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Abstract. In order to make a comparison wittpMjas nitrogenation, the structural and magnetic
properties of ammonia-nitrided,¥e; 7N, were investigated by a combination of x-ray diffraction,
magnetization and nuclear magnetic resonance. It was found that by usggheHhitrogenation
temperature and/or time are greatly reduced, and nominal N concentratighs 0< 6.3 are
obtainable. For lower N content,< 3.3, a two-phase (nitrided + unnitrided) configuration exists

in the sample particles. The unnitrided phase is completely suppressed*@.8; however, an
amorphous-like phase appears foe> 5.6. The average value for the magnetic moment per Fe
atom initially increases with the N content, reaching a maximun fer4 before decreasing. The
magnetic anisotropy, which arises solely from the Fe sublattice, is reduced for higher N content,
but is still basal planar. These results indicate that the microscopic structure of the nitrided phase
in ammonia-nitrided ¥Fe;7N, is different from that in the same material prepared bydds
nitrogenation. Evidence is provided for the existence of more than three, most likely four, nitrogen
atoms per formula unit in the nitrided phase whes 3.

1. Introduction

Recently, much research effort has been made to improve the hard magnetic properties of the
binary RFe7 (R = rare-earth) intermetallic compounds by interstitial and/or substitutional
modifications of the 2:17 structure. This effort was stimulated by the discovery thatintroducing
interstitial nitrogen or carbon atoms by means of a gas—solid reaction resulted in an increase in
the Curie temperature and saturation magnetization; and, in the case &%), changed
the anisotropy from basal planar to uniaxial [1,2]. A volume expansion, which can be as
much as 6% compared to the binary compounds, is also observed in all of the interstitial
compounds. It is noteworthy that $Fe 7N, possesses better hard magnetic properties than
those of NdFe 4B and is a promising candidate for permanent magnet applications [3].
Nitrogenation of the R~e;7 compounds to produce;Re; 7N, involves a diffusion process
which is initiated by exposing the parent material to a nitrogen-containing atmosphere at
elevated temperature. Generally speaking, samples prepared by nitrogenatior, \yeis N
have compositions witlh < 3, while NH; gas yields considerably higher N content. The latter
requires ‘milder’ nitrogenation conditions, i.e., lower reaction temperature and shorter reaction
time. Nearly all of the reports in the literature concerning the use of-biat nitrogenation
involve the preparation of Sgire 7N, [1, 2, 4—7]; however, reports for the single compositions
YoFe7N23 [1] and NdbFe /N4 5 [8] also appear. In the work reported here, a combined
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x-ray diffraction (XRD), magnetization and nuclear magnetic resonance (NMR) study of the
structural and magnetic properties for the ammonia-nitridgBe¥;N, system (nominal N
content 0< x < 6.3) is presented. For this system, the transition-metal yttrium takes the
place of the rare-earth element; however, yttrium has a very small magnetic moment and makes
no contribution to the magnetic anisotropy, thus enabling the behaviour of the Fe sublattice
to be isolated. The results presented here shed light on: (1) the location, distribution and
concentration of the N atoms, (2) the magnetic properties and behaviour and (3) the resulting
final structure or phases of the material.

2. Experimental apparatus and procedure

The parent ¥Fe;7 ingot was prepared by arc melting using Y and Fe starting materials with
a purity of 99.95%. Since yttrium has a relatively low boiling point and high vapour pressure,
an additional amount of yttrium<(5% by weight) was added to the starting materials to
compensate for the loss during arc melting. The polycrystalline pargfg Y ingot was
annealed in vacuum at approximately 9@for one week, ground into a powder and passed
through sieves to obtain particle diameters in the three rang28;um, 20 to 25um and 25
to 32um.

The NH;-gas nitrogenation was carried out in a chamber which was first evacuated
(typically 107® Torr) and flushed with high purity nitrogen gas several times. The parent
Y ,Fe7 fine powders were exposed to Nigas with a gauge pressure of 0.14 to 0.20 atm in
the chamber while being heated to temperatures in excess 6€3f@0 various times. At the
conclusion of the gas—solid reaction, the chamber was cooled down t€28 evacuated.
It is known that nitrogenation with Nfwill also introduce H atoms into the 2:17 lattice.
The 200°C vacuum annealing process was continued for 2 to 3 hours in order to remove the
hydrogen from the sample powder. Although the vast majority of H atoms were removed by
the annealing process, a trace amount of residual hydrogen always remained as observed in
the NMR spectra (see below). The nominal nitrogen content was calculated by weighing the
sample before and after the nitrogenation process. The particle size, gas pressure, reaction
temperature and reaction time are all crucial factors for determining the nitrogen content (see
table 1).

