be weaker than that
in the D022, D1a and Pt2Mo structures, due to the
dominant role of the metal sublattice atoms on the
diffraction pattern intensities. This means that it
will be more difficult to detect {1,1/2,0} diffuse
intensity maxima in interstitial alloys with M2X
and M4X3 tetragonal crystal structures.

5. Conclusions

Electron diffraction patterns displaying promi-
nent diffuse intensity were observed along four dif-
ferent low-index zone-axes in ZrN. Such diffuse
intensity comes from the SRO of vacancies and
N atoms, which was confirmed by in situ electron
irradiation experiments, which destroyed this
ordered arrangement at room temperature.
Additional {1,1/2,0} diffuse intensity maxima
were also observed in ZrN and these have not been
previously reported for interstitial carbides and
nitrides with a NaCl-type crystal structure. Analy-
sis of the shape of the diffuse intensity was perfor-
med using an equation developed by Sauvage and
Parthé [1]. The close relationship between the SRO
model and the shape of the Fermi surface leads us
to conclude that the Fermi surface in ZrN has
nearly the same shape as that of TiN. A Kohn con-
struction was used to explain the {1,1/2,0} diffuse
maxima, assuming that the position of 2kF110 yields
the diffuse intensity maxima. Microdomain crystal
models were also presented to explain the origin
of the {1,1/2,0} diffuse intensity maxima. These
models consist of either an A2B2 superstructure
with an AABB… stacking sequence of the {420}
planes, or a D022 superstructure with an AAAB…
stacking sequence of the {420} planes, or both,
where A represents planes of vacancies and B rep-
resents planes of interstitial atoms. Confirmation of
these models may be achieved by future discovery
of new metastable LRO phases in the Zr–N system.
From a crystallographic viewpoint, we conclude
that {1,1/2,0} diffuse intensity maxima can be
observed in alloys with M2X or M4X3 crystal struc-
tures, which are different from the D022, D1a and
Pt2Mo-type structures, where this effect has been
observed previously.

Acknowledgements

This research was supported by the National
Science Foundation under grant DMR-9908855.
The authors also thank Prof G.C. Weatherly for his
help with the ZrN system and Profs. W.A. Jesser
and G.J. Shiflet for use of their encapsulating
equipment.



1270 P. Li, J.M. Howe / Acta Materialia 51 (2003) 1261–1270

References
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