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Nitrogen gas–solid reaction process and basic magnetism of the interstitially modified rare-earth
3d transition-metal nitrides R2Fe17N3 „RÄY, Ce, Nd, Sm… and Y2Co17N3
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In this paper, we present our recent results of studies of the nitrogen absorption process, magnetization
measurements, and neutron powder-diffraction measurements for interstitially modified nitridesR2Fe17N3 ~R
5Y, Ce, Nd, and Sm! and Y2Co17N3. ~1! The studies of nitrogen absorption rates in the Sm2Fe17 under various
N2-gas pressure up to 6 MPa indicated that the nitrogen absorption into grain interior is promoted by diffusion
of nitrogen atoms under low N2-gas pressure, while under high N2-gas pressure, the nitrogen absorption is
promoted by the grain growth of fully nitrogenated phase Sm2Fe17N3 rather than the diffusion, making high-
pressure nitrogenation effective for synthesizing high-quality nitrides.~2! The high-field magnetization mea-
surements of the Nd2Fe17 and Nd2Fe17N3 single crystals at 4.2 K indicated that interstitial modification of
nitrogen atoms gives rise to a strong enhancement of crystalline electric field~CEF! acting onR atoms, leading
to almost three times larger CEF-parameterA2

0 upon nitrogenation.~3! Neutron powder-diffraction studies of
Y2Fe17 and Y2Fe17N3.1 with rhombohedral structure indicated that the N atoms fully occupy at the 9e site. The
introduction of N atoms into Y2Fe17 brought such a strong modification in the Fe magnetic moment that the
moment of the 18f -Fe atoms being the nearest to the 9e-N atoms is the smallest, whereas the 6c-Fe and/or
18h-Fe atoms being relatively farther from the 9e-N atoms have the largest moments at 10 K. The results
obtained are discussed on the basis of the calculated electronic band structures.
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I. INTRODUCTION

One of the methods for fabricating new magnetic mate
als is to introduce nonmetallic atoms such as H, B, C, o
with small atomic radius into host metals, alloys, and co
pounds. In such modified compounds, some hydrides h
been synthesized by the solid-gas reaction since the 1
and their magnetic properties have been clarified.1 However,
no significant improvement in the intrinsic magnetic prop
ties was observed upon hydrogenation. For instance, in
duction of hydrogen into interstitial sites inR2Fe17 have
brought an increase in the Curie temperatureTC as well as
the saturation magnetizationMs without changing the crysta
symmetry, but have not led to any significant improvem
in the uniaxial magnetic anisotropy.2 On the contrary, the
introduction of hydrogen into some Co and Ni intermetall
brought rather decrease inTC as well asMs .

Introduction of B or C into them have been examined
melting methods in order to expand interatomic distan
between 3d-transition atoms, especially Fe atoms, in t
1980s. In those efforts, a type of permanent magnetic m
rial Nd2Fe14B has been discovered by Sagawaet al.,3 and
Croat et al.4 The details of the basic magnetism have be
reviewed by Herbst.5 The magnetic characteristics o
Nd2Fe14B with a tetragonal structure areMs51.60 T,
m0Ha57 T at room temperature andTC5588 K. The
achieved energy product have reached over 360 kJ/m,3 which
significantly exceeded those of all the other type of magn
In the melting process, a small amount of C can only occu
some interstitial sites in some 2:17- or 1:12-ty
PRB 610163-1829/2000/61~14!/9475~19!/$15.00
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intermetallics.6 As a result of incomplete occupation, im
provement of magnetism by introduction of C have not be
satisfactorily established.

On the other hand, introduction of N into intermetallic
has been examined by applying the gas–solid reaction in
1980s.7 Finally, the interstitially modified compound
Sm2Fe17N3 was discovered by Coey and Sun in 1990.8 The
nitride was prepared by heating Sm2Fe17 at 773 K under a
nitrogen gas or an ammonia atmosphere. Then, the cry
lattice expands more than 6% to accommodate three nitro
atoms at the interstitial sites. The Curie temperatureTC in-
creases dramatically from 398 to 752 K. The saturation m
netization of Sm2Fe17N3 (Ms51.54 T) is comparable to tha
of Nd2Fe14B and the uniaxial magnetic anisotropy (m0Ha

521 T) is three times as strong as that in Nd2Fe14B at room
temperature.9 Since the discovery of the 2:17-type nitride
worldwide efforts have been devoted not only to the clar
cation of the mechanism of improvement of basic mag
tism, but also to the development of the promising intersti
compound Sm2Fe17N3 into high performance permanen
magnets.6 However, the details of the fundamental magne
properties are not well understood at present stage. The
son is that the quality of the host and nitride samples was
so good and the data accumulated were widely scatte
Especially, only little data on the change of the Fe momen
each site in the Fe sublattice, and information on the ori
of the strong anisotropy enhancement upon nitrogen up
has been accumulated so far. Therefore, much attention
been paid to the study of the gas-phase interstitial modifi
tion process itself because of obtaining high-quality nitrid
9475 ©2000 The American Physical Society
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9476 PRB 61KEIICHI KOYAMA AND HIRONOBU FUJII
So far, gas-phase nitrogenation reactions have been m
conducted at 673–773 K on finely ground powder un
moderate N2-gas pressures less than 1 MPa,8 nitrogen con-
taining gas NH3 ~Ref. 8! or mixed gas such as NH31H2 ~Ref.
10! or N21H2.

11 All these nitrogenation processes, more
less, give rise to a small but noticeable segregation ofa-Fe
phase in the powder samples during nitrogenation. Furt
more, Isnardet al. employed a high-pressure nitrogenati
technique up to 15 MPa for studying neutron-diffraction e
periments onR2Fe17N3.

12 They pointed out that the tech
nique enabled us to synthesize high-quality nitrides and
attain the maximized magnetic properties. In our group,
dependently, high-pressure N2 gas nitrogenation process wa
also developed as a suitable one for synthesizing some h
quality 2:17 nitrides.13,14 This process offered the following
two advantages: one is to suppress the segregation o
a-Fe phase on the powder during nitriding, and the secon
to reach a full nitrogenation of N;3 within a relatively short
time of treatment. The details of nitrogen absorption proc
are described in this paper.

From the technological aspects, on the other hand, var
techniques have been applied to Sm2Fe17N3 for producing
both isotropic and anisotropic magnets.6 Unfortunately,
Sm2Fe17N3 is metastable and disproportionate at tempe
tures higher than 600 °C. Thus the conventional hig
temperature powder metallurgy was not applicable to pr
uct permanent magnets. The problem is to either improve
stability or develop a suitable processing route for mak
bulk permanent magnets. Recently, Machidaet al.15 have re-
ported that the powders of Sm2Fe17N3 prepared by ball mill-
ing in hexane solution containing a surface-active agent p
vided high-performance characteristics; the remanenceBr
51.2– 1.3 T, the coercivitym0Hc51.1– 1.4 T and the result
ant energy product (BH)max5320 kJ/m3. More recently,
Kawamotoet al.16 of the Sumitomo Metal Mining Corpora
tion have reported that Sm2Fe17N3 prepared by the reduction
diffusion method are in mass production as a bonded ma
powder, which reaches as high as (BH)max5320 kJ/m3. Fur-
thermore, Sasakiet al.17 have obtained higher-performanc
characteristics in Sm2Fe17N3 with Br51.4 T, m0Hc
51.23 T, and (BH)max5330 kJ/m3 by the similar ball mill-
ing method as Machidaet al. used without exposing the
sample in air.

In this paper, we will present our results of the followin
fundamental and complementary experiments;~1! clarifica-
tion of nitrogen absorption process in Sm2Fe17 under N2-gas
high-pressure atmospheres up to 6 MPa, which is perform
for synthesizing high-quality nitrides,14 ~2! magnetic mea-
surements of high-qualityR2Fe17N3 powder samples wher
R5Y, Ce or Sm and Y2Co17N3, which is carried out for
clarifying some changes in the macroscopic magnetism u
nitrogenation,18,19 ~3! the high-field magnetization measur
ments of single crystals of Nd2Fe17 and Nd2Fe17N3,

20,21

which is done for clarifying the modification mechanism
the crystalline electric field~CEF! due to the introduction of
nitrogen atoms in the 2:17 systems, and~4! neutron powder-
diffraction studies of Y2Fe17N3, which is done for clarifying
the detail of interstitial occupations of nitrogen and the mo
fication mechanism of the Fe moments on nonequiva
sites in the Fe sublattice.22
nly
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II. CRYSTAL STRUCTURE

Before proceeding, we will describe crystal structures
R2Fe17 and their nitrides. As is shown in Fig. 1, theR2Fe17
intermetallics crystallize in the rhombohedral Th2Zn17-type
structure for light rare earths or the hexagonal Th2Ni17-type
one for heavy rare earths and Y. Among them, the co
pounds withR5Ce, Gd, Tb, and Y crystallize in either th
rhombohedral or hexagonal structure, depending on h
treatment temperature.23 The difference in stability between
the two types of structures is probably so small that the tr
sition from one to the other can proceed by displacemen
metal atoms without any diffusionlike martensit
transformation.24,25 Therefore, it is not so easy to obtain th
two types of each single phase independently.

Both the rhombohedral Th2Zn17-type and hexagona
Th2Ni17-type structures are derived from an ordered sub
tution of a pair of Fe atoms~dumbbell! for each third rare-
earth atom in the basal plane in a hexagonal CaCu5-type
structure;

3~RFe5!2R12Fe~dumbbell!→R2Fe17. ~1!

If the substituted sublayers are stacked in the seque
ABCABC along thec axis for a CaCu5-type structure,
the rhombohedral Th2Zn17-type structure is formed. On th
other hand, if the stacking sequence is, instead, ABAB
along thec axis, then the hexagonal Th2Ni17-type structure is
formed. However, a partial disorder has been observed in
actual structure of the hexagonalR2Fe17 with R5Lu, Ho,
and Y,26–28 which is induced by some exchange of someR
atoms at the 2b site for the Fe-dumbbell atoms and vic
versa. Furthermore, the hexagonal 2:17 system has two c
tallographically nonequivalent rare-earth sites~2b and 2d
sites!, while the rhombohedral 2:17 system has only o
crystallographic rare-earth site~6c site!. Therefore, magnetic
structures of the rhombohedral 2:17 system are much m
suitable to understand basic magnetism than the hexag

FIG. 1. Crystal structures ofR2Fe17: ~a! rhombohedral Th2Zn17

type~left! and~b! hexagonal Th2Ni17 type~right! structures. Here,R
represents the rare-earth sites, Fe represents the iron sites, aZ
represents the interstitial sites.
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PRB 61 9477NITROGEN GAS–SOLID REACTION PROCESS AND . . .
2:17 system. From the above reason, we have studied b
magnetism for only the rhombohedralR2Fe17 systems and
their nitrides in this work.