Table 1. Y2Fe 7N, prepared by Ni3-gas nitrogenation of ey ;.

Particle sizeg4m) Temperature°’C) Time (min) N content

20to 25 310 30 1.3
251032 330 30 1.6
251032 350 30 2.3
20to 25 350 50 3.3
<20 350 60 3.8
251032 350 360 4.1
251032 380 180 4.6
20to 25 350 270 5.6
<20 350 360 6.3

All XRD powder patterns were obtained by employing Cu Kadiation and a Philips
x-ray diffractometer which was equipped with a single-crystal monochromator. The diffraction
intensity was recorded as a function @f, 2he angle between the incident and the diffraction
direction, using a home-made computer interface. The XRD patterns were characteristic
of those for the ¥Fe;; compound, with a mixture of the hexagonal ¢Ni7-type) and
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rhombohedral (TkZn,7-type) structures. The patterns for both structures can be indexed
on hexagonal unit cells, and only differ in their stacking sequence alorgdhection, which

is ABAB ... for the hexagonal structure and ABCABC for the rhombohedral structure.
Thea andc lattice constants were obtained by performing a least squares fit to the diffraction
peak @-values.

In order to observe the saturation moment and magnetic anisotropy, samples consisting
of fine powders were aligned at room temperature in a DC field of 16 kOe, and then fixed in
epoxy resin. ¥Fe;7 is an easy-plane material with the easy plane being essentially isotropic.
However, an alignment can still be achieved in a DC magnetic field with#pees of the
fine magnetic particles being randomly distributed perpendicular to the field. Magnetization
(magnetic moment per unit mass) isothewh&{ ) were obtained at 10 K for magnetic fields up
to 55 kOe using a Quantum Design SQUID magnetometer. The magnetization was measured
in two directions, i.e. magnetic field both parallel and perpendicular to the sample alignment
direction. Before every measurement, the sample was completely demagnetized such that the
magnetization curve obtained was the initial curve.

The zero-field spin-echo NMR spectra were collected at liquid helium temperatures using
a phase-coherent pulse spectrometer over the frequency range 5 to 60 MHz which included
resonances from thid and®®Y nuclei. Details of the methodology of NMR in magnetically
ordered materials, including the experimental procedure and data acquisition, are available
elsewhere [9].

3. Experimental results, analysis and discussion

Table 1 lists the nitrogenation conditions and the resulting nitrogen concentrations for the
ammonia-nitrided ¥Fe;7N, (nominal N content G< x < 6.3) samples studied in this work.

The results reported here are consistent with the work of Iriyatre [2] on SnpFe7N,

(0 < x < 6.6) samples prepared by nitrogenation with a mixture o;Hd H, gases. They
used somewhat larger particle size (20—106), along with slightly higher temperature (420—
495°C), higher NH partial pressure (0.35-0.45 atm) and longer reaction time (up to 8 hours).
Compared to Bgas nitrogenation, it was found that the use ofd\fds to produce e 7N, :

(1) yields N content greater than 3.0 and (2) requires milder nitrogenation conditions, i.e. lower
reaction temperature and/or shorter reaction time.

3.1. X-ray diffraction

Figure 1 shows the XRD patterns for the ammonia-nitride&eé(7N, powder samples with

x = 0, 1.6, 3.8 and 6.3. For the unnitrided parent¥; sample (figure X)), the XRD
pattern is typical of that for the )Fe;7 compound. It is well known that the,¥e;7 compound
crystallizes into either the Biij7-like hexagonal structure, BHEn;7-like rhombohedral
structure or, in most cases, a mixture of these structures [10]. Of the eight peaks labelled
hkl in figure 1@), six appear for both the hexagonal structure (without parenthesis) and the
rhombohedral structure (with parenthesis and the appropriate 2:3 rafip fdhe structure

is uniquely identified by the characteristic peaks for each type, i.e. the 203 hexagonal peak at
20 = 41.0° and (024) rhombohedral peak & 2 37.8°. There is a trace of the 123 hexagonal
peak (not labelled) at2= 46.5°. Also, there is a hexagonal 114 peak and a rhombohedral
(215) peak; however, they both occur ne@r=2 49.1° and are hard to distinguish. Inthis work,

the set of diffraction peaks labelled in figurej{or the parent ¥Fe; 7 powder sample (with the
mixture of the hexagonal and rhombohedral structures) will be designated as characterizing the
‘unnitrided phase’. In figure bj for the Y,Fe 7N ¢ sample, two sets of diffraction peaks exist



