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Magnetic moment of a “-Fe,,N, films (invited) 
Migaku Takahashi, H. Shoji, H. Takahashi, H. Nashi, and T. Wakiyama 
Department of Electronics Engineering, Tohoku University, Sendai 980-77, Japan 

M. Doi and M. Matsui 
Department of Materials Science, Nagoya Universi~, Nagoya 464-01, Japan 

In order to determine the value of the intrinsic magnetic moment of the o ” phase, the films of 
nitrogen-martensite with various N content were fabricated under various reactive sputtering 
conditions. The magnetic moment of (LY”+LY’)-F~~& films is discussed in connection with the 
change of the unit-cell volume of the bet structure and the degree of N site ordering in 
nitrogen-martensite. As a result, it is found that (1) the same structure as bulk cr “-FeraNz is realized 
in the present films, (2) the saturation magnetization a; of the LY’ phase increases about 4% with 
increasing unit-cell volume of the o’ phase, (3) the degree of N site ordering from (Y’ to (Y “-Fe,,N, 
does not much affect us, and (4) the experimentally obtained maximum value of a, for the 
(cu “+a’)-Fe,eN, film was 232 emu/g. The intrinsic value of a; in the Q” phase (in the perfectly 
ordered state) is proposed to be no more than 240 emu/g at 300 K. 

I. INTRODUCTION 

Recently, the present authors have established synthesiz- 
ing processes for LY “-Fer6N2 compound films on MgO (100) 
single-crystal substrates by using both reactive sputtering 
and plasma evaporation methods.i’2 

However, the magnitude of the saturation magnetization 
a; for ((~“+a’)-Fer6N2 films with stoichiometric N content 
showed 226 emu/g for sputtered films and 232 emu/g for 
plasma evaporated films, respectively. The films thus fabri- 
cated did not show any giant magnetic moment, even though 
clear formation of (CY “+a’)-Fer6N2 phase was achieved. 
These values of cr, in (a “f &)-Fer6N2 films agree well with 
the result of the recent theoretical band calculation,3 and are 
completely different from the earlier results reported by vari- 
ous groups? 

Up to now, reported values of a, of the cy I) phase (about 
257-315 emu/g) were estimated ones (not directly mea- 
sured) except for the films synthesized by MBE7 (2.9 T di- 
rectly measured, (Y” single phase). The estimation of the 
value of os in the a!” phase was carried out by using experi- 
mentally determined volume-averaged values of us (240- 
260 emu/g)4-6 after fixing the volume fraction of the LY” 
phase in whole tllms which consist of phase mixtures of 
o-Fe+a “-Fet6N, and/or a+cr’+a “+3/-Fe4N+*.*. 

There still exist some physical problems concerning us 
of the cr “-FereNa phase, especially for the multiphase films, 
namely, (1) the big difference among reported values of a, in 
the (Y N phase, from 257 to 315 emu/g at RT, and (2) quanti- 
tative evaluation for fixing the volume fraction of the CY” 
phase in whole film. These physical situations lead to a con- 
clusion that the intrinsic magnetic moment of CT~ in the LY” 
phase is still unknown. 

On the other hand, for the single-crystal films with a 
single cx” phase prepared by the MBE method,7 there also 
exists some physically contradictive problems: (1) No clear 
superlattice lines from the lattice planes including the a axis 
in the (Y” phase were detected, even though a perfect site 
ordering of N atoms was realized;’ (2) the hyperfine field Hi 
of the CY fl phase was nearly equal to that of o-Fe (330 kOe) 
and no splitting of Hi due to three different Fe sites in the 

(Y “-Fer6N2 structure was observed,8 even though us showed 
2.9 T (-315 emu/g, assuming p=7.4 g/cm3 for c~“-Fer~Nd; 
(3) us of the fully ordered cz “-Fer6N2 films changed revers- 
ibly within the temperature range up to 400 “C and an irre- 
versible change of us due to the phase transformation from 
a ” to a+ f was not observed.’ According to the experiment 
by Jack using powder, the LY ’ phase is metastable and it must 
decompose into cr+ r’ phases at about 200 OC.*’ 

These experimental results lead to a physical conclusion 
that the appearance of the giant magnetic moment in 
o”-Fer6N2 films proposed by Kim and Takahashi and Ko- 
muro et al. are not simply attributable to the conventional 
a “-Fer6N2 structure. Therefore the origin of the giant mag- 
netic moment arising from the nitrogen-martensite structure 
is still under question. 