In the rhombohedral 2:17 nitrides, it has been clarifi
that the nitrogen atoms preferentially occupy the 9e sites by
neutron-diffraction experiments ofR2Fe17Nd with R5Ce,12

Pr,29 Nd,12,30–36or Th ~Ref. 37! as shown in Fig. 1. However
we notice that the occupation of nitrogen is not complet
full in their data and the occupation factorn scatters from
0.60 to 0.99 by the authors.

III. EXPERIMENTAL PROCEDURES

The host compounds were prepared by arc melting
constituent elements of 99.9% purity under an argon gas
mosphere for all the systems except for the Sm system,
by induction melting of the starting elements for the S
system. After annealing them at 1373–1393 K for one-t
weeks, all the samples were confirmed to be a single ph
with the Th2Zn17-type rhombohedral structure. Before nitr
genation, the ingots were pulverized into powder in a glo
box with an argon atmosphere. Then, nitrogenation was
formed for all the systems by the high-pressure N2-gas
method. That is; the samples were nitrogenated by heatin
713–733 K for 60–90 h under N2-gas pressures up to 6 MP
All the nitrides obtained were almost a single phase with
same structure as the host compounds. The nitrogen con
tration was estimated from the increase in mass upon n
genation. Furthermore, the single crystal of Nd2Fe17 was pre-
pared in a Ta crucible by a flux method using excess Nd
flux38 and the nitrogenation was performed by almost
same high-pressure N2-gas method as used for the other sy
tems after making some cracks into it by hydrogenation. T
details of preparation of the single-crystal nitride will be d
scribed in Sec. VI.

Morphological and microscopic composition analys
were performed using a scanning electron microscope~SEM!
and an electron-probe microanalyzer~EPMA!, from which
we could detect the spatial nitrogen atom distribution in
powder. To check the phases contaminated in the sam
during nitrogenation, x-ray diffraction studies were pe
formed at room temperature using CuKa radiation. Magne-
tization was measured using a vibrating-sample magneto
ter up to 1.6 T in the temperature range from 4.2 to 900
Measurement of high-field magnetization up to 27 T w
performed for single-crystalline Nd2Fe17 host compound and
the nitride, and for the powder of Sm2Fe17N3 using a hybrid
magnet set up at High-Field Laboratory, Tohoku Univers
Neutron powder-diffraction studies were carried out for t
rhombohedral Y2Fe17 and the nitride at 10 K using a high
resolution neutron diffractometer installed in JRR-3M of J
pan Atomic Energy Research Institute at Tokai.

IV. NITROGEN-ABSORPTION PROCESS
UNDER HIGH-PRESSURE N2 GAS

Until now, the studies of nitrogenation process have b
conducted by many different researchers using different
perimental techniques, such as Kerr microscopic obse
tions, x-ray-diffraction studies,in situ neutron powder dif-
fraction studies, thermogravimetric analysis, microgra
sic
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studies applying metallography and electron-probe
croanalyzer~EPMA! techniques and so on.33,39–47,96,97How-
ever, it has been still an open question whether the m
stable nitride is a simple gas-solid solution with a continuo
range of intermediate nitrogen contents,40,42 or it is a two-
phase mixture of nitrogen-poor and nitrogen-ri
phases.34,43–47,96,97

At first, for clarifying the nitrogen absorption process
the 2:17 system under high N2-gas pressures, we studied th
time evolution of the nitrogen absorption rate and nitrog
atom distribution in the Sm2Fe17 powder as a function of
N2-gas pressure at various temperatures.14 The average size
of the powder sample used in this experiment is;42
610mm in diameter, which are composed of an assembly
single-crystal particles.

In Fig. 2, the nitrogen concentration is shown as a fu
tion of the reacting time at 733 K under various N2-gas pres-
sures. We notice the following characteristic features:~1! it
takes the reacting time more than 72 h to fully nitrogen
Sm2Fe17 with ;42 mm in diameter even under 6 MPa of N2
gas pressure at 733 K,~2! the nitrogen absorption rate gradu
ally decreases with decreasing the N2-gas pressurePN2 , and
~3! the absorption rate is independent of pressure underPN2
less than 0.05 MPa, suggesting that the rate-determining
in lower N2 gas pressures is the diffusion process of nitrog
atoms in the Sm2Fe17 grains. To clarify whether the Sm2Fe17
nitride with intermediate nitrogen concentration is a simp
gas–solid solution phase or a two-phase mixture of nitrog
free Sm2Fe17 and fully nitrided Sm2Fe17N3 phases, we com-
pared the x-ray-diffraction patterns at an intermediate st
under various pressures with each other. The results obta
are shown in Fig. 3. We notice that the peak separation
the ~113!, ~300!, or ~204! reflections between Sm2Fe17 and
Sm2Fe17N3 is clear in the nitride with a nitrogen content o
x51.9 for the sample prepared by reacting them at 733
under N2 gas pressure of 6 MPa, while the separation
comes unclear for the sample prepared under the lower p
sures below 0.05 MPa. Therefore, a simple solid solut
with continuous range of intermediate nitrogen content m
be stabilized under lower pressures below 0.05 MPa beca
the critical temperature could be below 733 K.

In the above case, a question is why the two-phase m
ture appears in the nitride prepared underPN256 MPa. To
answer it, we performed microscopic composition analy
of the nitrogen atoms in the Sm2Fe17Nx powder sample using

FIG. 2. Nitrogen concentration in the Sm2Fe17 powder sample as
a function of the reacting time at 733 K under various N2-gas pres-
sures. The particle size of the powder is about 42mm.
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9478 PRB 61KEIICHI KOYAMA AND HIRONOBU FUJII
the EPMA equipment. Here, it should be noted that the be
width of EPMA probe is several micrometers. Figures 4 a
5 show, respectively, the EPMA line profiles and the cor
sponding SEM image figures on cross section for
Sm2Fe17Nx powder with intermediate N-atom content
which was obtained by reacting at 733 K for 12 h under
and 6 MPa. We can see some differences in N-atom di
butions between 0.1 and 6 MPa. For the nitrogenated pow
at 733 K for 12 h under 0.1 MPa, the N atoms penetrate
the interior from the surface of the powder and the N-cont
gradually decreases with increasing the depth from sur
into interior. On the other hand, for the Sm2Fe17Nx powder
prepared under 6 MPa, the N-content remains constant~fully
nitrogenation! with increasing the depth from surface un
reaching a critical depth, beyond which the content rapi
decreases with increasing the depth, compared with
former profile. Systematically, we recorded the EPMA li
profiles of the N atom distribution in Sm2Fe17Nx prepared by
changing the reacting time from 6 to 48 h at 733 K under
and 6 MPa. The results obtained are summarized in Fig
Here, the nitrogen concentrationcN on the surface of powde
is normalized atcN53.0 for all the powder. We can recog
nize some characteristic features from Fig. 6:~1! the arrival

FIG. 3. X-ray-diffraction patterns of the Sm2Fe17 powder with
x51.6 to 1.9 at an intermediate stage in nitrogenation under var
N2-gas pressures. The x-ray patterns for the host and fully nitro
nated samples are also included in this figure.

FIG. 4. EPMA line profiles of Fe, Sm, and N elements in t
Sm2Fe17Nx powder obtained by reacting at 733 K for 12 h under 0
MPa. The inset shows the corresponding SEM figure.
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depth of the N atoms from surface of the powder is indep
dent of the nitriding pressurePN2 , for example, it reaches
;15 mm from the surface by heating at 733 K for 12 h
both 0.1 and 6 MPa,~2! the fully nitrogenated depth atPN2
56 MPa is almost twice as thick asPN250.1 MPa, indicat-
ing that the grain growth of fully nitrogenated phase is dom
nant under high N2-gas pressure.

On the basis of the N atomic distribution in Sm2Fe17Nx ,
we discuss the nitrogen absorption process under var
N2-gas pressures. In the nitrogen gas–solid reaction in p
der samples, there are three fundamental reaction proce
~1! the nitrogen dissociation process from the N2-gas phase
into N atoms (N2→2N) on the surface of a powder,~2! the
nitrogen atom diffusion process into the interior of powd
from the surface (Sm2Fe1711/2N2→Sm2Fe17Nx) (x,3.0)
and ~3! grain growth of the fully nitrogenated phas

us
e-

FIG. 5. EPMA line profiles of Fe, Sm, and N elements in t
Sm2Fe17Nx powder obtained by reacting at 733 K for 12 h under
MPa. The inset shows the corresponding SEM figure.

FIG. 6. Nitrogen atom distribution as a function of the dep
from the surface of powder for various reacting times in nitroge
tion at 733 K ~deduced from the recording of the correspondi
EPMA line profiles of N element! under ~a! 0.1 MPa and~b! 6
MPa. Here,x is average nitrogen contents in powder. The nitrog
concentrationcN on the surface of powder is normalized atcN

53.0 for all the samples.
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PRB 61 9479NITROGEN GAS–SOLID REACTION PROCESS AND . . .
Sm2Fe17N3 from the nitrogen poora phase (Sm2Fe17Nx
→Sm2Fe17N3). If the nitrogen dissociation process is th
rate determining step for the nitrogenation process, then
profile of homogeneous N atom distribution would be re
ized just as in Fig. 7~a!. This is in contrast to the experimen
tal results. If the nitrogen absorption process is mainly du
the diffusion of nitrogen atoms without the phase transf
mation of Sm2Fe17Nx(x,3.0) to Sm2Fe17N3, the density
profile of N atoms shown in Fig. 7~b! would be obtained by
the following calculation.