836 N X Shen et al

(d)x=6.3

(c)x=3.8

Diffraction Intensity (arb. units)

220 (220)
302 (303)

222 (223)

(024)
203
e
&
>
i
o
<o

300 (300)
004 (006)

112(113)

25 30 35 40 45 50 55
20 (degrees)

Figure 1. X-ray diffraction powder patterns forammonia-nitridegFé, 7N, : (a) x = 0, unnitrided
parent phaseik! without parenthesis—hexagonal structuri, with parenthesis—rhombohedral
structure), ) x = 1.6, both unnitrided and nitrided phases preseg)tx(= 3.8, nitrided phase
only, and @) x = 6.3, nitrided phase with some amorphous phase background.

which partially overlap, and which clearly indicate the presence of a two-phase structure. One
set, which is consistent with smaller lattice constants, corresponds to the unnitkBeg Y
phase, while the second set, which is consistent with larger lattice constants, corresponds
to a YoFe 7N, ‘nitrided phase’ (again, both phases having a mixture of the hexagonal and
rhombohedral structures). As seen in table 1, the particle size of the pareat Yowder

used for the ¥Fe ;N1 sample was 25-32m. Using a shell-core model for the sample
particles, with the nitrided region being the shell and the unnitrided region being the core, along
with a consideration of the penetration depth for Cu kadiation in Y>Fe 7 (approximately

5 um), one would not expect to observe the diffraction peaks from the unnitrided phase. The
two-phase shell-core structure was supported by a recent XRD studyFen;M, 7 prepared

by N»-gas nitrogenation [11]. A sample obFe 7N, 7 consisting 32—37:m patrticles initially
showed only one set of peaks which was characteristic of the nitrided phaBe {N,).
However, when the sample powder was ground to smaller particle size, a second set of peaks
characteristic of the unnitrided,¥e 7 phase appeared. In the case gF¥ /N, ¢ prepared by
NH3-gas nitrogenation presented here, the initial appearance of both sets of peaks is due to the
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presence of hydrogen during nitrogenation. When the ammonia decomposes at approximately
300°C, the released hydrogen, whether in atomic or molecular form, willimmediately diffuse
into the interstitial sites of the lattice and react with the paresftey; powder. Hydrogen
decrepitation occurs in which microcracks are produced and, ultimately, the particle size is
reduced [4]. This process has been used effectively in industry.

Evidence for the two-phase configuration was also found in the XRD patterns for
YoFe7N23 and YoFe7N3 3, which were both similar to the XRD pattern for,Fe;7Nq g,
except that the intensity of the nitrided peaks increased at the expense of the unnitrided peaks.
Figure 1€) shows the XRD pattern for the,¥e ;N3 g sample which is characterized by only
the one set of diffraction peaks for the nitrided phase. This was also the casg-@arN, 1
and Y,Fe;7Ng6. The XRD patterns for ¥Fe;7Nsg and YoFe7Ng 3 (shown in figure 1q)),
while still exhibiting only one set of diffraction peaks characteristic of the nitrided phase, also
show a broad background which indicates the existence of some type of amorphous-like phase
for larger N content. The amorphous-like feature can be seen to appear under the three closely
spaced peaks (220 (220), 302 (303) and 004 (006)) neae 22°. Iriyamaet al [2] have
observed a similar feature in the XRD patterns obtained for ammonia-nitride&epi,
with x > 5.9. A Mossbauer study by lét al [5] revealed that the amorphous-like phase in
SmpFe 7N, is paramagnetic.

