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Phase transformations in epitaxial NiÕFe bilayers upon low-temperature gaseous nitriding
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In this paper we describe studies on the low-temperature gaseous nitriding of epitaxial Ni-covered Fe layers.
The epitaxial Ni/Fe bilayer system was grown by laser ablation deposition on an MgO~001! substrate. Nitriding
was done in an NH31H2 gas mixture in the 200 °C–300 °C temperature range. As a result of such nitriding,
the main Fe-nitride phases could be produced as a pore-free material. The samples were analyzed by x-ray
diffraction and conversion electron Mo¨ssbauer spectroscopy. It was observed that at the conditions applied the
Fe-nitride phase formation occurs in thea→a8, a9→g8→«→g9,g- sequence, whereby each step is accom-
panied by grain refinement. The precise orientation relationships between the phases in thea→a8, a9→g8
→« sequence were determined. Based on the data obtained, a model is proposed that describes this transfor-
mation sequence on an atomic scale in terms of martensitic transition. Among other results, evidence is
provided for two different types of orientation relationships that can occur betweena-Fe andg8-Fe4N,
depending on the prevailing conditions. The morphology of the Ni/Fe-N system is discussed.

DOI: 10.1103/PhysRevB.64.035410 PACS number~s!: 68.35.2p, 61.50.Ks, 64.60.My, 81.10.Aj
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I. INTRODUCTION

For more than a century, nitriding has been used a
method to improve material properties of iron and steel. T
Fe-nitride phases exhibit a variety of properties that are
ready employed, or can be of potential use, for numer
applications ranging from protective coatings to electrom
netic devices.

Atomic N can be dissolved in the body-centered-cu
~bcc! lattice of a-Fe to a concentration of about 0.4 at. %
without causing noticeable distortion of the bcc lattice. In t
compositional range up to about 11 at. % N, the Fe-N co
pound is called nitrogen martensitea8. It has a body-
centered-tetragonal~bct! lattice with the lattice parameter
aa8 andca8 in the 2.867–2.860 Å and 2.867–3.145 Å rang
respectively, depending on the N content.1 The N atoms oc-
cupy randomly octahedral hollow sites in the metallic su
lattice. At saturation, nitrogen martensite has the Fe8N com-
position. At this composition thea8 phase can transform int
thea9 phase. Thea9-Fe16N2 phase differs froma8-Fe8N by
the distribution of the N atoms. In thea9 phase the N atoms
are ordered.

In the g-Fe phase, N can be dissolved to a maximum
10.3 at. %. This phase has a face centered cubic~fcc! metal-
atom arrangement with a lattice parameter in the ra
3.572–3.652 Å depending the N content.2 The g8-Fe4N
phase has a narrow composition range of 19.3–20.0 at. %
The Fe sublattice has the fcc structure with a lattice par
eterag853.795 Å . The N atoms occupy one quarter of t
octahedral hollow sites in a fully ordered manner so as
minimize the strain energy and the mutual repulsion betw
N atoms.

The metal-atom arrangement in«-FexN is hexagonal
close packed~hcp!. The N atoms are randomly distributed
the octahedra formed by the Fe sublattice. The lattice par
eters of this phase depend on the composition that can r
from about 15 at. % N~at high temperatures! to 33 at. % N.
At the Fe2N stoichiometry, the« phase of Fe nitride can b
transformed intoz-Fe2N by ordering the N atoms over th
0163-1829/2001/64~3!/035410~11!/$20.00 64 0354
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octahedral sites so that an orthorhombic structure is form
Recently, the existence of two new cubic Fe-nitri

phases has been reported.3–5 One of them,g9-FeN, has the
ZnS-type of structure. The metal atoms form an fcc latt
with a lattice parameterag954.35 Å. The other one,
g--FeN, is of the NaCl type with a lattice parameterag-
54.52 Å. In both phases N atoms are situated in tetrahe
hollow sites. Very little is known about these two phases a
their properties.

A peculiar property of Fe-nitrides in relation with produ
tion and practical use is their metastability with respect
decomposition into N2 and a-Fe ~with a very low N con-
tent!. This metastability makes it impossible to produce
nitrides by gaseous nitriding in N2 gas. For instance, to form
an « nitride with 26 at. % N at 500 °C, a partial pressure
N2 of the order of 105 atm is needed. For this reason, th
production of Fe nitrides has been an issue for several
cades and a number of nitriding methods has b
developed.6,7,4,8The most commonly used process for Fe
triding is by the action of NH3 on the metal. The decompo
sition of the nitrides leads to the formation of N2 bubbles in
the interior of the Fe-nitride layer. These N2-filled bubbles
can coalesce to form pores. The rate-limiting step in the
composition is the recombination of the N atoms into the2
molecules.11,12 This recombination becomes significant on
above 400 °C. Therefore, the formation of pores can be s
pressed by applying lower temperatures during the nitrid
process. However, the low-temperature regime has its o
disadvantages, in particular, a low decomposition rate
NH3 over the surface consisting of Fe or Fe nitride, a
oxidation by trace amounts of H2O or O2 in the NH31H2
gas mixture.13 In addition, H2O molecules adsorbed at th
walls of the nitriding system are replaced by NH3 molecules,
so that the fraction of H2O in the gas mixture is increased

Recently, a method for low-temperature gaseous nitrid
of Fe in an NH31H2 mixture has been developed where
cap layer of Ni is used.9,10 The role of Ni is twofold. On the
one hand, it protects the underlying Fe from oxidation wh
©2001 The American Physical Society10-1
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allowing transport of N. On the other hand, it serves a
catalyst promoting decomposition of NH3. One of the advan-
tages of this method is the ability to perform gaseous nit
ing at relatively low temperatures resulting in the product
of pore-free material.

The aim of the work described in this paper is to study
phase transformations taking place in thin epitaxial Fe fil
during low-temperature gaseous nitriding. For this purpos
Ni cap layer is used during nitriding to produce the differe
Fe nitrides as a pore-free material. The orientation relati
ships ~OR! occurring between the phases and the morph
ogy of the samples produced are analyzed.