On the assumption that nitrogen contentcN varies only
along a certain direction denotedr, the nitrogen atom distri-
bution cN(r ,t) is obtained by the equation of diffusion

]cN

]t
5D¹2cN , ~2!

which is subject to the boundary conditioncN(0,t)5c0
53.0 on the powder surface. Then, the solution of Eq.~2! is
given by the following error function:48

cN~r ,t !5c0

2

Ap
E

r /2~Dt !1/2

`

exp~2u2!du. ~3!

In the calculation, (Dt)1/2 is assumed to be much small
than the powder size. Here,cN(r ,t) is the nitrogen content a
the depthr from surface of powder at the reacting timet, and
D is the diffusion constant of N atoms in Sm2Fe17Nx , which
is normally expressed by the hopping-type model as follo

D5D0 exp~2Q/kT!. ~4!

FIG. 7. Nitrogen distribution profiles for three fundamental r
action processes:~a! nitrogen dissociation process;~b! nitrogen dif-
fusion process;~c! grain growth process of the fully nitrided phas
he
-

to
-

:

Here,D0 is the preexponential factor, andQ is the activation
energy for the hopping process. The valuesD051.02
31026 m2/s andQ5133 kJ/mol were given by Coeyet al.40

and Skomski and Coey,41 respectively.
In this work, it was found that the nitrogen absorption ra

was independent of N2-gas pressures forPN2%0.05 MPa, in-
dicating that the diffusion of N atoms is dominant und
lower N2-gas pressures than 0.05 MPa and determines
reaction rate. Hence, using Eq.~3!, we can calculate the ni
trogen atom distributioncN(r ,t) at the nitrogenation timet as
a function of the depthr, and deduce the resultant nitroge
contentcN(t) at the nitrogenation timet in the powder with a
radiusr s using the following equation:

cN~ t !5E
0

r S
4pr 2c~r s2r ,t !dr/~4/3!pr s

3. ~5!

The calculated curve of nitrogen content assuming the di
sion constantD53.1310216m2 s21 at 733 K is shown in
Fig. 8~a! by the solid line. This curve explains the expe
mental points obtained forPN250.05 MPa. TheD value
used here is in good agreement with an estimated valu
D53.3310216m2 s21 from Eq. ~4! using D051.02
31026 m2 s21 and Q5133 kJ mol21 obtained by Coey and
coworkers.40,41With increasing the N2-gas pressurePN2 , the

FIG. 8. Nitrogen concentrationcN(t) as a function of nitroge-
nation timet at 733 K under~a! 0.05 MPa~b! 0.1 MPa and~c! 6
MPa. The solid lines are the calculated curves using the diffus
constantD53.1310216 m2 s21 at 733 K and the velocity of grain
growth of the fully nitrided phase~a! VG50 for 0.05 MPa,~b!
VG54.5310211 m s21 for 0.1 MPa and~c! VG59.0310211 m s21

for 6 MPa at 733 K.
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9480 PRB 61KEIICHI KOYAMA AND HIRONOBU FUJII
concentration distribution of N atoms could not be und
stood by only the diffusion process of nitrogen atoms.

When the grain growth of the fully nitrogenated pha
Sm2Fe17N3 becomes dominant in the nitrogenation proce
the distribution of N atoms in the powder would be a profi
shown in Fig. 7~c!. The experimental results shown in Fig.
are similar to the model distribution in Fig. 7~c!. Then,
cN(r ,t) is expressed by the following equation:

cN~r ,t !5c0 for r<VG~P,T!t,

cN~r ,t !5c0

2

Ap
E

r /2~Dt !1/2

`

exp~2u2!du for r>VG~P,T!t.

~6!

Here, VG is the velocity of the grain growth of the fully
nitrogenatedb-phase Sm2Fe17N3, which increases with in-
creasing N2-gas pressures. This model quite well explains
experimental results for the nitrogen absorption process
der PN2^0.1 MPa. That is, we deducedVG54.5
310211m s21 at 733 K underPN250.1 MPa from Fig. 6~a!
using the relation ofr t5VGt. The nitrogen contentcN(r ,t)
underPN250.1 MPa was calculated by substitutingD53.1
310216m2 s21 andVG54.5310211m s21 at 733 K obtained
independently in Eq.~6!. Then, the resultant nitrogen conte
cN(t) underPN250.1 MPa was deduced using Eq.~5!, which
is drawn by the solid line in Fig. 8~b!. Furthermore, the re
sultant concentrationcN(r ) in the gas–solid reaction proces
at 733 K under 6 MPa was also deduced from Eq.~5! using
cN(r ,t) which was calculated by substitutingD53.1
310216m2 s21 and VG59.0310211m s21 ~estimated from
r t5VGt! into Eq. ~6!. The calculated result is similarly
drawn in Fig. 8~c! by the solid line. The agreement betwe
the calculated and experimental data is quite good for all
cases. Thus, we could clarify the nitrogen absorption proc
under various N2-gas pressures in Sm2Fe17.

Coeyet al.40 have claimed that the attractive interatom
long-range interaction energy arising from lattice deform
tion around the interstitial site is important, and belowTcri ,
the attractive interaction dominates and the interstitial ato
form macroscopic clusters, leading to a two-phase mixtu
Above Tcri , a solid solution phase should be formed. Th
estimatedTcri for Sm2Fe17 to be about room temperature. O
the contrary, Colucciet al.43–45 have inferred that from a
metallography study of the nitrogenation process in Nd2Fe17,
the fully nitrided phase directly precipitated from the pha
free of nitrogen with no formation of a nitrogen solid
solution phase. The results obtained in this work indicate
the interfacelike propagation model is only acceptable
PN2^0.1 MPa. That is, the diffusion of nitrogen atoms co
trols the reaction time for nitrogenation at the earlier stage
the nitrogen absorption process, but the grain growth of
fully nitrogenated phase becomes dominant at the later s
of the process underPN2^0.1 MPa. However, underPN2
%0.05 MPa, it is very difficult to distinguish which model
acceptable at the late stage of the nitrogenation process
cause of the random distribution of the activation cente
some local defects, dislocations and so on, playing a r
tively important role on the nucleation and growth proce
In any case, it seems that the formation of some defect
dislocations accompanied by formation of the N-poora
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phase is essential for the grain growth of fully nitrogenatedb
phase under high N2-gas pressure.

Thus, we could deduce that it is useful to apply hig
pressure N2-gas method for obtaining high-qualityR2Fe17N3
powder. According to the above consideration, we can e
mate the reaction time for obtaining fully nitrogenate
Sm2Fe17N3 powder with the particle size of;42610mm in
diameter at 733 K under 6 MPa. The time is deduced to
84 h from the relation ofr t5VGt using 2r t542mm and
VG59.0310211m s21. The x-ray-diffraction profiles of
Sm2Fe17 and Sm2Fe17N3.3 thus produced are shown in Fig. 9
All the diffraction lines shift to lower angles with no line
broadening by nitrogenation. No extra peaks are observe
them except for the rhombohedral main peaks. Thus,
above result guarantees the formation of a high-quality
tride with no a-Fe segregation by high-pressure nitrogen
tion.

V. EFFECT OF NITROGENATION ON MAGNETISM
IN R2Fe17N3 AND Y2Co17N3

In this section, we present the experimental results
magnetic properties of interstitially modified nitride
R2T17N3 with R5Y, Ce or Sm andT5Fe or Co, which were
done to clarify the influence of N introduction on the over
magnetism.18 The reasons why we chose Y, Ce, and Sm
the rare earths in this work are as follows:~1! Since Y is
nonmagnetic, magnetic studies of this systems are suit
for clarifying magnetism of only the 3d sublattice in the 2:17
systems.~2! Since Ce is in an unstable 4f state, we can
expect a dramatic change in the 4f -3d hybridization effects
by nitrogenation in Ce2Fe17. ~3! As Sm is in a stable trivalen
state and has a large second-order Steven’s factor, we
easily detect the enhancement of the crystal electric fi
~CEF! effect due to interstitial modification of nitrogen i
Sm2Fe17 from measurements of magnetic anisotropy.

Figure 10 shows the x-ray-diffraction profiles of~a!
Y2Fe17 and~b! Y2Fe17N3.1 at room temperature using CuKa
radiation. As is evident from these profiles, both Y2Fe17 and
Y2Fe17N3.1 are almost a single phase of the rhombohed

FIG. 9. Powder x-ray-diffraction patterns at room temperat
of Sm2Fe17 and Sm2Fe17N3.1 fully nitrogenated at 733 K for 84 h
using CuKa radiation.
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Th2Zn17-type structure except for segregation of a sm
amount ofa-Fe phase in the nitride. All the peaks shift
lower angle by nitrogen absorption, indicating an increase
lattice constants without changing the crystal structure fo
In order to check the easy axis of magnetization~EAM!, the
x-ray-diffraction profiles were examined for magnetica
aligned powder along the direction parallel to the scatter
vector, the results of which are shown in Figs. 10~b! and
10~d!. The enhancement of the~300! and ~220! peak inten-
sities indicate that the EAM of both Y2Fe17 and Y2Fe17N3.1 is
in the ab plane, and the magnetic anisotropy in the Fe s
lattice favors theab plane as the direction of magnetizatio
vector even after nitrogenation. The estimated lattice par
eters are summarized in Table I, together with those for
other nitrides. Here, we notice that the Y and Sm syste
occupy N atoms up to;3.0 per formula unit and the unit
cell volume homogeneously expands by;6% upon nitroge-
nation, while the Ce system occupy N atoms of;3.6 at
interstitial sites and the volume expands by;9%. The ex-
cess nitrogen atoms over 3.0 may occupy the 18g interstitial
sites after full occupation of the 9e interstitial sites, which

FIG. 10. X-ray-diffraction patterns of Y2Fe17 and Y2Fe17N3.1 at
room temperature using CuKa radiation. Here,~a! and ~c! are for
the nonaligned powder.~b! and~c! are for the aligned powder alon
the direction parallel to the x-ray-scattering vector at room temp
ture.

TABLE I. Structural data of intermetallic compoundsR2Fe17

and their nitrides.

Compounds a ~Å! c ~Å! V (Å 3)
Da/a0

~%!
Dc/c0

~%!
DV/V0

~%!