Thea andc lattice constants relevant to the hexagonal unit cells were obtained from a least
squares fit of 10 hexagonal (rhombohedral) peaks. Figure 2 shows the lattice constiauts
the N contenk for ammonia-nitrided ¥Fe 7N, (0 < x < 6.3). The values obtained from the
hexagonal peaks are consistent with those from the rhombohedral peaks within experimental
error. Also, the expansion of the lattice along thaxes due to nitrogenation is apparent,
as well as the two-phase configuration for= 1.6 and 2.3. (The unnitrided XRD peaks
were not distinct enough to be fitted for= 3.3.) Figure 3 shows the layer—layer distarice
(c/4 for the hexagonal structure angb for the rhombohedral structure) versus the N content
for Y,Fe7N,. Again, the expansion of the lattice along #@xis due to nitrogenation is
apparent. As the error bars are approximately the size of the symbols, the distinct jump
betweenw = 2.3 and 3.3 is significant. As discussed below, this behaviour provides evidence
for one additional N atom entering the 2:17 lattice per formula unit when3. Finally, the
volume per formula unitys,, which characterizes both the unnitrided and nitrided phases,
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Figure 2. The lattice constant (A) versus the N content for ammonia-nitrided ¥Fe;7N,

(0 £ x < 6.3): open circles—fit to hexagonal structure, crosses—fit to rhombohedral structure.
The error bars are approximately the size of the symbols. The unnitrided phase is observed for
0 < x < 3.3(although only fitted up to 2.3), while the nitrided phase is observedfoglx < 6.3.
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Figure 3. The layer-layer distande(in A) versus the N contentfor ammonia-nitrided ¥Fe;7N,

(0 < x < 6.3), whereL is ¢/4 for the hexagonal structure (open circles) ané for the
rhombohedral structure (crosses). The error bars are approximately the size of the symbols. The
unnitrided phase is observed forQ x < 3.3 (although only fitted up to 2.3), while the nitrided
phase is observed for@ < x < 6.3.

Table 2. Ammonia-nitrided Y%Fe;7N, crystallographic data.

Sample a(A)y Aaja®%) LAY AL/L(%) Vi (A% AVe/ Vi (%)
Yo Fe 2 8.483 0.0 2071 0.0 258.1 0.0
Y Fe7N1gP  8.664 2.1 2110 1.9 2743 6.3
Y, FesN3g?  8.651 2.0 2.139 3.3 277.2 7.4

a Unnitrided phase.
b Nitrided phase.

was calculated from the andc lattice constants for ¥e;7N, (0 < x < 6.3). Since the
hexagonal structure has two formula units per unit cell volume whereas the rhombohedral
structure has thred/;, = (a®c sin60r)/2 for the former and/;, = (a®c sin60r)/3 for the
latter. It was found that the difference between e values for the two structures lies
within experimental error. A description of the lattice expansion resulting from-s$
nitrogenation is provided in table 2. The maximum N content that is obtainable in the 2:17
structure is still an open question. The hexagonal (rhombohedral) structure provides three
octahedral 6h (9e) and six tetrahedral 12i (189g) interstitial sites per formula unit. It has been
usually assumed that the N atoms occupy only the octahedral interstitial sites [12]; however,
Jaswakt al[13] have pointed out the possibility of N atoms entering the tetrahedral interstitial
sites. As listed in table 2, the lattice parameters for the nitrided phase ing$iprepared
YoFesN16 (.9. AV, / Vs, = 6.3%) are very similar to those reported previously for the
nitrided phase in bkgas prepared samples, and for which an upper limit of three N atoms
per formula unit is generally accepted [12]. On the other hand, the lattice parameters for the
nitrided phase in Nktgas prepared Xe;7Nsg (€.9. AVy,/ Vs, = 7.4%) are consistent with
the work of Brennart al [14] on NHz-gas prepared Sgfre;7N3 9. In their work, they provide
evidence to suggest the existence of N atoms in sites other than the octahedral interstitial
sites and that the number of N atoms in the nitrided phase is closer to four. They report an
approximate value for the lattice expansion of 2.1% per N atom.

Finally, for the ammonia-nitrided Xe;7N, samples reported here, the XRD patterns
showed no trace of any peaks due tgi¥eFe;N or YN. There is a slight indication of a peak
at 447° which is due to bce-Fe; however, as can be seen in figura) lthis apparently came
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in with the parent powder and was not due to the ammonia nitrogenation treatment. The XRD
measurements alone cannot totally rule out the possibility of phase separation in the lower
N content samples, particularly if the second phase(s) form(s) with nanoscale dimensions.
However, in contrast to Ngas prepared samples, where the be€e precipitates increase

with the N content and can be as large as 10% [15], the amount of-Becprecipitation with

NH;3 preparation is clearly reduced.