II. EXPERIMENTAL DETAILS

A MgO single crystal was cleaved in air along a~001!
plane. Prior to the Ni/57Fe deposition the substrate was a
nealed in vacuum~starting base pressure 5310210 mbar) at
a temperature of about 600 °C for several hours to rem
adsorbates and surface imperfections. The epitaxial Ni/57Fe
bilayers were grown on MgO~001! by laser ablation deposi
tion. A yttrium aluminum garnet~YAG!:Nd31 laser (l
51.06mm) was used with an output energy of 250 mJ, o
erating in theQ-switched regime (t515 ns) with a repeti-
tion rate of 50 Hz. The material was ablated from57Fe and
Ni targets mounted in an ultrahigh vacuum chamber, a
constant rate and constant energy distribution of the atom
the laser plume. The deposition rate was monitored by
oscillating quartz crystal. The thicknesses of the57Fe and Ni
layers were 100 nm and 25 nm, respectively. With x-r
photoelectron spectroscopy no Fe signal could be dete
on Ni-covered Fe layers. This implies that the Ni forms
close layer. As has been reported earlier,14 the overall OR in
the epitaxial Ni/Fe/MgO~001! system is

FIG. 1. The Lehrer diagram.
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@110#Feuu@010#MgO, ~1!

~001!Feuu~001!MgO, ~2!

@11̄2#Niuu@110#Fe, ~3!

~110!Niuu~001!Fe. ~4!

After deposition the samples were transported to ot
systems for nitriding and further analysis.

Gaseous nitriding was performed in NH31H2 gas mix-
tures in the 200 °C–300 °C temperature range. By apply
low-temperature gaseous nitriding to the Ni/Fe system
succeeded in forming pore-freea9-, g8-, «, g9-, and
g--Fe-nitrides. Which Fe nitride is formed at a given tem
perature depends on the nitriding potential,r N . The so-called
Lehrer diagram~see Fig. 1! gives boundaries in ther N /T
plane separating regions where a certain phase is forme
thermodynamic equilibrium.15 The nitriding potential is
given by ln(r N)5pNH3

/pH2

3/2, where pNH3
and pH2

are the

partial pressures of NH3 and H2 ~in Pa! in the NH31H2

mixture, respectively.15,16,8

In our experiments, characterization of the Fe-N pha
was done by x-ray diffraction~XRD! and conversion elec
tron Mössbauer spectroscopy~CEMS!. XRD was also em-
ployed to determine OR’s between the parent matrix and
phase formed. The XRD measurements were carried out
Philips X’Pert-MRD system and in a conventional Philip
XRD system using CuKa radiation. Both offset and nonoff
set geometries were utilized to analyze the sample struct
The geometry of the XRD measurements is explained in F
2. In the CEMS measurements, the velocity of the radio
tive source was calibrated by taking a spectrum on
deposited Ni/57Fe/MgO before the sample was subjected
any treatment.

FIG. 2. Geometry of the XRD measurements. As-drawn, x r
incidence is in thex-z plane.u-2u scans are taken by rotating th
sample (u) and the detector (2u) about they axis. Azimuthal (f)
scans are taken by rotating the sample about the surface no
~N!. Tilt ( c andv) scans are taken by tilting the sample about t
x axis (c scan! andy axis (v scan!.
0-2
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PHASE TRANSFORMATIONS IN EPITAXIAL Ni/Fe . . . PHYSICAL REVIEW B 64 035410
III. RESULTS AND DISCUSSION

A. The a8-Fe8N and a9-Fe16N2 phases

In Fig. 3 au-2u XRD-scan is displayed that was record
for a sample nitrided in pure NH3 at 200 °C for about 310 h
Apart from the strong peak at about 42.9° due to
MgO~001! substrate and a small peak around 51.9° due
the Ni overlayer, all other peaks observed can formally
ascribed to a phase mixture ofa-Fe and nitrogen martensite
The position and the width of the peaks due to marten
indicate that the nitride has a homogeneous composi
close to Fe8N. Fora8 phases with lower N content the pea
would be shifted to the higher 2u values. The peak at 28.4
is the only feature in the scan that allows to distinguish
tween thea8-Fe8N and a9-Fe16N2 phases. The peak i
caused by ordering of N over octahedral sites in
a9-Fe16N2 phase, leading to aa9-Fe16N2 unit cell with di-
mensions twice that ofa8-Fe8N. Detailed analysis of the
XRD peak positions showed that thec/a ratio of a9 in our
sample is 1.097, which is slightly smaller than the value
1.099 reported in the literature of a bulka9-Fe16N2.1,17 From
x-ray scattering calculations, a value of 6.8 is expected
the intensity ratio between the~004! and ~002! peaks of
a9-Fe16N2.18 In our experiments, this ratio was determin
to be 12.7. This means that the XRD peak at 58.8° is c
stituted by botha9-Fe16N2~004! and a8-Fe8N~002! reflec-
tions. Thus, the Fe nitride formed in the sample is a mixt
of a8-Fe8N anda9-Fe16N2 phases. It is interesting to men
tion here that the XRD spectrum reveals nitride peaks
are due to the (00l ) planes only. This means that the b
lattice of the nitride has itsc-axis perpendicular to the
sample surface. Our XRD measurements showed that

@001#a8,a9uu@001#a , ~5!

~100!a8,a9uu~100!a ~6!