Y2Fe17 8.51 12.38 776
Y2Fe17N3.1 8.67 12.69 826 1.9 2.5 6.4
Ce2Fe17 8.48 12.41 773
Ce2Fe17N3.6 8.73 12.81 845 2.9 3.2 9.4
Nd2Fe17 8.58 12.49 796
Nd2Fe17N3 8.78 12.67 846 2.3 1.4 6.5
Sm2Fe17 8.55 12.43 787
Sm2Fe17N3.1 8.74 12.65 837 2.2 1.8 6.4
Y2Co17 8.36 12.18 737
Y2Co17N2.9 8.52 12.45 783 1.9 2.2 6.2
ll

in
.

g

-

-
e
s

may lead to the excess volume expansion.34–36 This can be
also speculated from the existence of the excess occupa
of the 18g sites in addition to full occupation of the 9e sites
of hydrogen atoms in Ce2Fe17.

49–51 This large expansion o
the unit-cell volume probably induces a conversion of Ce41

into Ce31 due to a drastic decrease in the 4f -3d hybridiza-
tion effects as well.6,52–56

The results of magnetic measurement are summarize
Figs. 11–13 and Table II. As shown in Fig. 11, the saturat
momentMs of Y2Fe17Nx increases from 34.0mB at x50 to
39.7mB at x53.1, whereasMs of Y2Co17Nx decreases from
27.7mB at x50 to 24.1mB at x52.9. Similarly, the Curie
temperatureTC increases from 300 K atx50 to 701 K at
x53.1 for Y2Fe17NX , while TC decreases from 1179 K a
x50 to 783 K atx52.9 for Y2Co17NX . Since Y is a non-
magnetic rare-earth element, the change ofMs upon nitroge-
nation must originate from change of the avera
3d-sublattice moment, which could be explained on the ba
of the calculated electronic band structures.31,57–59The band
calculations simply suggest that the general feature of b
structure changes from a weak ferromagnetic to a strong
romagnetic type inR2Fe17 upon nitrogen uptake,31,57–59

while it does not change dramatically inR2Co17 upon nitro-
genation because of being in a strong ferromagnetic s
before nitrogenation.60 This briefly explains the change o
magnetic properties upon nitrogenation. The details will
discussed in the last section.

Another interesting feature in the basic magnetism is t
TC significantly increases for Y2Fe17 upon nitrogen uptake
while TC significantly decreases for Y2Co17 upon N uptake.
According to the spin-fluctuation theory,61 the general trends
of the Curie temperature, the strength of the coupling
tween the 3d magnetic moments on each atomic site can
also described using the electronic band-structure calc
tions. Then, the Curie temperatureTC is expressed by

a-

FIG. 11. Magnetization at 4.2 K as a function of magnetic fie
for Y2Fe17 and Y2Co17 and their nitrides.
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TC}M0
2/x0 , ~7!

whereM0 is the magnetic moment per atom at 0 K andx0 is
the enhanced susceptibility given by

x0
215

1

2mB
2 S 1

2N↑~EF!
1

1

2N↓~EF!
2I D . ~8!

Here, N↑(EF) and N↓(EF) are the density of states at th
Fermi surfaceEF for spin-up and spin-down states andI is
the Stoner parameter. Jaswalet al.31,57estimated the increas
in TC upon nitrogen uptake for the Th2Ni17-type hexagonal
Y2Fe17 on the basis of the results of their band calculatio
leading to the ratioTC(Y2Fe17N3)/TC(Y2Fe17!52.34. This
suggests that an increase inM0 and a substantial decrease

FIG. 12. Magnetization atm0H50.2 T vs temperature curve
~top! and magnetization at 4.2 K vs field curves~bottom! for
Ce2Fe17 and its nitride.
,

N↑(EF) andN↓(EF) upon N uptake are essential for almo
doublingTC , and the spin fluctuation is strongly suppress
by interstitial modification of nitrogen. Our experimental r
sults indicate that the situation is almost the same as in
Th2Zn17-type rhombohedral Y2Fe17N3. On the other hand
the decrease inTc for Y2Co17 upon nitrogenation might be
originated in the reduction ofM0 in Eq. ~7!. Therefore, it
seems likely that the spin-fluctuation theory is a suita
model for understanding the basic magnetism of rare-e
and 3d-transition intermetallics at finite temperatures.

Ce2Fe17 is known to show a modified helix with a supe
structural magnetic cell along thec axis in the ground state
which changes to a normal helix atTt5110 K with increas-
ing temperature and finally becomes a paramagnetic s
above TN5210 K.18,62–64 For understanding these unusu
magnetic properties which are different from the other 2
Fe compounds, Ce in this system has been considered t
in a tetravalent state.52–56 In other words, the 4f electrons
behave as itinerant electrons with a heavy mass owing to
hybridization between the Ce 4f - and Fe 3d-electron
states.52–56As is shown in Fig. 12, nitrogen absorption lea
to strong enhancement of ferromagnetism suggesting
conversion of the 4f electron from itinerant to localized
states. The saturation moment also increases from 29.mB
before nitriding to 39.9mB after nitriding. A similar conver-
sion is also observed in the case of hydrog
absorption.49,52,54 Therefore, the conversion might be orig

FIG. 13. High-field magnetization as a function of magne
field for Sm2Fe17N3.1 at 4.2 K along the directions parallel~i! and
perpendicular~'! to the aligned direction.
TABLE II. Summary of the magnetic data for intermetallic compoundsR2Fe17 and their nitrides.

Compounds
Ms (mB /f.u.)

~4.2K! Tc ~K!
K1 ~kJ/kg!

~4.2 K!
K2 ~kJ/kg!

~4.2 K!
A2

0 (Ka0
22)

~4.2 K! m0Hex ~T!

Y2Fe17 34.0 300
Y2Fe17N3.1 39.8 701
Ce2Fe17 29.3 210a

Ce2Fe17N3.6 39.9 712
Nd2Fe17 39.6 348
Nd2Fe17N3 45.3 726
Sm2Fe17 34.1 389
Sm2Fe17N3.1 38.1 752 2.5 2.3 660 510
Y2Co17 27.7 1179 (;340 K)
Y2Co17N2.9 24.1 783

aCorresponding to Ne´el temperature.
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nated in the decrease in the hybridization of 4f -3d electron
states by lattice expansion accompanied with the interst
modification.

Using a high-quality nitride Sm2Fe17N3.1 prepared in Sec
III, we measured high-field magnetization at 4.2 K up to
T to deduce the reliable magnetic anisotropy constants.19 The
results obtained are shown in Fig. 13. We notice that a str
uniaxial anisotropy in magnetization of aligned powder
induced by nitrogen absorption. Broadly speaking, there
two approaches to understand these extremely anisotr
behaviors;~1! a phenomenological linear model and~2! nu-
merical calculations based on the complete Hamiltonian c
taining J mixing and noncollinear CEF effects. Sinc
Sm2Fe17N3.1 used in this experiment is an aligned powd
but not a single crystal, it is not meaningful to deduce
reliable CEF parameters on the basis of the rigorous ca
lations. Later, we will describe the numerical and rigoro
calculations made for analyzing the magnetization of sing
crystalline Nd2Fe17N3 and obtaining reliable CEF param
eters. Here, we apply the phenomenological linear mo
without any assumption and know how large the enhan
ment of the apparent magnetic anisotropy in Sm2Fe17 is in-
duced upon nitrogenation.

For a uniaxial crystal, the corresponding uniaxial anis
ropy is phenomenologically expressed by

Ea5K1 sin2 u1K2 sin4 u, ~9!

whereK1 and K2 are the apparent uniaxial anisotropy co
stants, andu is the angle between thec axis and the resultan
magnetization direction. From the minimum condition of t
free energy containing the anisotropy energy and Zeem
energy in the linear model, we obtain the following equati
without any approximation:65

H

M'

5
2K1

MS
2 1

4K2

MS
4 M'

2 . ~10!

Here,M' is the resultant magnetization along the hard a
at the magnetic fieldH, andMS the saturation magnetization
In Fig. 14, we plot H/M' as a function of M'

2 for
Sm2Fe17N3.1 at 4.2 K. From the straight line, we obtainK1
52.53103 J/kg andK252.33103 J/kg. The uniaxial anisot-
ropy constants in Sm2Fe17N3 have been determined by man
authors.66–69 It is noteworthy that the values obtained in th
work are the largest among those reported previously. T

FIG. 14. Sucksumith-Thompson plot for Sm2Fe17N3.1 at 4.2 K;
H/M' as a function ofM'
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might be due to the fact that we used high-quality nitri
with almost no host and noa-Fe phases. The appearance
giant uniaxial anisotropy at 4.2 K might be originated in t
strong enhancement of the second-order CEF parameteA2

0

in R2Fe17N3 upon nitrogen uptake.68,70 According to
Kuz’min and Coey,68 if we restrict ourselves to the case o
zero temperature and neglect theJ-mixing effects,K1 andK2
are expressed in the first-order approximation as follows

K152
3

2
aJA2

0^r 2&J~2J21!

2
9

2
Dex

21~aJA2
0^r 2&!2J~2J21!2, ~11!

K25
9

8
Dex

21~aJA2
0^r 2&!2J~2J21!~8J25!, ~12!

whereaJ is the second-order Steven factor,71 A2
0 is the lead-

ing term of the CEF parameters when we express the C
Hamiltonian as follows:72

HCEF5aJA2
0^r 2&Os

0~J!, ~13!

where^r 2& is the mean of the second power of the 4f radius,
O2

0 is the second-order Stevens equivalent operators, andDex

is the exchange splitting, which is defined as follows:68

Dex[ugJ21umBHex. ~14!

Here, gJ is the Lande’sg factor, Hex is the exchange field
acting on rare-earth ions from the Fe sublattice. It is to
noted that those formulas are deduced by considering o
the leading term in the CEF interactions and the excha
field acting on rare-earth ions from the Fe sublattice. As
attempt, from the apparentK1 and K2 obtained here, we
estimated the CEF parameterA2

052660 K/a0
2 and the ex-

change fieldm0Hex5510 T, which corresponds to 340 K
respectively. The theoretical estimations ofA2

0 have been
performed from the calculation of electron density distrib
tion for someR2Fe17N3 so far.59,73–75The calculated values
of A2

0 well agree with the experimental one in this work~see
Table III!. The details of the enhancement of CEF para
eters will be discussed in the next section.

