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Study of the nitrogen diffusion mechanism in R 2Fe17
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Previously, nuclear magnetic resonance experiments and diffusion calculations have indicated that
the distribution of nitrogen atoms in a Y2Fe17Nx particle with intermediate N content is
characterized by a nitrided region and an unnitrided region. In order todirectly detect this
two-region configuration, x-ray diffraction experiments have been carried out on systematically
ground nitrogenated samples. Furthermore, x-ray diffraction and89Y nuclear magnetic resonance on
vacuum-annealed samples show that the two-region configuration is stable, and that the nitrogen
atoms do not diffuse further into the particle. Thermal conductivity detection measurements indicate
that only 5% of the inserted N atoms can be released by vacuum annealing at the nitrogenation
temperature. ©1996 American Institute of Physics.@S0021-8979~96!36908-3#
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I. INTRODUCTION

It is now well known that nitrogen insertion into rare
earth1Fe intermetallics, such as R2Fe17, produces materials
with significantly improved magnetic properties, namely, t
Curie temperature, magnetocrystalline anisotropy, and
magnetic moment.1,2 A thorough understanding of the nitro
gen diffusion process in the host lattice is important for d
termining the optimal nitrogenation conditions that will re
sult in homogeneous and stable magnetic properties.

Recently, it has been shown that the distribution of
trogen in a Y2Fe17Nx particle with intermediate N content i
characterized by a nitrided/unnitrided configuration.3,4 In a
simple case, this can be a shell/core structure. In the nitri
outer shell, all of theaccessibleinterstitial sites are occupied
by N atoms, and in the inner core, the host lattice is alm
devoid of N atoms. These two regions share a thin interfa
and the nitrogen atoms in a spherical Y2Fe17Nx particle have
an overall steplike radial distribution. The experimental e
dence for this configuration came from89Y nuclear magnetic
resonance~NMR! spectra, which showed that, across the e
tire range of nitrogen content~0.6<x<2.8!, there are pre-
dominantly two types of Y–N coordination, namely, yttrium
with two nitrogen atoms as nearest neighbors~Y12N!, and
yttrium with no nitrogen atom as a nearest neighb
~Y10N!.3 This implies that in the nitrided region, two of th
three octahedral sites are occupied, and in the unnitrided
gion, the octahedral sites are empty. The process of nitro
nation results in the growth of the nitrided outer shell at t
expense of the unnitrided inner core, with the nitrided reg
maintaining a Y12N coordination. The Y12N coordination
for the nitrided region in Y2Fe17Nx has also been determine
from neutron diffraction.5 The nitrided/unnitrided configura
tion was observed in Nd2Fe17Nx using neutron diffraction,6

and in Pr2Fe17Nx using Mössbauer spectroscopy.7 This step-
like distribution was studied in several systems, such
Nd2Fe17N2.3, where a sharp interface with thickness of only
mm was detected using electron microprobe analysis.8

In this article, additional experimental evidence suppo
ing the above nitrided/unnitrided configuration is present
In order to detect the two regionsdirectly, x-ray diffraction
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patterns have been obtained from Y2Fe17Nx samples after
successive stages of grinding, and they confirm that the
trogen distribution is not continuous and the inner core is
nitrided. The stability of the two-region configuration is stu
ied by both x-ray diffraction and89Y NMR which show es-
sentially no change for a nitrogenated sample upon vacu
annealing. Finally, the number of mobile N atoms is me
sured directly using thermal conductivity detection~TCD! in
an outgassing process, and found to be approximately 5%
the total N content.

II. EXPERIMENTAL APPARATUS AND PROCEDURE

The parent Y2Fe17 ingot, made by arc melting, was ho
mogenized, powdered, and sieved to give particle diame
from 32 to 37mm. The powder was annealed at 900 °C in
Ar atmosphere for 5 days before nitrogenation, which w
performed at 480 °C under an ultrahigh purity~99.999%! N2
flow. Y2Fe17Nx samples with different N conten
~0.3<x<2.8! were obtained by varying the nitrogenatio
time from 0.5 to 18 h. Further vacuum annealing of t
Y2Fe17N1.7 sample was performed at 480 °C for 12 h usin
the same apparatus.