FIG. 3. A u-2u XRD scan recorded on a sample nitrided in pu
NH3 at 200 °C for 310 h. The bar diagram indicates the peak p
tions as observed for:~I! Ni, ~II ! a9-Fe16N2, ~III ! a8-Fe8N, ~IV !
a-Fe, and~V! MgO.
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is the only OR present in the sample. This implies that d
ing N uptake, expansion of the original bcc lattice occu
only in the direction perpendicular to the surface, as
pected. Upon formation ofa8-Fe8N anda9-Fe16N2, the lat-
tice parameters along thea andb crystallographic axes sta
nearly unchanged while along thec axis the original bcc unit
cell has to be expanded by approximately 10%. When the
phase is growing, stress builds up in the crystal due to
distortion of the unit cell. In thin films, stress relaxation
the direction toward the surface is energetically favorable
our samples this is the bcc-Fe@001# crystallographic direction
that coincides with the surface normal. The formation of b
nitrogen martensite with a preferredc-axis orientation per-
pendicular to the surface has also been observed by de
and Saris, who studied Fe-nitride phase formation upon
implantation into Fe~001! single crystals.19

A CEMS spectrum obtained for this sample is shown
Fig. 4. In the figure, the symbols represent experimental d
the dashed lines represent different fit components, and
solid line is the total fit to the experimental curve. Thea8
1a9 phases together witha-Fe were found to constitute th
major part of the spectrum~30.7% and 55.1%, respectively!.
Table I contains the hyperfine parameters found from
fitting procedure for thea81a9 phase mixture. The fit could
be improved by adding small components~14.2%! due to the
g8 phase. The presence of a small fraction ofg8-Fe4N in the
sample was also proven by recording au-2u XRD scan with
an offset of 6° ~not shown!. The remaining misfit in the
20.7 mm/s to 1.3 mm/s part of the spectrum could be due
the presence of a very small~a few percent! fraction of ni-
trogen austenite~see Ref. 4 and references therein!. Also,

i-

FIG. 4. A CEMS spectrum recorded on a sample nitrided
pure NH3 at 200 °C for 310 h. See text for an explanation of t
lines and symbols.

TABLE I. Hyperfine parameters of thea9-Fe16N2 components
obtained from the analysis of the CEMS data for the sample
trided in pure NH3 at 200 °C for 310 h.

Component I.S.
~mm/s!

H.F.
~T!

Q.S.
~mm/s!

G
~mm/s!

Rel. area
%

a9-Fe~I! 0.17~1! 40.27~8! -0.20~2! 0.3 24.6
a9-Fe~II ! 0.096~6! 31.67~4! 0.16~1! 0.3 49.7
a9-Fe~III ! 0.00~1! 28.90~8! -0.17~2! 0.3 25.7
0-3
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A. V. MIJIRITSKII AND D. O. BOERMA PHYSICAL REVIEW B 64 035410
we cannot exclude the formation of a tiny amount of Fe12xO
at the Ni/Fe interface. These fractions would be too smal
be detected with XRD.

If we extrapolate the Lehrer diagram~see Fig. 1! to a
temperature of 200 °C, the«-FexN phase should be forme
in thermodynamic equilibrium at the nitriding conditions a
plied for this sample. However, no trace of«-FexN was
found. Moreover, only part ofa-Fe was converted into F
nitride. This means that no thermodynamic equilibrium h
been reached. Taking into account the diffusion coefficie
reported in the literature,20,21 diffusion of N cannot be a re
striction for the phase formation at the temperature and
triding time applied. At the same time, while a significa
fraction of thea-Fe was still unaffected, theg8 phase had
already started to form pointing to the fact that in the pres
experiment the kinetic barrier of transformation to this pha
could be overcome. It was observed that theg8 and« phases
are readily formed when a bare epitaxial Fe~001! layer is
exposed at 200 °C to a flow of atomic N.22 The fact that we
see only a small fraction of theg8 phase and no« phase may
be due to the slowness of the dissociation process at
surface, and/or the effectiveness of a kinetic barrier for
formation of theg8 and« phases in the Ni-covered layer
the prevailing nitriding potential.

There have been a number of publications suggesting
existence of an a-g8-« triple point in the phase
diagram.23,24,8Below the triple point nog8 can exist in ther-
modynamic equilibrium. The triple-point temperature repo
edly lies well below 275 °C. Since in our experiment the
modynamic equilibrium has not been reached,
conclusions on the existence of the triple point can be dra
However, if the temperature of the triple point lies abo
200 °C, the appearance ofg8 in our sample proves that in F
the hcp« phase must be formed froma-Fe via the fccg8
phase.

B. The g8-Fe4N phase

In Fig. 5, u-2u XRD scans are displayed, which we
acquired in nonoffset and offset geometries on a sample
trided in a NH31H2 mixture @ ln(r N)522.0# at 300 °C for
about 10 h. Apparently, upon nitriding almost alla-Fe was
converted intog8-Fe4N. This observation is in excellen
agreement with the CEMS data as will be shown below.
have indications from Rutherford backscattering spectr
copy combined with channeling measurements~not shown!
that the nucleation of the nitride phase takes place throu
out the entire~100 nm! depth range of the Fe layer in th
sample. This would be in accordance with the findings
Inia et al. for polycrystalline Fe samples covered with a
layer.25

From comparison of the two XRD scans it is obvious th
the g8-Fe4N layer formed from a single crystal ofa-Fe is
heavily textured with its~001! planes slightly tilted with re-
spect to the sample surface. To study the OR in greater
tail, two-axes XRD scans were measured. Figure 6 disp
anv-2u scan. During the scan the x-ray beam incidence w
along the~010! plane of the MgO~001! substrate. The defi
nition of the angles 2u, v, c, andf is explained in Fig. 2. In
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Fig. 6, the two peaks observed at the 2u values of 42.9° and
47.9° correspond to the MgO~002! andg8-Fe4N~002! reflec-
tions, respectively. Analysis of the peak positions along
v scale showed that the offset between the~001! planes of
g8-Fe4N and the~001! planes of the MgO substrate is 6.2
The in-plane orientation ofg8-Fe4N with respect to the sub
strate was derived by measuringf-v scans on the
g8-Fe4N~113! and MgO~113! reflections~not shown!. From
the scans, theg8-Fe4N@010# uu MgO@010# relationship was
established. In Fig. 7, anv-c scan is presented. In this mea
surement the 2u angle was chosen to probe th
g8-Fe4N~002! reflection and the x-ray beam was alon

FIG. 5. A u-2u XRD scan recorded on a sample nitrided in
NH31H2 mixture @ ln(r N)522.0# at 300 °C for 10 h:~a! with no
offset; ~b! with a 6° offset. The bar diagram indicates the pe
positions as observed for:~I! Ni, ~II ! g8-Fe4N, ~III ! MgO.