In the present study, in order to determine the value of 
the intrinsic magnetic moment of the LY” phase, nitrogen- 
martensites with various N content were systematically fab- 
ricated under various sputtering conditions. Also, the mag- 
netic moment of (a “+a’)-Fe& film is discussed in 
connection with the change of the unit-cell volume of the 
body-centered-tetragonal (bet) structure and the degree of N 
site ordering in nitrogen-martensites. 

II. EXPERIMENTAL PROCEDURE 

Fe-N films were fabricated by a facing target-type dc 
sputtering system under the selected plasma condition (Te 
=0.2 eV, Ne-lXIO1’ cmm3). The base pressure of the sput- 
tering chamber was below 3X 10B7 Tom An Ar-N, mixture 
was introduced to the sputtering chamber at 5 seem (standard 
cc/min) with controlling N2 flow ratio (0%-30%) under a 
fixed total pressure (l-10 mTorr). 

MgO (100) and (110) single-crystal substrates were 
used. Before the film fabrication, substrates were baked at 
200 “C for 2 h and cooled down to RT. This heat treatment 
was carried out in the evacuated sputtering chamber 
(=2X10W6 Torr). 

Prior to the fabrication of Fe-N films, an o-Fe underlayer 
with thickness of 50 A was deposited on MgO (deposition 
rate=33 &mm; Ar pressure P h=5 mTorr). Successively, an 
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Fe-N film with a thickness of 3000 A was deposited onto the 
or-Fe underlayer (deposition rate=33-240 fvmin; pressure 
of At-N, mixture Ptotd=l-10 mTorr). 

Annealing of the films after an air exposure was carried 
out at 150 “C for 2-20 h in a vacuum atmosphere below 
5X lo-” Torr. 

Values of the saturation magnetization u, of the films 
were determined by a vibrating sample magnetometer 
(VSM) measurement. Conversion electron Mijssbauer 
(CEM) spectra were obtained at RT. The velocity was re- 
ferred to the pure a-Fe. 
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Structure analysis of the films were made with a Co Ka 
x-ray diffractometer (XRD) equipped with-a graphite mono- 
chrometer and a pole figure attachment. Schultz’s reflection 
method was used for the determination of lattice constants 
and preferred orientation of grains. Contents of nitrogen at- 
oms in the films were determined by electron spectroscopy 
for chemical analysis (ESCA). Calibration of nitrogen con- 
tents were made by using the value obtained from .+FeZW3N 
foil (24.2 at. % N) for a standard sample. 

FIG. 1. X-ray diffraction patterns for the films fabricated under PtQtd=5 
mTorr, deposition rate=240 &min after annealing at 150 “C for 2 h. 

N contents in the films increased with increasing N2 flow 
ratio. In the case of the film deposited at Ptotd of 5 mTorr and 
NZ flow ratio of 18%, the N content was found to be about 11 
at. %, which is the same value as the stoichiometric N con- 
tent of the a “-Fe,,N2 phase. 

Ill. RESULTS AND DISCUSSION 

In Fig. 1, typical changes of XRD patterns of the films 
after annealing are shown. After annealing, cr’(OO2), which 
had been observed in an as-deposited state, split into two 
diffraction lines. One corresponds to a “(004) and/or a ‘(002) 
with satisfying stoichiometric N content of a”-Fe,6N, (11 
at. % N). The other corresponds to ~~(002) of slightly de- 
formed U-Fe. Furthermore, simultaneously at around 33” for 
28, (Y “(002), which is the diffraction line from the larger true 
unit cell of the a ” phase, came to be clearly observed. This 
fact means that the ordering of N atoms was promoted by 
annealing while retaining the bet structure and the (Y” phase 
with stoichiometric N content was synthesized. 

A. Structure 

According to Jack,loP1l in the (Y’ phase, N atoms occupy 
randomly the octahedral interstices at the midpoints of the c 
edges of the bet cell (0, 0, 3, and the centers of the C faces, 
($, $, 0). As a result, the lattice constant c of the (Y’ phase is 
elongated from 2.866 to 3.195 A and the lattice constant a is 
shortened from 2.866 to 2.832 A, respectively, depending on 
the N content. 

The unique diffraction patterns from (103), (105), (112), 
(114), and (213) planes of the a ” phase, including the a axis 
for (a “+a’)-FelsNz film, are shown in Fig. 2. As seen in the 

The a” phase has an ordered N site location of the oc- 
tahedral interstices. The unit cell of the a” phase contains 
eight of the expanded bet pseudo-unit cells and has dimen- 
sions a’ =2a and c’ =2c, where a and c are the lattice con- 
stants of the pseudocell. In the larger true unit cell, the sym- 
metry is also bet, since the CY” phase can be identified by 
observing reflections from this larger true unit cell for which 
(k +k+ I), Miller’s index, is even. Based on this structural 
knowledge, phase identification is carried out in the present 
films. 