3.2. Magnetization

Figures 44)—4(h) show the magnetizatia¥ (in emu g 1) versus the magnetic field (in kOe)
measured at 10 K for eight of the magnetically aligned fine-particle samples of ammonia-
nitrided Y>Fe7N, (0 < x < 6.3). The |’ notation indicates a direction of the magnetic
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Figure 4. MagnetizationM (in emu g-1) versus magnetic fielé (in kOe) measured at 10 K for
magnetically aligned fine-particle samples of ammonia-nitrideBtey7N, (0 < x < 6.3): ‘|
indicates applied field parallel to alignment direction andihdicates applied field perpendicular
to alignment direction.
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Figure 5. The average magnetic moment per Fe atoru@hversus the N contentfor Y ;Fe 7N,
(0 < x < 6.3): open circles—nitrided with Nglgas (this work), closed circles—nitrided witip N
gas [17].

field parallel to the alignment direction and thé’‘notation indicates a direction of the
magnetic field perpendicular to the alignment direction. Values of the saturation magnetization
M; were obtained by fitting the various magnetization curves above 15 kOe to the form
M(H) = M;—(A/H)—(B/H?), and converted to Bohr magnetons per formula ynitiu?)
usingM, (up fu™t) = M (emu g ) x W/5585, wheréV is the formula unit weight (in g). In
order to calculate an average value for the magnetic moment per Fe(atgsh,the moment
value for yttrium is assumed to be0.40 up and independent of the N content [16]. Also, if

it is assumed that nitrogen has no appreciable monggnt,) can then be obtained from the
measured saturation magnetization using

M, (up fu™) +2 x 0.40
(hre) = == : )

Figure 5 showsur,) versus the N content for the Y,Fe 7N, samples in this work (open
circles). It can be seen thatr,) initially increases with increasing N content, obtains a
maximum forx ~ 4, and then decreases. The behavioupgf,) shown in figure 5 should be
considered in the light of two competing effects, one being the exchange interaction between
two Fe atoms and the other being the chemical bonding between an Fe atom and its neighbouring
N atoms. The insertion of N expands the lattice and, hence, changes the Fe—Fe exchange
interactions which results in an increase in the average Fe moment. The incréase)in

up tox ~ 4 is likely to be a consequence of the lattice expansion in the nitrided phase along
with the growth of the nitrided phase at the expense of the unnitrided phase. However, the
chemical bonding between Fe and its N neighbours will eventually decrease the average Fe
moment for large N content. Also, the appearance of a paramagnetic amorphous-like phase
for large N content will result in a reduced value for the average Fe moment. The magnetic
moment behaviour illustrated in figure 5 suggests that there exist more than three N atoms
in the nitrided phase for N content > 3. For comparison, the values obtained far,)

from No-prepared ¥Fe 7N, samples have been included (solid circles) [17]. Comparing the
two curves, the difference between the initial valuesxfee 0 is most likely due to a small
difference in the stoichiometry of the parentingots. Itis well known that the hexageRalY

phase can exist over a finite range of composition [10]. What is more significant, however,
is the difference in the initial slope for the two curves with Nptepared samples having a
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smaller incremental change i r.) per N atom. If the difference between the two curves
is attributed to the presence of bee~e in the N-prepared samples, this would require that
the amount of bce-Fe in Y,Fe 7N, ¢ be approximately 40%. As described above, previous
NMR measurements carried out on-Nrepared ¥YFe;;N, indicate that the amount of bcc
a-Fe does increase with the N content; however, it does not exceed 10% [15]. Consequently,
it is concluded that the difference between theNiepared samples and the-Nrepared
samples for a given nominal composition lies in the difference in the microscopic nature of
the nitrided phase for the two types, i.e. location and concentration of the N atoms. The NMR
results described below address this issue further on a microscopic level.