FIG. 6. An v-2u XRD scan recorded on a sample nitrided in
NH31H2 mixture @ ln(r N)522.0# at 300 °C for 10 h. The intensity
at v50° and 2u542.9° is due to MgO~002!; the intensity atv
56.2° and 2u547.9° is due tog8-Fe4N~002!. The outer and inner
MgO andg8-Fe4N intensity levels differ by a factor of 104 and 10,
respectively.
0-4
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PHASE TRANSFORMATIONS IN EPITAXIAL Ni/Fe . . . PHYSICAL REVIEW B 64 035410
MgO~010! at c 5 0°. The scan reveals four structural d
mains of g8-Fe4N with their ~001! planes symmetrically
tilted aboutg8-Fe4N@010# directions by 6.2° off the surface
normal. Keeping in mind that Fe@110# uu MgO@010# and
Fe~001! uu MgO~001!, the OR betweena-Fe andg8-Fe4N
found in our experiments can be expressed as

@ 1̄00#g8uu@110#a , ~7!

~001!g8uu~001!aR[110]6.2°, ~8!

where R[110]6.2° denotes rotation by 6.2° around the@110#a
crystallographic direction.

A CEMS spectrum measured on this sample is shown
Fig. 8. In the figure, the symbols represent experimental d
the dashed lines represent different fit components, and
solid line is the total fit to the experimental curve. The sp
trum could be fitted with sextets due tog8-Fe4N. We cannot

FIG. 7. An v-c XRD scan of theg8-Fe4N~002! reflection re-
corded on a sample nitrided in a NH31H2 mixture †ln(rN)5
22.0‡ at 300 °C for 10 h. The first~outer! and the sixth contour
lines differ in intensity by a factor of 3.

FIG. 8. A CEMS spectrum recorded on a sample nitrided i
NH31H2 mixture @ ln(r N)522.0# at 300 °C for 10 h. See text fo
an explanation for the lines and symbols.
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exclude that there is a vary small~a few percent! fraction of
the« phase present in the sample, because there is a rem
ing misfit of the CEMS spectrum. This means that the nitr
formed in the sample is almost a singleg8 phase, which
agrees well with our XRD observations. Since ing8 the Fe
atoms are distributed over three different sites with a 1:
occupation ratio, three sextets with the appropriate area
tios were used to fit the data. The line intensity ratio with
each sextet was fitted to bea:b:c, with a:c close to 3:1 and
a:b close to 3:3.5. The hyperfine parameters found from
fit are listed in Table II. The parameters are in good agr
ment with those reported in the literature~see Ref. 4 and
references therein!.

At the nitriding potential and temperature used in th
experiment, the«-FexN phase should be formed according
the Lehrer diagram. In polycrystalline Fe samples cove
with a Ni layer the formation of~nearly 100%! of the «
phase was observed at the conditions used here.9,8 However,
the nitride in our sample consists for more than 95% of
g8-Fe4N phase. The delay observed in the phase formatio
probably due to a lack of nucleation sites~such as lattice
defects or grain boundaries! in the epitaxial Fe layer, which
causes high energy barriers for phase transitions. The im
tance of lattice defects during phase transformations has b
proven by, e.g., Grujicic and Dang who carried out compu
simulations on martensitic phase transformations in Fe
alloys.26

C. The «-FexN phase

Two u-2u XRD scans recorded in nonoffset and offs
geometries on a sample nitrided in a NH31H2 mixture at
ln(r N)50.0 are shown in Fig. 9~a! and 9~b!, respectively.
The nitriding was done for 10 h at 300 °C. The set of pea
observed in the scans can be explained by the formatio
the «-FexN phase in the sample. Apart from Fe nitride, t
formation of Ni-nitride phases was also observed in
sample. Applying the formulas for the dependence of
lattice parameter on the N concentrationcN in «-FexN re-
ported by Schaafet al.,4

a«52.52510.007 473cN , ~9!

c«54.23810.005 653cN , ~10!

the composition as determined from our XRD data for the
nitride produced was Fe2.17(2)N. Slightly different equations
for the lattice parameter dependence were reported
Kooi.27 However, in our studies we found that the equatio

a

TABLE II. Hyperfine parameters obtained from the analysis
the CEMS data for the sample nitrided in a NH31H2 mixture
@ ln(r N)522.0# at 300°C for 10 h.

Component
I.S.

~mm/s!
H.F.
~T!

Q.S.
~mm/s!

G
~mm/s! Rel. area %

g8-Fe~I! 0.223~3! 34.18~2! 0.027~5! 0.380~3! 25.0
g8-Fe~II ! 0.311~1! 21.69~1! 0.175~3! 0.380~3! 50.0
g8-Fe~III ! 0.291~3! 21.62~2! -0.291~6! 0.380~3! 25.0
0-5
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A. V. MIJIRITSKII AND D. O. BOERMA PHYSICAL REVIEW B 64 035410
due to Schaafet al. give better agreement with our CEM
data. As can be seen from the XRD scans presented in Fi
offsetting the sample results in a change in intensity ratio
the~102! and~203! reflections. This points to the presence
crystallographic texture in the Fe-nitride layer formed. It w
determined that the~203! reflection reaches its maximum i
the nonoffset case, meaning that the~203! planes of the ni-
tride crystallites are parallel to the sample surface. Owing
the fourfold symmetry of the parent matrix, four differe
domains of the nitride can contribute to such a reflection.
analyzing with XRD the mutual orientation of th
«-FexN~101! and MgO~113! planes, the in-plane orientatio
of the«-FexN crystal with respect to the MgO~001! substrate
was found to be«-FexN@100#uu MgO@110#. A two-axesc-v
scan measured for the«-FexN~203! reflection is presented in
Fig. 10. In this measurement, the x-ray beam was imping
on the sample along the MgO~110! plane atc 5 0°. The
scan reveals that the~203! planes are in fact slightly tilted
with respect to the sample surface, giving rise to a cross
shape of the peak. The tilt of the~203! planes is about 2°
Since the OR betweena-Fe and MgO is Fe@110# uu
MgO@010# and Fe~001! uu MgO~001!, the overall OR be-
tween the«-FexN formed and the originala-Fe crystal is
determined to be

@100#«uu@01̄0#aR[01̄0]2°, ~11!