VI. INFLUENCE OF NITROGENATION ON CRYSTAL
ELECTRIC FIELD AT RARE EARTH IONS

IN 2:17 SYSTEM

Since the discovery of the nitride Sm2Fe17N3, the experi-
mental and theoretical studies of interstitially modifie
R2Fe17 compounds have been done by many researcher
clarify the drastic improvement in magnetic properties up
nitrogenation.6 However, their experimental works hav
been only performed using powder or polycrystalli
samples. Especially, for clarifying the effect of nitrogenati
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TABLE III. Summary of the CEF analysis for Nd2Fe17 and Nd2Fe17N3 single crystals at 4.2 K. The data ofKFe for Nd2Fe17 and for
Nd2Fe17N3 were deduced from the results of Refs. 83, 84, and 69. The calculated second-order CEF parameterA2

0 taken from Refs. 75, 59,
and 74 is also listed for comparison of our experimental and calculated values.

Compounds

Crystal-field coefficients mFe(mB) KFe~K! Hex ~K!

A2
0(Ka0

22) A4
0(Ka0

24) A4
3(Ka0

24) A6
0(Ka0

26) A6
3(Ka0

26) A6
6(Ka0

26)

Nd2Fe17 25.03102 218 2.6 26.0 213 1.23102 2.0 23.4a,b 290
Nd2Fe17N3 21.53102 217 25.5 5.6 7.9 27.7 2.3 22.6c 360
Sm2Fe17 2107d

Sm2Fe17N3 2665d

Gd2Fe17 2191e

Gd2Fe17N3 2664e

Gd2Fe17 2286f

Gd2Fe17N3 2948f

a
Reference 83. dReference 75.

b
Reference 84. eReference 59.

c
Reference 69. fReference 74.
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Fig.
on CEF parameters inR2Fe17, it is important to measure th
magnetic anisotropy using the single crystal of the intersti
nitride R2Fe17Nx . In this work, we carefully synthesized
Nd2Fe17N3 single crystal by means of prehydrogenation a
the high-pressure N2-gas nitrogenation technique, startin
from single crystals of Nd2Fe17 and carried out the high-field
magnetization measurements of both the Nd2Fe17 and
Nd2Fe17N3 single crystals at 4.2 K.

The single crystals of Nd2Fe17 were prepared by a flux
method as described in Sec. III. We know that it is essen
to avoid the surface contamination for homogeneous
faster nitrogenation in a nitrogen gas–solid react
process.14 Hence, we applied the hydrogen decrepitati
treatment76 before nitriding, by which many new clean su
faces were caused. That is to say, the small cubed Nd2Fe17
single crystal was preheated at 573 K in the sample cham
under H2 gas pressure of 1 MPa for 3 h, and subseque
held in vacuum for 3 h. After then, nitrogenation was p
formed by heating the single crystal at 723 K for 20 da
under a N2 gas pressure of 6 MPa.21 After nitrogenation, we
confirmed that the cubed Nd2Fe17 single crystal fractured
into some granule crystals. Fortunately, the granule with
largest mass obtained was about 2.1 mg in this process.
nitrogen concentration in the single-crystalline nitride w
estimated to be;3 per formula unit from the increase in th
mass. This largest single crystal was used for high-field m
netic measurement.

Figure 15 shows the x-ray diffraction~XRD! patterns of
~a! Nd2Fe17 and~b! Nd2Fe17N3 at room temperature using C
Ka radiation, which was examined using the powder sam
obtained by grinding some of the granule single crystals.
is evident from this figure, the nitride Nd2Fe17N3 is con-
firmed to be almost a single phase except for a very sm
trace ofa-Fe phase. However, no peaks of Nd2Fe17 are ob-
served in the nitride, indicating that the single crystal w
fully nitrogenated. The XRD peaks of nitride shifts to low
angles, indicating that the lattice expands without chang
the rhombohedral structure upon nitrogenation. The e
mated lattice parameters of the nitride are also summar
in Table I. The relative increase in unit-cell volume,DV/V,
l
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of the nitride Nd2Fe17N3 is 6.3%, which is in good agreemen
with the result of neutron power diffraction for Nd2Fe17N2.9
determined by Kajitaniet al.36 They have reported that th
refined occupation of the N atoms on the 9e and the 18g
sites were 0.95~4! and 0.01~2! in Nd2Fe17N2.9, respectively.
In addition, the result of our neutron experiment for t
rhombohedral Y2Fe17N3.1 (DV/V56.5%), which will be de-
scribed later, have shown that the N atoms fully occupy
9e sites. Therefore, we conclude that the N atoms in
Nd2Fe17N3 single crystal also fully occupy the 9e sites.

In order to check the morphology and the nitrogen dis
bution in the Nd2Fe17N3 single crystal, we observed the SEM
and EPMA image profiles at the cross section of the Nd2Fe17
and Nd2Fe17N3 single crystals. The single crystals were po
ished by a buffing machine using alumina powder with p
ticle size less than 0.05mm. Figures 16~a! and 16~b! show
the EPMA-line profiles and corresponding SEM figures
the Nd2Fe17 and Nd2Fe17N3 single crystals, respectively. A
is seen in Fig. 16~a!, the EPMA profile indicates that the F
and Nd elements homogeneously distribute in the Nd2Fe17
single crystal. On the other hand, as we can see from

FIG. 15. X-ray powder-diffraction patterns of Nd2Fe17 and
Nd2Fe17N3 ~obtained by grinding some of the single crystals! at
room temperature using CuKa radiation.
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16~b!, it shows that the nitrogen atoms almost homog
neously distribute inside of the Nd2Fe17N3 single crystal, al-
though there are some microcracks in the single crysta
nitride.

Figure 17 shows the temperature dependence of mag
zation,M -T curve, measured in magnetic field of 1 T along
the easyb axis for the Nd2Fe17 and Nd2Fe17N3 single crys-
tals. In this figure, the Curie temperatureTC was determined

FIG. 16. EPMA line profiles of Nd, Fe, and N elements in t
~a! Nd2Fe17 and~b! Nd2Fe17N3 single crystals. The insets show th
corresponding SEM figure.

FIG. 17. Temperature dependence of the magnetization a
the b axis for the Nd2Fe17 and Nd2Fe17N3 single crystals. The
arrows indicate the temperature corresponding to the C
temperature.
-

of

ti-

as the inflection point of a low-field thermomagnetic curve
m0H50.05 T, the value of which is listed in the Table I
The Curie temperature increases from 348 to 726 K up
nitrogenation. As discussed in Sec. V, we consider that
increase inTC is due to the suppression of the spin fluctu
tion mainly caused by the decrease in the density of state
the spin-up and spin-down bands at the Fermi level up
nitrogenation. TheM-T curve also shows that Nd2Fe17N3 is
almost single phased except for a smalla-Fe phase, the trace
of which continues above 900 K. We estimated that the c
tent of thea-Fe phase in the Nd2Fe17N3 single crystal was
;3% from the value of the magnetization at 900 K in Fi
17. Thus, all the complementary results of the XRD patter
the SEM-EPMA analysis and theM-T curves confirmed tha
the single crystal of the high-quality Nd2Fe17N3 nitride was
successfully synthesized by high-pressure N2-gas nitrogena-
tion method in this work.

Figure 18 shows the high-field magnetization curves
the ~a! Nd2Fe17 and ~b! Nd2Fe17N3 single crystals at 4.2 K.
As is seen in Fig. 18, the easy axis of magnetization EAM
Nd2Fe17 is theb axis, the direction of which does not chang
upon nitrogenation. The saturation magnetic momentMs
was determined from the extrapolation of theM vs 1/H2

curve along theb axis to infinite field. The saturation mag
netic momentMS of Nd2Fe17 at 4.2 K increases from 39.6 t
45.3mB /f.u. upon nitrogenation. This increase inMS upon
nitrogenation mainly originates from an increase in the av
age Fe magnetic moment owing to a decrease in the F

ng

ie

FIG. 18. High-field magnetization curves along the three pr
cipal axes for the~a! Nd2Fe17 and ~b! Nd2Fe17N3 single crystals at
4.2 K. Open circles show the calculated magnetization.
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overlap induced by the large lattice expansion (DV/V
;6%) as shown in the Secs. V and VII. Furthermore,
recognize that two-step anomalous magnetization jumps
Nd2Fe17 appear around 10 and 18 T in the magnetizat
curve along the hardc axis, which is interpreted as the firs
order magnetization process~FOMP!.77 Koide et al. have
also reported a similar anomalous magnetization process
the Nd2~Fe0.96Al0.04!17 single crystal.78 On the other hand, no
magnetization jump along thec axis was observed for th
nitride Nd2Fe17N3 in magnetic fields up to 27 T. Generall
speaking, a phenomenological description of FOMP in ter
of the anisotropy constantsKi or the anisotropy coefficient
kn

m indicates that the first-order magnetization transition
quires the existence of the higher-order terms in the exp
sion of the free energy.77 Therefore, the result of no obse
vation of FOMP for Nd2Fe17N3 may show that the second
order term is strongly enhanced and dominates
anisotropy energy inR2Fe17 upon nitrogenation. On the othe
hand, it is of interest that the strong anisotropy within thec
plane is reduced upon nitrogenation.

To clarify the influence of the interstitial N atom introdu
tion on the crystalline electric field~CEF! at the R site in
R2Fe17 compounds, we analyzed the above magnetiza
curves on the basis of the rigorous Hamiltonian combin
the molecular field and CEF theories in a two-sublatt
model,79 and estimated the CEF parametersAn

m at the rare-
earth site in the 2:17 system.