X-ray diffraction patterns were obtained on a Norelc
diffractometer using CuKa radiation. Nitrogen outgassing
experiments were carried out on a temperature-programm
desorption apparatus.9 A tube containing the Y2Fe17N2.8
sample was subject to a flow of helium gas at a fixed ra
The desorbed nitrogen effluent was detected with a ther
conductivity detector. Spin-echo NMR measurements w
made at 4.2 K, in zero external field, using a 120°–12
pulse sequence. The pulsed NMR apparatus, signal coil
rangement, calibration, and data taking procedure have b
described in detail elsewhere.10

III. RESULTS AND ANALYSIS

Figure 1 compares the x-ray diffraction patterns of thr
powder samples:~a! the parent sample Y2Fe17; ~b! the ‘‘com-
pletely’’ nitrided sample Y2Fe17N2.8; and~c! the intermediate
N content sample Y2Fe17N1.7. In Fig. 1~a!, a single hexagonal
/79(8)/4596/3/$10.00 © 1996 American Institute of Physics
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Y2Fe17 phase with no bcca-Fe is identified for the paren
sample. For the Y2Fe17N2.8 sample @Fig. 1~b!#, the same
structure as the parent sample is identified except that a
the Bragg peaks are shifted to lower angles due to volu
expansion. Also, a small amount ofa-Fe precipitation is
present. In Fig. 1~c!, the Bragg peaks from the as
nitrogenated Y2Fe17N1.7 sample arenot located, commeasur
ate with its intermediate N content, between the diffract
peaks in Figs. 1~a! and 1~b!. Rather, they are located esse
tially at the same angles as those in Fig. 1~b!, indicating a
near complete nitrogenation of the surface region of the p
ticle since the penetration depth for x rays in Y2Fe17Nx is less
than 5mm. In order to expose the interior of the particles
the x rays, the Y2Fe17N1.7 sample was ground in stages
obtain three samples with particle diameters of 25–32, 2
25, and,20 mm. As shown in Fig. 1~c!, the three ground
Y2Fe17N1.7 samples have an extra set of Bragg peaks
correspond to the unnitrided parent sample Y2Fe17 shown in
Fig. 1~a!. Furthermore, the smaller the particle size, t
larger the peaks in the second set, showing directly mor
the unnitrided inner core. A careful inspection of the x-r
patterns shows that the 2u value of a peak in the unnitride
phase for a sample with intermediate N content is a li
smaller than that for the parent Y2Fe17 sample, and the 2u
value of a peak in the nitrided phase for a sample with in
mediate N content is a little larger than that for the co
pletely nitrided sample. The result can be explained by lat

FIG. 1. X-ray diffraction patterns from~a! the parent sample Y2Fe17, ~b! the
‘‘completely’’ nitrided sample Y2Fe17N2.8, and~c! an intermediate N conten
sample Y2Fe17N1.7. Two sets of Bragg peaks are visible in the regrou
Y2Fe17N1.7 samples, showing the nitrided outer shell and the unnitrided
ner core. Also, there is no significant structural differences between
as-nitrogenated and vacuum-annealed samples of Y2Fe17N1.7.
J. Appl. Phys., Vol. 79, No. 8, 15 April 1996
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strain since the two phases coexist in the sample particl
Lattice strain will result in the phase with smaller lattice
constants being stretched, and the phase with large latti
constants being compressed.

As discussed below, the reason for the formation of suc
a two-region distribution is a strong chemical bond betwee
a nitrogen atom in an interstitial octahedral site and the su
rounding environment in the lattice. If there is such a trap
ping of the N atoms at the nitrogenation temperatur
~480 °C!, then the distribution should be stable at the sam
temperature. The nitrogenated samples have been vacu
annealed, and x-ray diffraction and89Y NMR have been used
to detect any changes in the N distribution. Both the x-ra
diffraction pattern@Fig. 1~c!# and the NMR spectrum~Fig. 2!
of the vacuum-annealed Y2Fe17N1.7 sample remain un-
changed from the as-nitrogenated sample. These experime
verify the stability of the two-region distribution, and there-
fore, the strong N-lattice bonding.