Finally, values of the anisotropy field, (defined as-2K1/M;, whereK is the second-
order anisotropy constant) were extracted from the magnetization data in figure 4 using a simple
model described by Let al [18], which is directly applicable to magnetically aligned fine-
particle samples. In their model, the magnetic process within one single domain is considered
with the total energy (magnetic field and anisotropy) being minimized thereby obtaining an
expression which contains the angles that the magnetization and the magnetic field make with
thec-axis. The expressionis then solved numerically. Fromthese results, the valueat be
obtained from experimental data by plotting the reduced magnetization (defined as the ratio of
the perpendicular and parallel magnetization values) as a function of the applied magnetic field.
In particular,H, is calculated from the magnetic field value for whia#f, /M) = 0.935. The
magnetic field value is then corrected for demagnetization effects by using a demagnetization
factor of N ~ 1/10 for the fixed fine-powder samples. Figure 6 shélysersus the N content
for Y,Fe7N,. As indicated above for de;7N,, with Y taking the place of the rare-earth
element, the only contribution to the anisotropy is from the Fe sublattice. What is important to
note here is that using Ng-gas nitrogenation to obtain,¥e 7N, with nominal N content up
to x = 6.3 results in a reduction off, by approximately one-half. However, the anisotropy,
which is easy plane for Xe,7, clearly does not change over to easy axis.
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Figure 6. The anisotropy fieldd, (in kOe) versus the N conterntfor ammonia-nitrided ¥Fe; 7N,
(0 < x < 6.3). Although H, decreases for large N content, the anisotropy remains basal plane.

3.3. Nuclear magnetic resonance

In order to obtain a clearer picture concerning the microscopic structure, zero-field spin-echo
NMR spectra were obtained from the ammonia-nitridedr&;N, samples at liquid-helium
temperatures over the frequency range 5 to 60 MHz. Since the hydrogen and nitrogen atoms



842 N X Shen et al

have no moment, while the yttrium atoms have a very small moment (magnrit@dé0 1. 5),

the hyperfine field at these sites is essentially that transferred from the nearest neighbour Fe
atoms. Consequently, the observation of the resonance peaks frdid,tHN and/or8Y

nuclei provides information concerning the local atomic environment.

Inthis section, a detailed comparison will be made between samplesef X, prepared

by: (a) Nb-gas nitrogenation studied previously and (b) {Nas nitrogenation reported here.

In previous work on M-gas prepared xFe 7N, with nominal N content 0< x < 2.8 (see

[19]), the sample particles were described as being ‘two phase’ with a nitrided outer shell and
an unnitrided inner core. THEY spectra obtained from X e;;N, were characterized by four
resonance peaks located at 42.5, 36.5, 29.5 and 26.5 MHz, and designated Y(0), Y(1), Y(2)
and Y(3), respectively. In this notation, the Y(0) peak was attributed to the unnitrigiegl Y
phase, as the Y atoms have no N atoms in the neighbouring interstitial sites. The three satellite
lines Y (1), Y(2) and Y(3) were attributed to the nitridedFe; 7N, phase, and the number in the
parenthesis indicates the number of N atoms in neighbouring interstitial sites, i.e., Y(1) and Y (2)
have one and two N atoms in neighbouring octahedral interstitial sites, respectively, and Y(3)
has two N atoms in neighbouring octahedral interstitial sites and one N atom in a neighbouring
tetrahedral interstitial site. It was found that as the nitrogenation process progressed, the
relative intensity ratio between the three satellite peaks remains constant (with the Y(2) peak
being dominant), and the intensity of the three-satellite-peak combination increased at the
expense of the Y(0) peak. The Y(0) peak, which characterizes the unnitrigesd phase,
completely disappeared when the N content reached?.6 to 2.8. Consequently, in the two-
phase model, the nitrogenation process proceeds with the growth of the outer nitrided shell at
the expense of the inner unnitrided core; however, the microscopic nature of the nitrided phase
apparently does not change.

