
Nitrogen diffusion mechanism in the R 2Fe17 lattice
Y. D. Zhang,a) J. I. Budnick, and W. A. Hines
Department of Physics, Connecticut Advanced Technology Center for Precision Manufacturing
and Institute of Materials Science, University of Connecticut, Storrs, Connecticut 06269

D. P. Yang
Department of Physics, College of the Holy Cross, Worcester, Massachusetts 01610

~Received 27 February 1995; accepted for publication 15 May 1995!

In this report, a diffusion analysis has been extended to a lattice containing two interstitial sites, and
the results obtained are used to understand:~1! the formation of a nitrided/unnitrided N
configuration for intermediate N content and~2! the abnormally small~apparent! diffusion
frequency factor, both of which characterize the newly developed R2Fe17 nitrides. It turns out that
the diffusion mechanism for N atoms in the R2Fe17 lattice is a chemical reaction diffusion rather
than a free-diffusion process. ©1995 American Institute of Physics.
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Nitrogen or carbon insertion into rare-earth intermeta
lics, such as R2Fe17 ~hereafter referred to as the 2:17 phase!,
has recently attracted considerable attention.1–3 The under-
standing of the reaction mechanism is of importance as it
related to the homogeneity and stability of the magnet
properties for these materials. It was previously suppos
that N atoms diffuse from the surface into the interior of
sample particle through a free-diffusion process, which r
sults in a continuous solid solution distribution~CSSD! pro-
file of N atoms in the particle during the process.4 However,
recent experimental results have demonstrated that the N d
tribution does not follow the CSSD pattern; instead, a pa
tially nitrided particle consists of a fully nitrided region and
an unnitrided region.5,6 Furthermore, the measured value o
diffusion frequency factor,D0 , for N diffusion in R2Fe17
was of four orders of magnitude smaller than that for free
nitrogen diffusion in transition metals.4,7 The steplike
nitrided/unnitrided N distribution and the abnormally sma
diffusion frequency factor cannot be understood in th
framework of the free N diffusion mechanism. In this letter
we present a description in which the N uptake is a chemic
reaction diffusion process.

It was observed in studying the thermal stability of th
2:17 nitrides that only a small amount of the absorbed
atoms were released from the sample particles upon heat
to temperatures above 400 °C, while most of the N atom
which occupied the octahedral interstitial sites, were not.5,8

These experiments reveal that there are two types of N ato
in the lattice. The octahedral site N atoms which cannot b
evacuated from the particle are either immobilized or a
characterized by a very slow diffusion; while those N atom
which can be evacuated are in other sites and are charac
ized by rapid diffusion.~For a discussion of the possible
sites, see Ref. 9.! The existence of gas atoms with differen
diffusion rates makes the diffusion problem more compl
cated than a free-diffusion process. Here, we consider t
diffusion problem of gas atoms in a lattice containing tw
different interstitial sites in a general way and then apply th
results to the nitrogenation process for the 2:17 phase.

a!Permanent address: Department of Physics, Lanzhou University, Lanzh
Gansu 730000, People’s Republic of China.
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Consider a spherical sample particle of radiusR sur-
rounded by a gas phase of atoms~i.e., H2 ,N2 ,C); and in the
sample particle there are two different~ f- and t-! types of
interstitial sites which can accommodate these atoms. Th
gas atoms in the two types of sites are referred to asf- andt-
type atoms, respectively. For generality, we assume that bot
the t- and f-type atoms are mobile but thet-type atoms have
a smaller diffusion constant than that for thef-type atoms.
Let cf(r ,t) and ct(r ,t) be the concentrations of thef- and
t-type gas atoms, respectively, at a distancer from the center
of the particle and at a timet. cf05cf(R,t) and ct0
5ct(R,t) are the corresponding concentrations at the surfac
of the particle whose radius isR. Also, these are the ‘‘equi-
librium’’ values for cf(r ,t) and ct(r ,t), i.e., the concentra-
tions that result throughout the particles after a very long
time. It is assumed that the crystal structure and reactio
kinetics are such thatcf0<ct0 . In the case where these two
types of atoms diffuse independently, i.e., there is no ex
change of atoms between the two types of sites, the diffusio
of each type of atom is described by Fick’s laws

Jf~r ,t !52Df¹cf~r ,t !,
]cf~r ,t !

]t
52“–Jf~r ,t !,

~1!

and

Jt~r ,t !52Dt¹ct~r ,t !,
]ct~r ,t !