~ 2̄03̄!«uu~001!aR[01̄0]2°. ~12!

It should be noted that it was not possible to determine
exact value of the tilt because of a strong overlap of the~203!

FIG. 9. u-2u XRD scans recorded on a sample nitrided in
NH31H2 mixture @ ln(r N)50.0# at 300 °C for 10 h:~a! with no
offset; ~b! with a 3° offset. The bar diagram indicates the pe
positions as observed for:~I! Ni4N, ~II ! Ni, ~III ! «-FexN, ~IV ! MgO.
03541
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reflections produced by twinned domains. From the analy
a total of eight hcp«-FexN structural domains should b
present in the sample.

A CEMS measurement revealed that for the nitriding co
ditions applied all Fe was converted into the«-FexN phase.
The CEMS spectrum is presented in Fig. 11. From the sh
of the spectrum it can be easily seen that at RT the major
of Fe nitride is nonmagnetic that holds for«-FexN phases
with a N concentration above 30 at. %.28 Our analysis
showed that the CEMS spectrum consists of two quadrup
split doublets plus a magnetically split component. The m
netic field experienced by the Fe atoms, causing magn
splitting in the spectra, has a broad distribution up toB fields
of about 29 T. To cover this range, in our analysis we fitt
the magnetically split component with a broad sextet. T
hyperfine parameters for the components, as obtained f
the fit, are presented in Table III. The two quadrupole-s
doublets@components Fe~II ! and Fe~III ! in Table III# point to
the presence of two different Fe sites in the nonmagn
phase. The areas of the doublets reflect the probabilitie
the different Fe sites. On the basis of the nitrogen-order
model proposed by Jack,29 from the ratio between the dou
blet areas we obtained the composition as Fe2.17(1)N what is

FIG. 10. An v-c XRD scan of the«-FexN~203! reflection re-
corded on a sample nitrided in a NH31H2 mixture @ ln(r N)50.0# at
300 °C for 10 h. The outer and inner contour lines differ in intens
by a factor of 4. The full circles indicate the positions of th
maxima in the intensity predicted by our model.

FIG. 11. A CEMS spectrum recorded on a sample nitrided i
NH31H2 mixture @ ln(r N)50.0# at 300 °C for 10 h.
0-6
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in good agreement with our XRD data, if calculated in a
cordance with Eqs.~9! and~10!. The hyperfine parameters o
this phase are fairly close to those reported in the litera
for an« phase with the composition Fe2.12N by Schaafet al.4

and with the composition Fe2.20N by Chenet al.28 The small
~9.9%! total spectral area covered by the magnetically s
sextet~componentM in Table III! may be caused by ferro
magnetic«-Fe-nitride phases that have a Curie temperat
above RT. The Curie temperature is a function of the
concentration. FexN phases withx>2.2 are ferromagnetic a
RT.

A CEMS spectrum recorded on a sample nitrided in p
NH3 at 300 °C for about 10 h is shown in Fig. 12. There a
two major differences distinguishing this CEMS data fro
the one discussed above. First, no magnetic compone
present. Second, a pronounced shoulder can be observe
the left-hand side of the quadrupole-split doublet. Fitting
spectrum with two quadrupole-split doublets resulted in
very broad smaller component with a large~nearly 1 mm/s!
quadrupole splitting, pointing to the presence of more th
two lines in the spectrum. The best fit was achieved with
hyperfine parameters presented in Table IV. The first t
components correspond to the Fe2.03(1)N composition. On the
basis of XRD data obtained for this sample, an Fe2.03(2)N
composition was derived from Fe-nitride peak positions
ing Eqs.~9! and ~10!. The same OR between Fe nitride a
the substrate was found as in the previous case. The rem
ing features in the CEMS spectrum~components B and D in
Table IV! could be ascribed to a mixture ofg9-FexN and
g--FexN. The information on these two phases and, in p
ticular, on their hyperfine parameters is very scarce. The

FIG. 12. A CEMS spectrum recorded on a sample nitrided
pure NH3 at 300 °C for 10 h.

TABLE III. Hyperfine parameters obtained from the analysis
the CEMS data for the sample nitrided in a NH31H2 mixture
@ ln(r N)50.0# at 300 °C for 10 h. The notation for the differen
components is taken from Ref. 4

Component
I.S.

~mm/s!
H.F.
~T!

Q.S.
~mm/s!

G
~mm/s! Rel. area %

«-Fe~III ! 0.453~0! 0.278~0! 0.280~1! 69.3~1!

«-Fe~II ! 0.360~2! 0.346~3! 0.311~4! 20.8~1!

M -0.040~7! 29.215 0.72~2! 9.9~1!
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perfine parameters found in our calculations for theg9-FexN
1 g--FexN mixture are in qualitative agreement with th
values reported by Schaafet al.4 The deviation in the hyper-
fine parameters is most probably due to a variation in co
position of the FexN compounds with 1.0,x,1.6.30,3,31,4,32,5

Recent calculations, carried out on the basis of a fi
principles method, showed that the magnetic moments in
FexN phases with high N content are very sensitive to
Fe-N nearest-neighbor distance.33 In our XRD measurements
we did not find peaks corresponding to any of these t
phases. The most plausible explanation would be that
fractions of theg9-FexN andg--FexN phases in the sampl
are too low to be detected with XRD, or that the crystallit
of these phases are not oriented with planes parallel to
surface.