The®%Y spectra obtained for the Ng-prepared samples in this work showed considerable
differences from those obtained from the,-prepared samples cited above, reflecting
differences in the microscopic atomic structure. Figure 7 shows the NMR spectrum obtained
from the ammonia-nitrided X¥e;7N1 s sample at 1.3 K over the frequency range 25to 47 MHz.
There is a strong (unnitrided phase) Y(0) peak at42.5 MHz; however, the (nitrided phase) three-
satellite-peak combination does not appear. (The small peak near 36 MHz could possibly be
a Y(1) peak; however, there is no trace of the Y(2) and Y(3) peaks. Also, it is possible
that this small peak is due to a small number of H atoms which remain in the tetrahedral
interstitial sites after the vacuum anneal process (see below).) It is very striking that the three-
satellite-peak combination which characterizes the nitrided phasghe; )N, prepared by
N2-gas nitrogenation does not appear for any of the ammonia-nitrided samples in this work.
The intensity of the Y(0) peak for the ammonia-nitridegHé,;N, samples did decrease with
increasing N content; however, it was still observablexfer 3.3. This indicates the existence
of some amount of unnitrided phase for nominal N content 3. Since the nominal N
content was obtained by weighing the samples before and after nitrogenation, the value that
is obtained reflects the product of the N content in the nitrided phase and the fraction of the
sample particles that is the nitrided phase. Therefore, the above NMR result suggests that
the nitrogen content in the nitrided phase exceeds three per formula unitfo8. This is
consistent with the lattice expansion behaviour (see section 3.1) and the magnetic moment
behaviour (see section 3.2).

Figure 8 shows the NMR spectrum obtained from the ammonia-nitridgee YN, 1
sample at 1.3 K. The Y(0) peak is absent as are the three satellite peaks. Instead, two weak
and broad peaks appear at 36.0 and 47.0 MHz, with a frequency ratio of 1:1.31. These peaks
characterize the ammonia-nitridegRe,7N, samples for higher N content; they are more
easily distinguished when the Y(0) peak is suppressed. Based on a very recent NMR study
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Figure 7. Zero-field spin-echo NMR spectrum obtained at 1.3 K for ammonia-nitrigée;N1 6.
The large®®Y peak at 42.5 MHz is characteristic of the unnitrided phase; the assignment of the
small peak near 36 MHz is uncertain (see text).
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Figure 8. 'H zero-field spin-echo NMR spectra obtained at 1.3 K for ammonia-nitrided
Y2Fe17Ng1: (O)—hydrogen atoms in the octahedral interstitial sites, (T)—hydrogen atoms in
the tetrahedral interstitial sites.

of the nitri-hydride Y;Fe 7N, gHs, the peaks at 36.0 and 47.0 MHz are tentatively assigned
to 1H at the tetrahedral and octahedral interstitial sites, respectively [17]. Although all of the
ammonia-nitrided ¥Fe 7N, samples in this work were vacuum annealed at°ZDfor 2 to

3 hours before cooling to room temperature, it is apparent that a small amount of hydrogen
still remained. It should be noted that in general the resonanceitbim extremely strong,

and trace amounts of hydrogen in these samples would still be observable, particularly at
1.3 K. In the nitri-hydride work referred to above [17], hydrogen was loaded directly into
a Y,Fe;7N2g powder sample (which was completely nitrided by usinggds) and twdH

peaks (at 37.5 and 51.0 MHz) appeared. By using a small correction for the difference in the
average Fe moment value obtained witir@as and NH-gas nitrogenation (see figure 5), the

H peak frequencies for e 7N, gHs match the peak frequencies above for ammonia-nitrided
Y,Fe7N4 1. Finally, it is noteworthy that Zhanet al[20] have observe#N peaks at 8.5 and

11.5 MHz (with a similar frequency ratio of 1:1.35) inMrepared ¥Fe 7N, which were
attributed to N atoms in the tetrahedral and octahedral interstitial sites, respectively. Their
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assignment was based on the relative intensities along with the fact that a tetrahedral site has
two R and two Fe atoms as nearest neighbours while the octahedral site has two R and four Fe
atoms as nearest neighbours.

From the®®Y NMR study on the N-prepared YFe;;N, samples, it was observed (from
the satellite peaks) that ti&Y resonance peak shifts downward approximately 6.5 MHz for
every N atom in a neighbouring octahedral interstitial site and 3.0 MHz for every N atom in
a neighbouring tetrahedral interstitial site [19]. Based on these values and the indication that
the nitrided phase in the Ni-prepared ¥Fe 7N, samples may contain more than three N
atoms per formula unit, a search for fif¥ resonance was carried out at 1.3 K and frequencies
below 20 MHz for the ¥Fe 7N3g and Y>Fe /N4 1 samples. Two peaks, which were broad
and very weak, were observed at 11.5 and 17 MHz. The peak at 11.5 MHz could possibly
be due td**N at the octahedral interstitial sites, although the corresponding peak at 8.5 MHz
(tetrahedral sites) was not observed. The second peak at 17 MHz was tentatively assigned to
89y associated with the nitrided phase in these samples. At present, the reason(s) why the
NMR peaks associated with the nitrided phase in the ammonia-nitrided samples are broader
and weaker than expected is not understood in detail. Nevertheless, a consideration of all of
the experimental results indicates a significant difference in the microscopic structure of the
nitrided phase for Bkgas and NH-gas nitrogenated Xre;7N, .