]t
52“–Jt~r ,t !,

~2!
whereJf(r ,t) andJt(r ,t) are the radial atomic current fluxes
across a unit area for thef- and t-type gas atoms, respec-
tively, Df andDt are the corresponding diffusion constants.
The solutions of Eqs.~1! and~2! result in a CSSD pattern of
gas atoms radially throughout particle.10 Figure 1~a! illus-
trates the radial dependence of the concentrations in the tw
types of sites at a given time. For the situation illustrated, the
time is such that thef-type sites can be almost completely
occupied with thet-type sites remaining essentially empty.
As shown in Fig. 1~b!, the total gas atom distribution profile
is basically a CSSD pattern of thef-type atoms except in the
surface region.

In addition to the migration of gas atoms within each
type of site, there can also exist an exchange between thef-
u,
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and t-type sites for individual atoms. Because of the lowe
diffusivity for the t-type atoms, the probability for a gas atom
to change fromf- to t-type is greater than that fromt- to
f-type and thus, one observes for the most part only a trans
of gas atoms fromf- to t-type sites. The modified diffusion
equations for the two types of atoms in the particle can b
written as

Jf~r ,t !52Df¹cf~r ,t !, ~3!

]cf~r ,t !

]t
52“–Jf~r ,t !2

]cf t~r ,t !

]t
, ~4!

Jt~r ,t !52Dt“ct~r ,t !, ~5!

]ct~r ,t !

]t
52“–Jt~r ,t !1

]cf t~r ,t !

]t
, ~6!

where the term@]cf t(r ,t)/]t# on the right-hand side of Eqs.
~4! and ~6! represents the rate for the gas atoms changi
from f- to t-type, which is dependent on the strength of ga
lattice bonding. In this case, the fast migrating~f-type! atoms
fill the slow activation~t-type! sites, resulting in the occu-
pancy of thet-type sites near the surface of a particle to it
equilibrium concentrationct0 . This makes the gas atom dis-
tribution deviate from the CSSD pattern. Figure 1~c! illus-
trates a typical distribution profile. The particle can be sep
rated into three regions. In region I~ideally it is the outer
shell of the particle with a radial thickness ofR2R0), the

FIG. 1. Radial distribution profiles of the gas atom concentrationc(r ,t), at
a given time:~a! for f-type atoms andt-type atoms independently;~b! total
atomic concentration distribution profile when there is no atomic transf
between the two sites;~c! total atomic concentration distribution profile
when an atomic transfer is possible from thef-sites tot-sites.@It consists of
three regions: in region I, thet-type sites are almost completely filled; in
region II, the concentration distribution profile decreases very sharply
zero; in region III, the sites are essentially empty; in~a!–~c! it is assumed
that ct05cf0 and Dt5(1/10)Df ]; ~d! total atomic concentration distri-
bution profile under the assumption thatct0@cf0 andDt→0.
Appl. Phys. Lett., Vol. 67, No. 2, 10 July 1995
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t-type sites have been completely filled forR0<r<R,
mostly through the transfer off-type atoms. Region II is a
transition region in which the filling of both types of sites is
developing. In region III, there are no gas atoms in either
site.

In region I, we have

Jt~r ,t !.0,
]ct~r ,t !

]t
.0,

]cf t~r ,t !

]t
.0, ~7!

and

]cf~r ,t !

]t
5Df¹

2cf~r ,t !. ~8!

For region II, Eqs.~3!–~6! can be combined as

]cf~r ,t !

]t
1

]ct~r ,t !

]t
5Df¹

2cf~r ,t !1Dt¹
2ct~r ,t !. ~9!

Although the term@]cf t(r ,t)/]t# does not occur explicitly in
Eq. ~9!, this equation is based on the existence of this term.
The transfer of gas atoms between the two types of sites
introduces a correlation between the concentration of the two
types of atoms and Eq.~9! represents such a relationship.
When the diffusivity of thet-type atoms is rather small com-
pared with that of thef-type atoms and therefore the filling of
the t-sites is mainly due to the transfer of thef-type atoms,
the ratio ofct(r ,t) to cf(r ,t) can be approximately taken as
a constant.11 We then can write

cf~r ,t !.
ct~r ,t !

k
, ~10!

and, therefore

]ct~r ,t !

]t
5
Dtk1Df

11k
¹2ct~r ,t !5D¹2ct~r ,t !. ~11!

The same equation is also obtained forcf(r ,t). In Eq. ~11!,

D5
Dtk1Df

11k
, ~12!

is the ‘‘effective’’ diffusion constant. At the boundaryR0

between regions I and II, thet-type sites in region II are
completely filled. With the evolution of diffusion,R0 varies
from R to 0. For atomic diffusion which is dealt with in this
letter, the diffusion rate is much smaller than the jump rate of
individual atoms. At each step of the process, the gas atom
distribution is well-established corresponding to theR0 at
that time. Therefore, when solving these equations for each
region,R0 can be approximately taken as a constant.