D. Orientation relationships and morphology

Below we discuss a phase transformation model that
explain the OR’s observed. Phase transformations in F
~likewise in Fe-C! systems should be treated as of diffusion
type since, in general, diffusion of both species occurs. Ho
ever, in the temperature range~200 °C–300 °C! addressed in
this work diffusion of Fe atoms is negligible.34,35 Therefore,
transformations in our samples can be regarded as diffus
less, as far as the Fe sublattice is concerned. We will sh
that, during low-temperature gaseous nitriding ofa-Fe,
phase transformations can be well described in terms of m
tensitic transitions. A martensitic transition is characteriz
by a synchronized movement of the lattice atoms by a d
tance less than one interatomic spacing. In a martensitic t
sition a habit plane exists, which has the same orienta
before and after the transition and stays practically und
torted upon the transition.36,37 It should be noted that we ar
dealing with thin epitaxial films. For bulk polycrystallin
materials the transformations may deviate from those p
sented here.

In our consideration we assume that during gaseous
triding the concentration of N in the sample increases gra
ally. During this gradual increase different phases can
formed in sequence according to the Fe-N phase diagram38,1

The final concentration of N is determined by the tempe
ture combined with the nitriding potential applied. Since
the temperature range used in our experiments any of
a8-, a9-, g8-, «-Fe-nitride phases could be formed by ga
eous nitriding, it would be plausible to assume that the ph
transformations taking place in the sample occur in thea

n

f TABLE IV. Hyperfine parameters obtained from the analysis
the CEMS data for the sample nitrided in pure NH3 at 300 °C for 10
h. The notation for the different components is taken from Ref.

Component
I.S.

~mm/s!
H.F.
~T!

Q.S.
~mm/s!

G
~mm/s! Rel. area %

« Fe~III ! 0.437~1! 0.286~1! 0.264~2! 84.8~3!

« Fe~II ! 0.32~1! 0.450~0! 0.264~2! 3.5~4!

B 0.89~1! 0.34~0! 3.1~2!

D 0.060~6! 0.65~1! 0.30~0! 8.1~2!
0-7
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A. V. MIJIRITSKII AND D. O. BOERMA PHYSICAL REVIEW B 64 035410
→a8, a9→g8→« sequence. In terms of crystallography th
route can be expressed as a bcc→bct→fcc→hcp phase tran-
sition.

During early N uptake, bct nitrogen martensite is forme
Although the occupation of the octahedral interstices cau
large anisotropic strains in the Fe matrix, the bct lattice
martensite has about the same dimensions along two o
principal axes as those ofa-Fe. Therefore, the basic OR
between the martensite and the originala-Fe should not be
affected by the transformation. With this in mind, the O
observed in the experiments@see Eqs.~5! and ~6!# can be
readily understood. The bcc→bct transition leading to such
an OR is the most energetically favorable since no in
atomic bonds are broken during the transformation proc
and thus the energetic barriers of the phase transforma
are only determined by elastic distortion of the lattice. In t
particular case of thin films the strain is relaxed to the s
face.

Further N uptake leads to a bct→fcc transition. The criti-
cal point at which the transition takes place is associa
with the point where strain relief by shear and sliding b
comes energetically more favorable than by further ela
distortion of the lattice.

For the Fe-N system two essentially different OR’s co
necting bcc, bct, and fcc phases have been reported in
literature. The one commonly observed upon reducing
g8-Fe4N phase toa-Fe in thick~about 0.1 mm! films and in
bulk material39,40 is

@110#g8uu@01̄0#a , ~13!

~ 1̄12!g8uu~201!a . ~14!

A theoretical analysis of the transformation leading to t
OR has been carried out by Pitsch.41 The OR was thought to
be the result of the following three processes:~i! Bain defor-
mation leading to an fct structure;~ii ! shear in the (111)fct

plane along the@112̄# fct direction of the newly formed fct;
~iii ! two small rigid rotations of the fct giving rise to an fc
structure. The other OR, namely,

@01̄1#guu@ 1̄11#a8 , ~15!

~011!guu~11̄2!a8 ~16!

has been reported in only one instance42 and no other experi-
mental data has been published. Produced upon quenchi
thin ~100 Å! films of nitrogen austenite, this OR is formed b
a combination of a distortion along the principal axes
austinite and a half twin shear in the (110)fcc plane along the

@11̄0# fcc direction. In the course of the discussion we w
refer to these two OR’s as oftype I OR and type II OR,
respectively. These two OR’s are different from t
Kurdjumov-Sachs and Nishiyama-Wassermann types of
observed in Fe-C and Fe-Ni systems.43,44

Comparing the above OR’s with the results of our expe
ments, it can be seen that the relationship~15! follows from
the OR found in our measurements@see Eqs.~7! and~8!# and
03541
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is not fulfilled in thetype I OR. On the basis of this obser
vation, the occurrence of thetype IOR in our samples can b
excluded.

The atomic movements associated with thetype II OR are
illustrated in Figs. 13 and 14 for our case. As can be s
from Fig. 13, thetype II OR between bct and fcc lattices ca
in principle be achieved by a Bain deformation only. How
ever, it would require a very big elastic distortion of the b
lattice, with ac/a ratio ofA2. Such a big distortion probably
cannot be realized for thea8,a9→g8 transition and the
transformation proceeds by a different mechanism. This
sumption is supported by the existence of a finite tilt an
between the (001)bct and (001)fcc planes, which would not

FIG. 13. An illustration of how thetype IIOR between a bct and
an fcc structure can be accomplished by a Bain deformation al
Four bct unit cells with a (c/a)bct ratio of A2 are represented by
dashed lines. Solid lines outline an fcc unit cell.