4. Summary and conclusions

In order to compare 2:17 materials which have been nitrogenated usiggs\and NH gas,

a combined x-ray diffraction, magnetization and nuclear magnetic resonance study has been
carried outon ammonia-nitrided,¥e 7N, (nominal N contentG< x < 6.3). Thereplacement

of the rare-earth constituent by yttrium enables the magnetic behaviour of the Fe sublattice
to be isolated. It was found that the use of Nghs in nitrogenation requires lower reaction
temperature and shorter reaction time than wittghls. Consequently, the precipitation of bcc
a-Fe, which is unavoidable with the use of bas, is reduced. Furthermore, higher nominal N
contentx is obtainable using Nglgas; i.e., whereas < 2.8 is typical using M gas,x = 6.3

was obtained in this work and a report for= 8.0 exists for SmFe;7N, [5]. However, the

higher N content is accompanied by the appearance of an amorphous-like phase which makes
the N content actually in the 2:17 crystalline structure somewhat uncertain. Also, along with the
appearance of the amorphous-like phase is a degradation of the magnetic properties. Detailed
XRD measurements of the ammonia-nitridegHg,;N, system provide clear evidence for the
two-phase, nitrided—unnitrided, shell-core configuration far ® < 3.3. Forx > 3.8, only

the peaks characteristic of the nitrided phase remain; however, a broad background appears for
x > 5.6 indicating the existence of an amorphous-like phase for the higher N content samples.
Values for thea andc lattice constants associated with the 2:17 hexagonal unit cells were
obtained from a fit of the XRD peaks for both the nitrided and unnitrided phases: [atiee
constant (or layer—layer distance) for the nitrided phase shows a distinct jump betwe23

and 3.3, which suggests that one additional site is being occupied by the N atoms. In particular,
the measured lattice expansion of the nitrided phase is 6.3%<0B, which is similar to that
obtained with N-gas prepared samples in which an upper limit of three N atoms per formula
unit is generally accepted. However, for> 3, a lattice expansion of 7.4% was observed,
which is consistent with previous work on Nigas prepared Sgfre7N,, suggesting that

the number of N atoms in the nitrided phase might be closer to four. The existence of more
than three N atoms in the nitrided phase is also supported by the magnetic moment behaviour
and NMR results. From magnetization measurements on magnetically aligned powders of
ammonia-nitrided ¥Fe 7N, values were obtained for the average magnetic moment per Fe
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atom as well as the anisotropy field. The value(foge) increases with N content reaching a
maximum forx ~ 4, and then decreases. The initial rate of increagggf with N contentis

less than that observed fopNrepared samples, and is attributed to differences in the nitrided
phase (i.e. N location and concentration) for the two methods of nitrogenation. The anisotropy
remains basal planar upon nitrogenation; however, itis reduced somewhat for higher N content.
Finally, the NMR results clearly show that th2r (0) line which characterizes the unnitrided
(parent phase) exists for N content< 3.3, and is not observable far > 3.8. The®Y (1),

89y (2) and®Y (3) satellite peaks which occur for the nitrided phase jadxepared ¥Fe;;N,

(and which are attributed to Y atoms with one, two and three N atoms as nearest neighbours)
are not present for any of the NHbrepared samples in this work. This is especially significant

for the samples with low N content (e.gpFe;7N1¢) which show a lattice expansion for the
nitrided phase very similar to that for,Nprepared samples. A pair of peaks are observed
which can be attributed to a very small number of residual H atoms in both the tetrahedral and
octahedral interstitial sites. The combined XRD, magnetization and NMR results from this
work provide evidence for the existence of a nitrided phase which has more than three N atoms
per formula unit, with a likely number being four. This is in contrast tedeis nitrogenation
which yields only two to three N atoms per formula unit. It is noteworthy that in previous
work on ammonia-nitrided Sgire;7N,, Brennanet al [14] have suggested that three of the
(rhombohedral) octahedral interstitial 9e and one of the tetrahedral interstitial 189 sites are
occupied by N atoms.
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