Finally, the number of mobile N atoms in the Y2Fe17N2.8
sample was analyzed quantitatively in an outgassing expe
ment using thermal conductivity detection~TCD!. The TCD
signal voltage which was recorded as the temperature of th
sample increased showed three peaks, each correspondin
an effluence of N atoms from the sample. A first peak nea
120 °C was attributed to those N atoms adsorbed on the su
face, which accounted for about 1% of the total N content. A
second peak near 380 °C was attributed to the outgassing
the mobile N atoms inside the sample. Finally, a third peak
or sudden increase in the TCD signal, above 600 °C wa
attributed to nitrogen release during the phase decompositi
into YN anda-Fe. In order to obtain a reasonable estimat
for the amount of nitrogen release associated with the seco
peak, the TCD experiment was repeated with the temperatu
scan programmed to stop rising at 460 °C~above the second
peak but below the temperature of phase decomposition!.
During a 15 min period at a constant temperature of 460 °C
the mobile N atoms were completely evacuated from th

d
in-
the

FIG. 2. 89Y NMR spectra from as-nitrogenated and vacuum-anneale
samples of Y2Fe17N1.7, showing no significant structural changes after
vacuum annealing at the nitrogenation temperature.
4597Zhang et al.
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sample. Integration of the second peak and comparison w
a standard calibration curve showed that about 5% of t
total N content can be released. If none of N atoms we
trapped in the interstitial sites, then during the vacuum
annealing process the N atoms would either diffuse furth
towards the interior of the particle or leave the partic
through its surface. The first possibility would have caus
changes in the x-ray diffraction pattern and NMR spectrum
whereas the second possibility would have been detected
the outgassing experiment. The experiments rule out both
these scenarios for the majority of N atoms in the Y2Fe17Nx

system.

IV. DISCUSSION AND CONCLUSIONS

To date, two different models have been proposed f
describing the nitrogen distribution in R2Fe17Nx . One is
based on a simple diffusion mechanism that results in a c
tinuous solid solution distribution~CSSD! with a smooth
concentration gradient.11,12 The second model considers
chemical reaction diffusion process with two types of N a
oms that leads to a steplike radial distribution with a nitride
shell and an unnitrided core~see Fig. 3!.4 One type of nitro-
gen atom is characterized by its immobility once the ato
enters an accessible octahedral site~trapped type, ort-type!,
and the other has a relatively large diffusion constant~free-
type, or f -type!. It is reasonable to believe that thef -type
atoms are located in the tetrahedral interstitial sites as
ported in a previous14N NMR study on both hexagonal and
rhombohedral Y2Fe17Nx .

13 The t-type atoms are immobi-
lized because of a strong chemical bond with the lattice. T
f -type atoms can diffuse easily only in the region where a
the ‘‘traps’’ are filled, otherwise anf -type atom would fall

FIG. 3. Schematic diagram showing the nitrogen distribution in a spheri
particle. The horizontal scale represents the radial direction across the
ticle, and the vertical scale represents the N concentration in nitrogen ato
per unit cell in Y2Fe17Nx .
4598 J. Appl. Phys., Vol. 79, No. 8, 15 April 1996
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into an octahedral site and convert itself into at-type atom.
In the outer shell, therefore, all accessible interstitial octah
dral sites are occupied byt-type N atoms, and a relatively
small number off -type atoms ‘‘ride’’ on the nitrided region
and diffuse towards the interface where octahedral intersti
sites are available. Once anf -type atom reaches the inter
face, it is immediately trapped and converts to at-type atom,
leaving a sharp boundary between the nitrided outer reg
and an unnitrided inner one. Through this process, the int
face advances towards the center of the particle, and
nitrogen content in the sample increases with nitrogenat
time. If the nitrogenation is terminated, either by removin
the nitrogen gas source or by reducing the temperature, t
the interface ceases to move and the steplike distribution
preserved. In the case that the trapping has a relatively d
potential well, this two-region configuration is stable. Th
chemical reaction diffusion process with two types of N a
oms described above has been treated theoretically in a
vious work which calculates the radial dependence of t
nitrogen distribution~see Fig. 3!.4 In addition, this model
explains the abnormally small~apparent! diffusion frequency
factor which characterizes these newly developed R2Fe17
nitrides.4

Finally, the ‘‘nominal’’ nitrogen content is usually ob-
tained by weighing the sample before and after nitrogen
tion; consequently, there are errors as not all the N ato
absorbed into the entire sample are coordinated with the
atoms in the 2:17 phase. Also some of the weight gain of t
sample may be due to factors other than N absorption. T
may offer an explanation as to why different studies ha
reported different N content values, while the correspondi
lattice expansion and magnetic properties were not so diff
ent. A detailed analysis of the difference between the N co
tent measured gravimetrically and the Y–N coordinatio
measured by NMR has been published previously.14
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