In the case of a MgO(100) single-crystal substrate, a 
diffraction line from the (002) plane of the a’ phase, 
& “(002), which is expected to appear around 33” for 219, was 
not observed in an as-deposited state. Only &(002) was 
clearly observed in the high angle region. The peak position 
of a’(002) shifted from 75” to 68” for 28 with increasing N, 
flow ratio. This shift to lower angle of 28 is simply explained 
by the elongation of the c axis of the bet structure of the o? 
phase. By taking into account the N concentration depen- 
dence on lattice constants a and c in nitrogen-martensite,ll 
the N content of the CZ’ phase in the present films was found 
to increase with increasing N2 flow ratio. This result agrees 
well with that of ESCA measurements. 
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FIG. 2. The unique diffraction patterns from (103), (105), (112), (114), and 
(213) planes of the (Y’ phase including the a axis for (Q. “C a’)-Fe16Nz film 
fabricated under Ptotti- -10 mTorr, Fy=12%, deposition rate=33 &min, 
and annealed at 150 “C for 2 h. 
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FIG. 3. The lattice constants a and c of the (Y” phase, determined by various 
unique diffraction lines of the o” phase, plotted against the Nelson-Riley 
function. Fabrication conditions of the films: (1) P,,ti=10 mTorr, 
FN2=16%, deposition rate=240 amin, annealed at 150 “C for 2 h; (2) the 
same as (1) annealed for 20 h; (3) P,,=lO mTorr, F,=lZ%, deposition 
rate=33 &min, annealed at 150 “C for 2 h. 

figure, the existence of the (Y” phase was reconfirmed by 
these clear unique diffraction lines. In order to determine 
accurate lattice constants a and c of the Q ” phase, the lattice 
constants a calculated from each plane are plotted against the 
Nelson-Riley function12 (cop B/sin S+cos2 d/0) in Fig. 3. In 
the figure, the reflections marked (3) correspond to the film 
shown in Fig. 2, and those marked (1) and (2) correspond to 
((u “+a’)-FerhN2 films prepared by different experimental 
conditions. As a reference, the lattice constant c calculated 
from ~“(002) and ~~“(004) is also shown as (1). Each ex- 
trapolated value of the lattice constants a and c of the 
present films coincided with that of the (Y “-FersNs precipi- 
tates in bulk powder reported by Jack.” Therefore it is con- 
cluded that the a” phase formed in sputtered films has the 
same structure as the bulk (Y ” phase.13 

While in the case of a MgO(110) single-crystal substrate, 
a preferred grain orientation of (211) and (112) of the Q’ 
phase was found in an as-deposited state. By annealing, 
unique diffraction lines of the LX” phase, (~“(211), and 
u “(112), were observed. Therefore it was found that the CY ’ 
phase with a preferred orientation of (211) of the Q’ phase 
can also be synthesized even on MgO(110) substrates. 
Through the whole result, relationships concerning the crys- 
tal orientation between (~“-FersN~ structure and MgO are 
shown in Table I. 

B. Magnetic moment 
1. Dependence of magnetic moment on N2 flow ratio 

Values of CT, in an as-deposited state increased slightly 
with increasing N2 flow ratio, and took a maximum of 220 

TABLE I. Crystal orientation relations between a”-FersNs and MgG. 

MgO(100) MgO( 110) 

LY “(OOl)~~MgO(OOl) a”(211)~~MgO(lOl) 
a”[llO]~~Mg0[100] cu”[Oll]~~MgO[OO1] 

emu/g around a N2 flow ratio of 15%. The N content of the 
films, which showed the broad maximum in mSs, was nearly 
equal to the stoichiometric N content of Fe16N2 (11 at. %). 
The values of a, for annealed film with stoichiometric N 
content of FersN, (11 at. %) ranged from 213 to 226 emu/g. 
The average values of cr, for Cu-coated films were 228 
emu/g for the film consisting of the LX’ phase and 232 emu/g 
for the film consisting of (LY “+a!)-Fer6N2 phases. The dif- 
ference of the value of gS between coated and noncoated 
ones may mainly be caused by the surface oxidation due to 
the adsorbed oxygen at the film surface introduced by vent- 
ing the chamber with air. In the case of films deposited on a 
MgO(110) substrate, the value of a, in (a “+ &)-Fer6N, was 
210 emu/g (non-Cu-coated). As a whole, maximum values of 
oS of about 232 emu/g were obtained for (a”+&)-Fer6N2 
films in the present study. This experimentally determined 
value was definitely smaller than the value reported as a 
giant magnetic moment of 2.9 T? 