In the two-sublattice model, the free energy of the syst
is given by

F~H,u!522kBT ln Z117KFesin 2u217mFe•H, ~15!

wherekB , KFe, mFe, andH are, respectively, the Boltzman
constant, the uniaxial magnetocrystalline anisotropy cons
per Fe atom of the Fe sublattice, the Fe magnetic mom
and the applied field, andu is the angle betweenmFe and the
c axis. The partition functionZ is calculated from the eigen
values of HamiltonianHNd for the Nd sublattice. Then,HNd
is represented in a single-ion model by

HNd5HCEF12~gJ21!J•Hex1gJJ•H, ~16!

whereHCEF is the CEF Hamiltonian,gJ is the Landeg fac-
tor, J is the total angular momentum of Nd, andHex is the
exchange field from the Fe sublattice through the Nd-Fe
change interaction, respectively.

Since the point symmetry of the Nd site~6c site! in the
rhombohedral Th2Zn17-type structure isD3d , the CEF
Hamiltonian HCEF for the groundJ multiplet state is ex-
pressed by80

HCEF5B2
0O2

01B4
0O4

01B4
3O4

31B6
0O6

01B6
3O6

31B6
6O6

6.
~17!

Here the parametersOn
m are the Stevens equivalent operato

andBn
m are written by

Bn
m5un^r

n&An
m , ~18!

whereAn
m are the crystal-field parameters,un are the Steven

factorsaJ ,bJ ,gJ , for n52, 4 and 6, respectively, and^r n&
is the mean of thenth power of the 4f radius.71,72
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The values ofun , and^r n& have been calculated by Freema
and Watson81 for R31 ions based on the Hartree-Fock a
proximation.

The exchange fieldHex in Eq. ~16! is given by

Hex52nNdFe•17mFe/V , ~19!

wherenNdFe, and V are the molecular field coefficient be
tween Nd and Fe sublattices, and the unit-cell volume,
spectively. The molecular field coefficientnNdFe was esti-
mated from the Curie temperatureTC based on a molecula
field model.82 The estimated value ofnNdFe was 3.64
31024 H/m(290mB).38 Moreover, as the magnetocrystallin
anisotropy constantKFe, we used the data of a hexagon
Y2Fe17 single crystal83,84or the data of a hexagonal Y2Fe17N3
powder aligned in a rotating magnetic field,69 assuming that
the anisotropy constant in the rhombohedral Y2Fe17 or
Y2Fe17N3 has the same value as in the hexagonal ones.
used values ofmFe, KFe, andHex in this analysis are sum
marized in Table III. Under the condition of making the fre
energyF(H,u) minimum, the CEF parametersAn

m were de-
termined by a least-squares fitting so as to minimizeD
5S(Mexp2Mcal)

2, whereMexp andM cal are the experimen-
tal and calculated magnetic moments, respectively.

The final values of parameters estimated are summar
in Table III. It is to be noted that theAn

m values estimated for
Nd2Fe17 are in good agreement with the values deduced
considering the excitedJ multiplet for a Nd2~Fe0.96Al0.04!17
single crystal reported by Koideet al.78 The open circles in
Fig. 18 show the calculated magnetization using the e
matedAn

m values. The agreement between the experime
curve and calculated magnetization one deduced by the
merical analysis is quite good, and the anomalous magn
zation jumps are also reproduced around 10 and 18 T
Nd2Fe17. We notice that the sign ofA2

0 does not change by
nitrogen uptake, but the magnitude ofA2

0(5215
3102 K/a0

2) for the Nd2Fe17N3 is strongly enhanced by
about three times as large as that ofA2

0(525.0
3102 K/a0

2) for Nd2Fe17.
On the basis of our experimental results, we discuss

origin of the enhancement of the magnetocrystalline anis
ropy of R2Fe17 due to nitrogen uptake. From the CEF ana
sis for magnetization curves of the Nd2Fe17 single crystal, we
have estimated thatA2

0 at the rare-earth~R! site in R2Fe17 is
25.03102 K/a0

2 at 4.2 K. This suggests that the EAM of th
Sm sublattice in Sm2Fe17 is thec axis, i.e., the uniaxial an-
isotropy constant of theR sublattice,K1

R.0 from the relation
of K1

R52(3/2)NRaJ^r
2&2J(J21)A2

0 driven by Lindgard
and Danielsen,70 because the sign ofaJ for Sm is positive.
However, the EAM of Sm2Fe17 is in the basalab plane at
room temperature, indicating that at room temperature
basal plane anisotropy of the Fe sublattice probably ov
comes the easyc-axis anisotropy of the Sm sublattice i
Sm2Fe17. Since the magnitude of negativeA2

0 is strongly
enhanced upon nitrogenation, the uniaxial anisotropy
Sm2Fe17N3 is dominated by the easyc-axis anisotropy of the
Sm sublattice even at room temperature but not the pl
anisotropy from the Fe sublattice.

Coehoorn has proposed a simple model based on Mie
ma’s ‘‘macroscopic atom’’ idea,85,86 from which the
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FIG. 19. Electron density distribution of Gd2Fe17; ~a! in a plane perpendicular to thec axis and~b! in a plane parallel to thec axis, and
Gd2Fe17N3; ~c! in a plane perpendicular to thec axis and~d! in a plane parallel to thec axis. The lowest contour value is 0.0125 a.u.23, the
contour spacing is 0.0125 a.u.23, and the highest contour value is 0.1 a.u.23. The lowest density regions in~b! and~d! have densities betwee
0 and 0.0125 a.u.23. The density regions with those higher than 0.1 a.u.23 near each atomic site are not shaded. These are calculated
a full-potential APW method by Yamaguchi and Asano~Ref. 74!.
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trends in the second-order CEF coefficient and the magn
crystalline anisotropy could be understood qualitatively87

According to this simple model, the charge density at
boundary of the Wigner-Seitz cell, the Miedema parame
nWS ~Refs. 85, 86! acts as an important factor, and the fo
lowing qualitative prediction forA2

0 on a certain rare-earth
site can be satisfied:~1! If the position of its neighbors with
the highest values ofnWS is within or close to the plane
perpendicular to thec axis containing the rare-earth atom
Dnp and Dnd are expected to be positive (A2

0,0). ~2! On
the other hand,Dnp andDnd are expected to be negative
these neighbors are situated on or close to the line parall
thec axis through the central rare-earth atom (A2

0.0). Here,
the parametersDnp and Dnd , which give the degree to
which thep andd shells are prolate or oblate, are defined
terms of the occupation numbers as follows:

Dnp5~nx1ny!/22nz , ~20!

and

Dnd5nx22y21nxy2~nxz1nyz!/22nz2, ~21!
o-

e
r

to

where nx , ny , and nz are the occupation numbers of th
px ,py ,pz orbitals andnx22y2, nxy , nxz , nyz andnz2 are oc-
cupation numbers of thedx22y2 , dxy , dzx , dyz and dz2 or-
bitals, respectively. That is to say, assuming thatA2

0 is
mainly originated from the asphericity of the rare-earth v
lence electron charge density, the relation betweenA2

0 and
Dn1 ( l 5p,d) can be expressed from Coehoorn
model85,88,89as follows:

A2
0}2Dnl . ~22!

From our experimental results for the Nd2Fe17 and
Nd2Fe17N3 single crystals, we found thatA2

0 estimated for
Nd2Fe17 was negative and the magnitude increased ab
three times by nitrogenation. This result indicates thatDnl is
positive and remarkably increases upon nitrogenation.
value of electronegativity of the N atoms is larger than th
of theR atoms. In addition, the value ofnWS of the N atoms
~;4! is larger than that of theR atoms~;2!.85,86 Therefore,
when nitrogen atoms are introduced and occupy the inte
tial 9e sites, the high charge density of the rare-earth vale
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~p andd! electrons may be formed at the cell boundary b
tween theR ion at the 6c site and the N ion at the 9e site
within the basalab plane. This valence electron configur
tion is probably an origin of the large enhancement of ne
tive A2

0 upon nitrogenation, leading to the strong uniax
anisotropy of Sm2Fe17N3.

On the other hand, calculations of electronic charge d
sity have been carried out by Yamaguchi and Asano59,74 for
Gd2Fe17 and Gd2Fe17N3 and by Steinbecket al.75 for
Sm2Fe17 and Sm2Fe17N3 to understand the origin of larg
enhancement of negativeA2

0 upon nitrogenation. According
to Yamaguchi and Asano’s calculations, the electron den
distribution around the Gd(6c) ions seems to be rather un
form in theab plane, while in the plane parallel to thec axis,
there is a low density area between the Gd(6c) ions @see
Figs. 19~a! and 19~b!#. This anisotropic electron distributio
produces an appreciably negativeA2

0 at the Gd site. When
nitrogen atoms are introduced and occupy the interstitiale
sites, the electron density around the Gd(6c) ions changes as
follows @See Figs. 19~c! and 19~d!#. That is to say, the N 2p
electrons strongly hybridize with 5d electrons of the Gd(6c)
atoms in theab plane, leading to an increase in the electr
density around the Gd(6c) ions in theab plane. As a result
of such an additional anisotropy of the electron density d
tribution upon nitriding,A2

0 at the Gd(6c) site inR2Fe17N3 is
about;3 times larger than that in Gd2Fe17. These deduced
values forA2

0 from the calculation of charge distributions a
also given in Table III. The calculated values ofA2

0 upon
nitrogenation qualitatively agree with our experimental da
which was directly evaluated from the magnetization cur
of the single crystal. However, it should be noted that
magnitude ofA2

0 for Nd2Fe17N3 is almost twice larger than
calculated one for Sm2Fe17N3 and Gd2Fe17N3. Further stud-
ies are necessary from the theoretical points of view.

VII. EFFECT OF NITROGENATION ON Fe MOMENT
AT EACH DIFFERENT ATOMIC SITE IN Y 2Fe17

As mentioned in Sec. IV, the introduction of nitrogen a
oms into theR2Fe17 compounds led to remarkable increas
in TC and magnetic moments of the Fe-sublattice accom
nied by a large increase in unit-cell volume~;6%! without
changing the crystal structure. For clarifying the role that
interstitial N atoms played on the microscopic scale for m
netism, it is necessary to know the change of the Fe magn
moment on each different site upon nitrogenation. T
neutron-diffraction experiments, which are the most dir
method to microscopically elucidate both the crystal
graphic and magnetic properties, have been carried out
number of research groups on someR2Fe17 nitrides so
far.12,28–37,90In those experiments, it has been clarified th
the N atoms mainly occupied the 9e site in the rhombohedra
2:17 structure and led to the increase in the average Fe
ment, but detailed information on the change of the Fe m
ment at each atomic site due to nitrogen uptake has not b
obtained yet except for a few reports12,36 as far as we know.