FIG. 14. An illustration of how a (110)bct plane could possibly
transform into a (100)fcc plane. The transformation consists of~i!

half twin shear~vectorS! in the (11̄2)bct plane along the@11̄1#bct

direction;~ii ! small shifts~vectorsm andn! to obtain the correctg8
lattice parameters within the (100)g8 plane;~iii ! a small shift~vec-
tor p! of all atoms in the plane to obtain the correct spacing betw
the (100)g8 planes.
0-8
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PHASE TRANSFORMATIONS IN EPITAXIAL Ni/Fe . . . PHYSICAL REVIEW B 64 035410
arise otherwise. We suggest that the following processes
most likely to take place upon the transition. Once a cert
‘‘critical’’ c/a ratio of the bct phase has been reached,
formation by an elastic distortion only is no longer favorab
and the fccg8 phase is formed by a half twin shear in th
(11̄2)bct plane along the@11̄1#bct direction~vectorS in Fig.
14!. In this case, only small additional atomic shifts wou
be needed to obtain the correct lattice parameter of the fcg8
phase within the (001)fcc plane~vectorsm andn in Fig. 14!.
As can be seen from the figure, the vector sum ofm andn
leads to a small expansion of the lattice, which is in t
direction of thec axis of thea8 phase, i.e., in the direction o
the surface, and a small contraction in the surface pl
along the @11̄0#bct direction. Finally, a contraction alon
@110#bct ~vector p! is also necessary to adjust the distanc
between the (001)fcc planes. The (11̄2)bct and (011)fcc
planes stay parallel during this transformation because
displacementsS, m, and p are in this ~common! planes,
whereasn is normal to these planes and, if measured fr
one (11̄2)bct plane, the displacementsn are equal.

In our experiments the tilt angle, denoted byt in Fig. 14,
was determined to be 6.2°. Such a tilt implies that the sh
process started at a ‘‘critical’’ (c/a)bct ratio of 1.137. This
ratio is only slightly larger than that of bulka9 and signifi-
cantly smaller than the value needed if the bct→fcc transi-
tion would occur by a Bain mechanism alone. In fact, thec/a
ratio at which the shear begins–and consequently the
tilt angle–can depend on the crystalline quality and the m
phology of the sample. For our experimental conditions,
relatively largec/a ratio can be explained as follows. W
have already mentioned above that a significant delay
phase formation has been observed in our experiments a
higher nitriding potential had to be applied to produce a c
tain Fe-nitride phase. This phenomenon has been attrib
to the lack of nucleation sites in the epitaxial layers used
compared with polycrystalline material. The delay impli
that larger lattice strain may be needed to make the trans
happen. In the case of the bcc→bct→fcc transition described
here, larger strain would result in a bigger anisotropic dist
tion of the lattice and, therefore, a largerc/a ratio in the bct
phase. The influence of strain on thec/a ratio in nitrogen
martensite has also been observed by Okamotoet al.18

The last question left to be discussed in conjunction w
the a→g8 transformation in the Fe-N system is the occu
rence of different OR’s. It is interesting to note in this resp
that type IOR andtype II OR have, in fact, been reported fo
two different cases as follows. Thetype I OR is observed as
a relationship between the fcc lattice ofg8 and the bcc lattice
of a-Fe.45,46,40 This OR seems to be realized wheng8 is
formed directly froma-Fe. Studies by Inokutiet al.,45 e.g.,
give evidence that different Fe-nitride phases, and theg8
phase in particular, can form directly froma-Fe at the sur-
face of Fe crystallites exposed to NH31H2 mixtures in the
450 °C–550 °C temperature range. In this case, theg8 phase
was found to nucleate with thetype I OR. In contrast, the
type II OR is observed as a relationship between the
lattice ofg8 ~or g) and the bct lattice ofa8/a9 ~see Ref. 41
and this work!. As a hypothesis we propose that thetype I
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OR applies when theg8 phase is formed directly from bc
a-Fe and thetype II OR applies when the fcc phase
formed via the bcta8/a9 phases.

Summarizing, thea→g8 transformation in thin epitaxia
Fe films at temperatures in the 200 °C–300 °C range can
well described in terms of a martensitic transformation of
Fe-sublattice. The transformation proceeds via a bct phas
leads to an OR that is expressed as

@01̄1#g8uu@ 1̄11#a8 , ~17!

~011!g8uu~11̄2!a8 ~18!

and features parallelity of close-packed directions~c.p.d.’s!
between the precipitates and the parent matrix.

Now let us consider thea/« system. Since phase tran
formation in Fe nitrides is driven by N diffusion resulting i
a gradual change of N concentration in the sample, at
temperatures applied in our experiments one could exp
that g8 is formed as an intermediate phase during thea
→«. Hence, it is the bcc-a→ fcc-g8→ hcp-« transition that
should be considered. The first part of the transition has b
discussed above. Now we concentrate on theg8→« transi-
tion.

If no significant diffusion of the lattice atoms takes plac
the

@010#hcpuu@11̄0# fcc , ~19!

~001!hcpuu~111! fcc ~20!

OR is the one observed in virtually all hcp/fcc systems47

This is due to the high degree of coherence between c.p
and close-packed planes~c.p.p.’s! of the two lattices. For the
ideal case, perfect coherence occurs ifahcp5afcc /A2 and

(c/a)hcp52A 2
3 . The transformation occurs by shear of eve

other (111)fcc plane along the@112̄# fcc direction as shown in
Fig. 15. Since the lattice parameter relations of«-FexN and
g8-Fe4N deviate from the above values just slightly, the c
herence can be achieved by shear plus a small distortio
the g8-Fe4N lattice.

In the hcp lattice of«-FexN, the angle between (20̄3̄)«

and (001)« planes is about 51.3°. This angle can vary by
few tenths of a degree depending on the N content. T

FIG. 15. An illustration of how a (111)fcc could possibly trans-
form into (001)hcp by half twin shear in the (111)fcc plane along the

@112̄# fcc direction.
0-9
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A. V. MIJIRITSKII AND D. O. BOERMA PHYSICAL REVIEW B 64 035410
angle between (001)g8 and (111)g8 planes ing8-Fe4N is
54.7°. On the one hand, if the relationships defined by E
~19! and ~20! are fulfilled, then we have
(2̄03̄)«uu(001)g8R[11̄0]3.4°, where R[11̄0] implies tilt around

@11̄0# of g8-Fe4N. On the other hand, as has been sho
above, the lattice ofg8-Fe4N is tilted with respect to the
parent a-Fe crystal around Fe@110#. Considering four
g8-Fe4N domains, a combination of the two different til
will give rise to thev-c diffraction peak positions for the
«-FexN(2̄03̄)« reflection as depicted by full circles in Fig
10. In the figure, the diffraction peak positions of the doub
tilted (2̄03̄)« planes are indicated with full circles. As can b
seen, four doublets are expected. The angle between (v;c)
5(0;0) and adoublet is 3.9°. In our measured scan~see Fig.
10!, the doublets overlap and the peaks within a doublet
not distinguished. This is probably due to a finite width
the peaks. From a deconvolution procedure the angle
tween (v;c)5(0;0) and adoublet was estimated to be
61°. Within the error bar, this value deviates from the va
calculated on the basis of 3.4° and 6.2° tilts by 1°.