In region II, the solution of Eq.~11! for ct(r ,t) @along
with the solution of the same equation forcf(r ,t)] yields

c~r ,t !5c0S 12
2R0

pr (
m51

`
~21!m11

m

3sin
mpr

R0
e2m2p2Dt/R0

2D , ~13!

where c(r ,t)5ct(r ,t)1cf(r ,t) and c0 is the concentra-
tion of the gas atoms at the boundary

r

o
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,

c05ct01cf~R0! , ~14!

where cf(R0) is the concentration of thef-type atoms at
R0 . Again,cf(R0 ,t) has a ‘‘fixed’’ value asR0 moves slowly
toward the interior of the sample particle.

The solution of Eq.~8! gives the distribution of the
f-type atoms in region I, that is

cf~r ,t !5cf0S 12
2~R2R0!

p~r2R0!
(
m51

`
~21!m11

m

3sin
mp~r2R0!

~R2R0!
e2m2p2Df t/~R2R0!2D . ~15!

BecauseD,Df , a more rapidly decreasing gas atom dis
tribution profile is expected in region II than that in region I
The larger the differences in equilibrium concentration an
in diffusion constant between the two types of gas atoms, t
sharper the decline of the profile in the transition region
Such a sharp decline leaves region III empty of gas atom
The principal feature for this case is that the gas atoms a
concentrated in the surface region of the particle, leaving t
interior region of the particle essentially empty. Therefore,
is concluded that as long as there are different interstiti
sites corresponding to different activation energies for atom
migration and there is a transfer of gas atoms between the
sites, the diffusion process is characterized by a steplike g
atom distribution profile.

In the extreme case wherect0@cf0 and Dt→0, the
atomic concentration distribution profile in region I is actu
ally flat. In the region II, Eqs.~3!–~6! become

Jf~r ,t !52Df¹cf~r ,t !, Jt~r ,t !.0 ~16!

and

]cf~r ,t !

]t
52“–Jf~r ,t !2

]ct~r ,t !

]t
. ~17!

Thus, we obtain

]ct~r ,t !

]t
5D¹2ct~r ,t !, with D5

Df

11k
. ~18!

This equation was previously derived by Crank.11 The solu-
tion of Eq.~18! is similar to Eq.~13!; however, due to a very
large value ofk in this case and, hence, a much reduce
effective diffusion constant, a more pronounced steplike g
atom distribution profile exists through the transition region
This is shown in Fig. 1~d!. The conditionDt→0 corresponds
to a chemical reaction under which the diffusing atoms a
trapped and remain immobilized or produce a new com
pound.

Nitrogen diffusion in the R2Fe17 lattice is very much like
the extreme case discussed above. The N atoms at the o
210 Appl. Phys. Lett., Vol. 67, No. 2, 10 July 1995
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hedral interstitial sites correspond to thet-type atoms, and
those N atoms occupying other sites to thef-type atoms.
Since the diffusion constant is exponentially dependent on
the activation energy, a slight difference in the gas-lattice
bonding between these two sites will lead to a significant
difference in their diffusion constants. Each individual N
atom behaves as anf-type atom when it initially enters the
lattice. It diffuses for a certain period of time and then, when
occupying an octahedral site, becomes immobilized. The
complete occupancy of the octahedral sites near the surfac
of a particle makes the mobile (f -type) N atoms which fol-
low, migrate a longer distance before falling into available
octahedral sites. This keeps the nitrogenation process con
tinuing. This explains the formation of the two phase
~nitrided/unnitrided! configuration of N distribution during
the nitrogenation process.

The activation energy,Ea and frequency factorD0 are
determined by measuring the temperature dependence of di
fusion constant. From the above discussion of the nitrogena
tion process

D5
D0

11k
e2Ea /kBT. ~19!

This result clearly shows that what is deduced from theD vs
T curve for N diffusion in the R2Fe17 lattice is notD0 , but
D0 /(11k). This explains why the previously obtained
~apparent! frequency factor is much smaller than that for free
N diffusion in metals. Thus, the two major aspects of N
diffusion in the R2Fe17 lattice can be well understood based
on the diffusion mechanism proposed above. In this regard
nitrogenation of the 2:17 phase is more like a chemical re-
action diffusion, rather than a free-N diffusion process.

This work is supported in part by NSF Grant No.
DMR9319367 and the Connecticut Advanced Center for
Manufacturing.
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