To elucidate in detail the magnetism of the Fe sublatt
in the R2Fe17N3 system, we studied the high-resolution ne
tron powder-diffraction study on the rhombohedral Y2Fe17
and Y2Fe17Nx with no partial disorder.22 Until now, the ex-
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periment using the good quality rhombohedral Y2Fe17Nx has
not been reported yet, because it was too difficult to obt
the single phased sample. The neutron-diffraction pattern
Y2Fe17 and Y2Fe17N3.1 at 10 K are shown by the dotte
points in Fig. 20, together with the calculated lines. Prior
the analysis, the intensity data of neutron diffraction f
Y2Fe17 and Y2Fe17N3.1 from 2u510° to 153° at 10 K were
used in the structure refinements usingRIETAN-94,91,92 which
was developed for an application of the Rietveld method93

The neutron-scattering lengths used for the refinement w
bY57.750,bFe59.540, andbN59.360 in units of 10215m.
Evaluation of the fit between the observed and calcula
patterns could be done by the reliability factorsRp , RI , and
RF , with

Rp5
(uyi~o!2yi~c!u

(yi~o!
, RI5

(uI k~o!2I k~c!u
(I k~o!

, and

RF5
(uAI k~o!2AI k~c!u

(AI k~o!
, ~23!

whereyi(o) and yi(c) are the observed and the calculat
intensities, respectively,I k(o) and I k(c) are the integrated
intensities of the observedkth peak and the calculated pea
respectively.

Since the existence of a very weak peak (2u548.8°) cor-
responding to the~203! reflection for the hexagonal structur
was confirmed, the refinements of the diffraction pattern
the host and nitride were performed assuming that
sample contains a small amount of the secondary hexag
phase in the main rhombohedral phase. For the rhombo
dral structure, the lattice parameters used as initial val

FIG. 20. Neutron powder-diffraction patterns of~a! Y2Fe17 and
~b! Y2Fe17N3.1 at 10 K. Here, the dots and lines correspond to
observed and calculated patterns, respectively. The lower part i
difference pattern between the observed and calculated data.
calculated peak positions of the rhombohedral and the hexag
phases are indicated by the first and second bars, respectively
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TABLE IV. Refined parameters for rhombohedral phase of Y2Fe17 at 10 K.n is the occupation factor;x,
y, and z are the fractional coordinate;B is the isotropic thermal parameter (Å2); and m is the magnetic
moment (mB /atom). Numbers in parentheses are the statistical error given by the refinement progra

Y2Fe17 10 K Rp55.62%
Rhombohedral RI53.16% RF51.83%
a58.5003(1) Å c512.4294(1) Å
Atom Site n x y z B m

Y 6c 1.0 0 0 0.3413~6! 0.61~2! 0
Fe~1! 6c 1.0 0 0 0.0960~4! 0.310~1! 2.23~5!

Fe~2! 9d 1.0 0.5 0 0.5 0.310 1.88~6!

Fe~3! 18f 1.0 0.2954~3! 0 0 0.310 1.94~2!

Fe~4! 18h 1.0 0.1672 20.1672~2! 0.4910~2! 0.310 1.87~4!
ur
f

-
e

tic
th
t

s
e
ra
th
ct
ui
r

-
e
o-
ic
in
ig

f t
am

-
ar
-

e

.

the
f

s-

l

n-
e 9
ly.

wo
his
r the
ma-

m-
lues
ters
were those obtained by XRD studies at room temperat
and the coordinates of atoms were taken from the results
Nd2Fe17 reported by Kajitaniet al.36 For the hexagonal struc
ture, the starting structural model without partial disord
was set on the basis of the hexagonal Y2Fe17 reported by
Yelon et al.34 In respect to the refinement of the magne
moments, we adopted an analytical approximation to
magnetic form factor for Fe.94 In addition, we assumed tha
both the Y and N moments are 0mB , and the Fe moment
are collinear within theab plane. The initial values of the F
magnetic moments on all the sites were taken as the ave
moment obtained by magnetization measurement. In
case, the Fe moment at each site in the hexagonal stru
was constrained to be the same value as that at each eq
lent site in the rhombohedral structure. Parameters were
fined in the following order;~1! background, scale, and pro
file parameters, ~2! structural parameters of th
rhombohedral phase,~3! structural parameters of the hexag
nal phase, and finally,~4! all parameters including magnet
moments and isotropic-thermal parameters. The obta
structural data are summarized in Table IV. As is seen in F
20~a!, the calculated patterns for Y2Fe17 are in very good
agreement with the observed patterns. From the results o
refinements, we found that the hexagonal phase is cont
nated;4% in the sample as a secondary phase.

For the nitride Y2Fe17N3.1, a small and broad peak corre
sponding toa-Fe segregation upon nitrogenation appe
around 2u553.4°. It was difficult to get a good overall pro
file fitting because of a too broad peak of thea-Fe phase.
Therefore, the refinements for the nitride were perform
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except for the data points in the 2u range from 52.5 to 54.5°
Among the previous neutron-diffraction data forR2Fe17Nx ,
there have been some reports that N atoms only occupy
9e interstitial sites,12,28–30,32,33,37,90or that a small amount o
N atoms also occupy the 18g interstitial sites in addition to
the 9e sites.31,34–36Then, we carried out the refinements a
suming the following two different models:~1! the N atoms
occupy only the 9e interstitial sites in the rhombohedra
structure~one-site model!; and~2! the N atoms occupy both
the 9e and the 18g interstitial sites~two-site model!. In both
models, the refined occupation of the N atoms in the 6h and
12i interstitial sites in the hexagonal structure was co
strained to be the same as that on the corresponding to the
and 18g sites in the rhombohedral structure, respective
Adopting the one-site model for the nitride at 10 K, theR
factors reachedRp56.53, RI53.42, andRF52.31%, and
the refined occupation of the N atoms became 1.004~7!. On
the other hand, theR factors for the two-site model at 10 K
were deduced to beRp56.12, RI52.96, andRF51.97%,
and the refined occupation of the N atoms on the 9e and the
18g interstitial sites were 0.995~5! and 0.039~2!, respec-
tively. TheseR factors are so close between the above t
models that we cannot decide which model is better in t
case. So, we analyzed here the data, independently, fo
above two models. The refined structure data are sum
rized in Tables V~one-site model! and VI ~two-site model!.
As is evident from these tables, the crystallographic para
eters fitted by both the models are almost the same va
except for the Fe magnetic moments. The lattice parame
s
TABLE V. Refined parameters for rhombohedral phase of Y2Fe17N3.1 at 10 K, assuming that the N atom
occupy only the 9e site. Symbols have the same meaning and units as in Table IV.

Y2Fe17N3.1 10 K Rp56.53%
Rhombohedral RI53.42% RF52.31%
a58.6710(3) Å c512.7240(4) Å
Atom Site n x y z B m

Y 6c 1.0 0 0 0.338~1! 0.79~4! 0
Fe~1! 6c 1.0 0 0 0.0947~6! 0.225~6! 2.38~6!

Fe~2! 9d 1.0 0.5 0 0.5 0.225 2.19~9!

Fe~3! 18f 1.0 0.2829~5! 0 0 0.225 2.16~3!

Fe~4! 18h 1.0 0.1705~3! 20.1705 0.4860~4! 0.225 2.43~6!

N~1! 9e 1.003~7! 0.5 0 0 0.66~6! 0
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TABLE VI. Refined parameters for rhombohedral phase of Y2Fe17N3.1 at 10 K, assuming that the N atom
occupy both the 9e and the 18g sites. Symbols have the same meaning and units as in Table IV.

Y2Fe17N3.1 10K Rp56.21%
Rhombohedral RI52.97% RF51.97%
a58.6710(3) Å c512.7241(4) Å
Atom Site n x y z B m

Y 6c 1.0 0 0 0.338~1! 0.85~4! 0
Fe~1! 6c 1.0 0 0 0.0949~6! 0.202~7! 2.86~5!

Fe~2! 9d 1.0 0.5 0 0.5 0.202 2.12~8!

Fe~3! 18f 1.0 0.2829~5! 0 0 0.202 2.01~4!

Fe~4! 18h 1.0 0.1703~3! 20.1703 0.4860~4! 0.202 2.41~5!

N~1! 9e 0.995~5! 0.5 0 0 0.65~5! 0
N~2! 18g 0.039~2! 0.08~1! 0 0.5 0.65 0
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a andc at 10 K increase by 2.0 and 2.4%, respectively, up
nitrogenation. The nitrogen contents deduced from the oc
pation factors are 3.0 for one-site model and 3.2 for two-
model, respectively. These nitrogen contents are also com
rable with the value 3.160.1 estimated from the increase
sample mass. From the above structure refinements, we
conclude that the N atoms fully occupy the 9e site. In addi-
tion, it is possible that a small amount of the N atoms a
occupy the 18g site in the nitride synthesized by high
pressure nitrogen absorption process.

The deduced Fe magnetic moments on crystallogra
cally different sites in Y2Fe17 and Y2Fe17N3.1 at 10 K are
summarized in Table VII, together with the data obtained
magnetization measurements at 4.2 K. We notice that
total magnetic momentsmT for Y2Fe17 increases by 17%
upon nitrogen absorption for both the two models and are
good agreement with the values obtained by magnetiza
measurements. As is evident from Table VII, the si
dependent Fe moments for the host and nitride are obser
For Y2Fe17 at 10 K, the Fe atom at the 6c site has the larges
moment, whereas the Fe atoms at the 9d and the 18h sites
have the smallest moments. Although the value of the
moment at each different site in the nitride is different fro
n
u-
e
a-

an

o

i-

y
e

in
n

-
ed.

e

each other in the above two models, we notice a comm
tendency for the site dependence to bem(6c)>m(18h)
.m(9d)>m(18f ) in the nitride. That is to say, the Fe mag
netic moments at all the nonequivalent sites increase u
nitrogenation, but the Fe moment at the 18f site in
Y2Fe17N3.1 is the lowest.