According to Inokutiet al.,45 exposure ofa-Fe crystal-
lites to NH31H2 mixtures in the 450 °C–550 °C temper
ture range results in the« phase formation directly from
a-Fe with the OR

@100#«uu@21̄1̄#a ,

~001!«uu~111!a .

In their experiments, the« phase was observed to nuclea
only at the surface~and not in the bulk! of a-Fe crystallites.
In such an OR, the smallest angle between (203)« and
(001)a planes is about 30° that is obviously not the case
our samples. This fact supports the assumption that in
samples the« phase is formed froma-Fe via theg8 phase.

Thus, at the conditions applied theg8→« transformation
of the Fe-sublattice can also be described in terms of a m
tensitic transition. The OR formed is defined by

@010#«uu@11̄0#g8 , ~21!

~001!«uu~111!g8 ~22!

and features parallelity of c.p.d.’s and c.p.p.’s between
precipitates and the parent matrix.

To complete the discussion on phase transformation
the Fe-N system, we will address the morphology of
samples. As was observed in our previous experimen48

thin epitaxial Fe layers deposited onto MgO~001! exhibit a
high degree of crystallinity and an atomically flat interfa
with the metallic cap layer. The elastic strain caused by
lattice mismatch with the substrate was found to be fu
relaxed for Fe film thicknesses exceeding 200 Å. Format
of the bcta8,a9 phases in the films results in elastic disto
tion of the bcc lattice in the direction perpendicular to t
sample surface. In the case of films with the~001! surface
orientation, formation of the bct phase with OR as defined
Eqs. ~5! and ~6! will probably lead to a layer that is homo
geneously~anisotropically! expanded in the direction norma
03541
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to the surface. In epitaxial systems, the presence of subs
can cause additional energetic barriers for phase transfo
tions. In the case considered, the as-deposited epitaxia
layer is fully relaxed meaning that no~or very little! stress is
imposed. Since the lattice parameter ofa8-Fe8N and
a9-Fe16N2 is about the same as ofa-Fe along the layer-
substrate interface, the influence of the substrate on the tr
formation would be minor. In accordance with the transfo
mation model described above, thea8→g8 phase transition
gives rise to the formation of fccg8 crystallites, which OR
with respect to the parenta8 matrix is defined by Eqs.~15!
and~16!. Upon further transformation, the fccg8 crystallites
break up into hcp« crystallites with an OR as in Eqs.~21!
and ~22!. Thus, an overalla→a8, a9→g8→« phase trans-
formation process in the Fe-N system is accompanied b
grain refinement. The describeda8→g8 as well as theg8
→« transformations are likely to result in lamella-type
macrostructure. With such morphology strong adhesion
the layers to the substrate is improbable. In our experime
we observed that ultrasonic treatment of theg8-Fe4N and
«-FexN samples makes the layers peel off the substrate. T
is in agreement with the morphology predicted.

IV. CONCLUSIONS

Summarizing, phase transformations during lo
temperature gaseous nitriding in epitaxial Ni-capped Fe l
ers were studied. It was shown that upon low-temperat
gaseous nitriding of Ni/Fe bilayers, virtually any Fe nitrid
can be produced as a pore-free material. Only thez phase
was not clearly observed in our samples. We cannot excl
the fact that a small fraction ofz-Fe2N was present togethe
with the high-N-content«-FexN phase. The CEMS spectra o
these two phases are very similar.49,28 The positions of the
~101!, ~102!, and ~203! XRD peaks observed in our exper
ments for~textured! « could be very close to those of~211!,
~212!, and~423! of z and, if the amount of thez phase in the
samples was small, the peaks could be missed.

It was found that a higher nitriding potential value w
needed to produce a certain Fe-N phase in the epitaxial N
bilayers, compared to the value given by the Lehrer diagr
measured for polycrystalline material. The delay was
plained by a lack of nucleation sites~such as lattice defects!
in the epitaxial Fe layers.

Our studies showed that at relatively low temperatu
where diffusion of Fe atoms can be neglected, phase tr
formations in the Fe-N system can be well described in te
of martensitic transitions, as far as the Fe sublattice is c
cerned. During gaseous nitriding ofa-Fe in the 200 °C –300
°C temperature range, the phase transformations occur in
bcc→bct→fcc→hcp sequence. It was confirmed that,
formed in a thin film, theg8 precipitates have the orientatio
relationship with the nitrogen martensite matrixa8 as de-
fined by Eqs.~17! and ~18!. This orientation relationship is
achieved by simultaneous half twin shear in the (112̄)a8
plane along the@11̄1#a8 direction, and a distortion along th
principal crystallographic axes. It is inevitable that shear
accompanied by slip or twinning. We did not investigate th
0-10
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point. Possibly this twinning could induce a lamellae type
morphology in the sample.39,50,51It was also shown that the
orientation of the« precipitates with respect to the host ma
trix of g8 is as described by Eqs.~21! and ~22!. This rela-
tionship is probably due to simultaneous shear of every ot
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e
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(111)g8 plane along the@112̄#g8 direction and a distortion
along the principal axes.

Finally, it was demonstrated that each step of thea
→a8→g8→« transformation cycle is accompanied by grain
refinement.
.
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