Both the interatomic and average Fe-Fe distances for
rhombohedral host compound and nitride at 10 K are lis
in Tables VIII and IX, respectively. On the basis of the Fe-
and Fe-N bond distances, the difference of the Fe magn
moments in nonequivalent Fe sites in the host compound
nitride is qualitatively understood as follows. For Y2Fe17, the
highest Fe moment of 2.23mB at the 6c site is probably due
to the smallest overlap between 3d-electron wave functions
of iron atoms, because the average Fe-Fe distance betw
Fe atoms at the 6c site and the other near-neighboring sit
is the largest relative to the others. On the contrary, the sm
values of the Fe moments in the 9d and the 18h sites~1.88
and 1.87mB! in Y2Fe17 are probably due to a relatively larg
overlap of 3d electron wave functions owing to shorter nea
neighboring Fe-Fe distances on average. Here it is notew
thy that the magnitude of the Fe moments does not corre
with the nearest-neighboring Fe-Y distances. This may
TABLE VII. Magnetic moments of different atomic sites and total moment per formula unitmT in Y2Fe17 and Y2Fe17N3.1 at 10 K for
both the one-site and two-site models. The calculated data are also taken from Refs. 95, 64 and 59.

mFe(mB)
Compound
rhombohedral

mY (mB)
6c 6c 9d 18f 18h

mN (mB)
9e mT (mB /f.u.) Method

Y2Fe17 ~expt! 0 2.23~5! 1.88~6! 1.94~2! 1.87~4! 33.0 Neutron, 10 K
Y2Fe17 ~expt! 33.6 Magnetization, 4.2 K
Y2Fe17 ~calc! 20.29 2.29 1.91 2.25 1.97 35.1 scASW,a 0 K
Y2Fe17 ~calc! 20.63 2.52 2.05 2.37 2.10 36.8 scOLCAO,b 0 K
Y2Fe17 ~calc! 20.34 2.53 1.51 2.10 1.98 33.4 LMTO-ASA,c 0 K
Y2Fe17N3.1 ~expt! 0 2.38~6! 2.19~9! 2.16~3! 2.43~6! 0 38.9 Neutron, 10 K~one-site!
Y2Fe17N3.1 ~expt! 0 2.86~5! 2.12~8! 2.01~4! 2.41~5! 0 38.6 Neutron, 10 K~two-site!
Y2Fe17N3.1 ~expt! 38.7 Magnetization, 4.2 K
Y2Fe17N3 ~calc! 20.46 2.55 2.50 2.02 2.31 20.07 37.5 scOLCAO,b 0 K
Y2Fe17N3 ~calc! 20.29 2.66 2.42 1.94 2.30 0.05 37.6 LMTO-ASA,c 0 K

aReference 95.
bReference 58.
cReference 59.
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due to the fact that the Fe-Y distance is much longer than
Fe-Fe distance on average.

When the N atoms occupy the 9e interstitial sites, the all
Fe moments probably increase due to a reduction in
Fe-Fe overlap caused by the increase in the average F
distance. However, the enhancement of the magnetic
ment of the 18f -Fe atoms upon nitrogenation, which are t
nearest to the 9e-N atoms, is the lowest owing to the hybrid
ization between the Fe 3d states and the N 2p states. On the
contrary, the 6c-Fe and/or 18h-Fe atoms, which are farthe
from the 9e-N atoms and from the environmental Fe atom
on average, have the highest magnetic moments becau
weakest hybridizations of the 3d electrons on their Fe site

TABLE VIII. Interatomic distances~Å! of rhombohedral Y2Fe17

and Y2Fe17N3.1 at 10 K, which is evaluated from Table VI. Symbo
p is the multiplicity of each distance.

Bond p Y2Fe17 Y2Fe17N3.1

Y-Fe(3)f 6 3.009~1! 3.132~2!

Y-Fe(1)c 1 3.054~8! 3.09~2!

Y-Fe(4)h 3 3.086~5! 3.16~1!

Y-Fe(4)h 3 3.201~5! 3.180~8!

Y-Fe(4)h 3 3.222~5! 3.40~1!

Y-Fe(2)d 3 3.278~5! 3.315~8!

Y-N(1)e 3 2.5037~3!

Fe(1)c-Fe(1)c 1 2.38~1! 2.41~2!

Fe(1)c-Fe(2)d 3 2.607~2! 2.665~3!

Fe(1)c-Fe(4)h 3 2.639~4! 2.681~6!

Fe(1)c-Fe(3)f 6 2.780~3! 2.734~5!

Fe(1)c-Y 1 3.054~8! 3.09~1!

Fe(1)c-N(1)e 3 3.933~6!

Fe(2)d-Fe(3)f 4 2.4384~4! 2.4790~5!

Fe(2)d-Fe(4)h 4 2.452~2! 2.483~2!

Fe(2)d-Fe(1)c 2 2.607~2! 2.665~3!

Fe(2)d-Y 2 3.278~5! 3.315~8!

Fe(2)d-N(1)e 4 3.2807~1!

Fe(3)f -Fe(2)d 2 2.4384~4! 2.4790~5!

Fe(3)f -Fe(3)f 2 2.511~2! 2.453~4!

Fe(3)f -Fe(4)h 2 2.531~3! 2.626~4!

Fe(3)f -Fe(4)h 2 2.622~3! 2.705~5!

Fe(3)f -Fe(1)c 2 2.780~3! 2.734~5!

Fe(3)f -Y 2 3.009~1! 3.132~3!

Fe(3)f -Fe(3)f 1 3.476~5! 3.764~8!

Fe(3)f -N(1)e 1 1.882~4!

Fe(4)h-Fe(2)d 2 2.452~2! 2.483~2!

Fe(4)h-Fe(4)h 2 2.471~3! 2.583~5!

Fe(4)h-Fe(3)f 2 2.531~3! 2.626~4!

Fe(4)h-Fe(3)f 2 2.622~3! 2.705~4!

Fe(4)h-Fe(1)c 1 2.639~4! 2.681~6!

Fe(4)h-Y 1 3.086~5! 3.16~1!

Fe(4)h-Y 1 3.201~5! 3.180~8!

Fe(4)h-Y 1 3.222~5! 3.40~1!

Fe(4)h-N(1)e 1 1.943~4!

N(1)e-Fe(3)f 2 1.882~4!

N(1)e-Fe(4)h 2 1.943~4!

N(1)e-Y 2 2.5037~3!
e

e
-Fe
o-

of

with the environmental Fe 3d-electron states and N
2p-electron states.

The calculated Fe moments located at the different s
and the total magnetic moment per formula unit in the rho
bohedral form of Y2Fe17 and Y2Fe17N3 ~Refs. 58,59,95! are
given in Table VII. There is a substantial corresponden
between the experimental and the calculated values at
same Fe sites. Especially, we notice that the agreemen
the two-site model is better than that for the one-site mod
However, the results obtained by the calculation are in a li
disagreement with our experimental data in details. That
the calculations shows that the moment of 18f -Fe atoms with
the N nearest neighbors in the nitride is smaller than tha
the host compound. Nevertheless, the experiments indi
that an increase in the 18f -Fe moment slightly increase
upon nitrogenation, irrespective of the model. We belie
that it is necessary to make a more sophisticated electr
band structure calculation for understanding the change
microscopic magnetism as well as the CEF parameters u
nitrogenation.

VIII. CONCLUSION

In this work, we have systematically studied fundamen
physical properties of interstitially modified nitride
R2Fe17N3 ~R5Y, Ce, Nd, and Sm! and Y2Co17N3. From the
SEM-EPMA analysis of nitrogen distribution in Sm2Fe17N3
which was synthesized under various N2-gas pressure up to 6
MPa, we clarified that under low N2-gas pressure, nitroge
absorption into the grain interior is mainly due to diffusio
of nitrogen atoms, while under high N2-gas pressure, nitro
gen absorption is promoted by the grain growth of the fu
nitrogenated Sm2Fe17N3 phase rather than diffusion. Furthe
more, we found that the high-pressure N2-gas nitrogenation
process is suitable for synthesizing high-quality nitrides.

The magnetization measurements using high-quality h
compounds and their nitrides showed that the satura
magnetization and Curie temperature of Y2Fe17 significantly
increase upon nitrogenation, whereas the saturation mag
zation and Curie temperature of Y2Co17 decrease. To experi
mentally clarify the influence of the interstitial nitrogen ato
on A2

0 in R2Fe17, a bulky single crystal of theR2Fe17N3

nitride has been prepared in present work by means of
high-pressure N2 gas nitrogenation technique followed b
prehydrogenation. The results of high-field magnetizat
measurements for the Nd2Fe17 and Nd2Fe17N3 single crystals
at 4.2 K indicated thatA2

0 reaches up to21.53103 K/a2
0 at

4.2 K upon nitrogenation, which is about three times as la
as that for Nd2Fe17. This indicates that the appearance of t
strong uniaxial anisotropy of Sm2Fe17 upon nitrogenation is
due to the strong enhancement ofA2

0 upon interstitial modi-

TABLE IX. Average Fe-Fe interatomic distances~Å! of rhom-
bohedral Y2Fe17 and Y2Fe17N3.1 at 10 K.

Site Y2Fe17 Y2Fe17N3.1

Fe(1)c 2.680 2.680
Fe(2)d 2.478 2.518
Fe(3)f 2.658 2.705
Fe(4)h 2.532 2.608
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fication of the N atoms near theR atoms inR2Fe17. On the
other hand, we have also performed neutron-diffraction m
surements on Y2Fe17 and Y2Fe17N3.1 for obtaining informa-
tion on the change of the Fe magnetic moment on each
in the Fe sublattice upon nitrogenation. The introduction
N atoms into Y2Fe17 leads to a strong modification of the F
magnetic moment. The magnetic moment of the 18f -Fe at-
oms which are the nearest to the 9e-N atoms in Y2Fe17N3.1 is
the lowest value, whereas the 6c-Fe and/or 18h-Fe atoms
being farther from the 9e-N atoms and the environmental F
atoms on average have the highest magnetic moments. T
results indicate that the difference of the Fe moments
nonequivalent sites strongly correlates with the Fe-Fe
Fe-N bond distances, which qualitatively agrees with the
sult of electronic band-structure calculation.
u
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