2. Dependence of magnetic moment on unit-cell 
volume 

Figure 4 shows the changes of a; against unit-cell vol- 
ume of the CY’ phase with various N contents in an as- 
deposited state. In the figure, 118 of the unit-cell volume of 
the bulk LY “-Fe,,N2 is indicated. FiIled marks correspond to 
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FIG. 4. The changes of oS against unit-cell volumes: (1) cr’ phase with 
various nitrogen contents in an as-deposited state, and (2) annealed 
(a “+ a’)-Fe,eNz fi lms with and without Cu coating. H and L correspond to 
high (240 &min) and low (33 A/min) deposition rates, respectively. 

6644 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Takahashi et al. 

Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject to ASCE license or copyright; see http://jap.aip.org/jap/copyright.jsp



ICPS) 
--100 

1 

233 (deg) 

FIG. 5. The change of x-ray profiles against annealing time for the f&n with 
stoichiometric N content of the CK” phase (11 at. %) sputtered under 
P,,~=lO m’forr, F,=lO%, and deposition rate=33 ,bnin. 

the annealed (a”+&)-FeIGNa films with stoichiometric N 
content. In the same figure, oS for the Cu-coated films are 
also shown. 

For the films consisting of cr’ single phase (in an as- 
deposited state), the values of a, increased slightly with the 
increment of the unit-cell volume. At the unit-cell volume of 
about 25.5 A3 (a’ phase with 11 at. % N), cr, showed 228 
emu/g on average [Cu-coated) and this value was about 4% 
higher compared to that of bulk a-Fe. 

In the case of annealed (cy “+a’)-Fe16N2 films (Cu- 
coated), the value of a; showed 232 emu/g on average, and 
were about 2% larger than that of each as-deposited film, 
while the unit-cell volume of the a’ phase is always con- 
stant and coincided with that of the bulk IY’ phase {see Fig. 
3). The unit-cell volume of the a! ’ phase with 11 at. % N is 
equal to that of the (Y “-Fe,sN* phase within the accuracy of 
this experiment. Therefore the change of oS by annealing in 
nitrogen-martensite with 11 at. % N content cannot be dis- 
cussed as a function of the change of unit-cell volume of a 
bet structure caused by the phase transformation from a’ to 
a rr phase. In the next section, as a second physical factor the 
degree of N site ordering in nitrogen-martensite will be dis- 
cussed in connection with the change of us. 

3. Dependence of magnetic moment on N site 
ordering 

To evaluate the degree of N site ordering in the bet struc- 
ture of nitrogen-martensite, two factors should be taken into 
account. One is the change of the integrated intensity of the 
~y”(002) line which is the unique superlattice diffraction 
from the a ” phase. Another is the integrated intensity ratio 
of LY “(004) f&(002) to ct! “(002), RI, namely 

The calculated value of RI is about 8 for the ideal structure 
of the a” phase.r4 

Figure 5 shows the change of XRD profiles against an- 
nealing time for the film with stoichiometric N content of the 
CY” phase (11 at. %). F rom these profiles, the intensity of 
0$200) was relatively very weak and any diffraction lines 
from the y ’ phase were not observed. After annealing for 2 
h, cy “(002) came to be observed clearly. By annealing further 

*‘;j I!, ( ) , li.ll-coatedj 
Int?grated4!ntensity ratio, RI 

FIG. 6. The change of oS against the integrated intensity ratio R, for the 
films sputtered under Ptota= 10 mTorr, deposition rate=33 and 240 &mint 
F~~=l0% and 16%, non-C&coated. 

for 20 h, the integrated intensity of LY “(002) increased about 
20% compared to that of 2 h. On the other hand, the experi- 
mentally determined value of RI changed from 50 to 28 with 
the increase of annealing time. 

Therefore, from these experimental results (1) the in- 
crease of the integrated intensity of a”(002) and (2) the 
change of RI approaching to the ideal value of 8, the increase 
of degree of N site ordering in nitrogen-martensite, which 
directly corresponds to the increase of the volume fraction of 
the cy ’ phase in the films, is strongly promoted by annealing. 

In Fig. 6, the changes of mS in (LL”+LY’)-F~~~N~ films by 
isothermal annealing at 150 “C are shown against the inte- 
grated intensity ratio R,. For one film cr, increases slightly 
from 218 (as deposited) to 226 emu/g at RI=36.4 (20 h). On 
the other hand, for another film, cr, takes the value of about 
222 emu/g at R,=49 (2 h) and keeps a constant value even 
though RI approaches to the value of 8. From these experi- 
mental facts, it was found that the degree of N site ordering 
in nitrogen-martensite does not much affect the increment of 
o, . The expected values of uS at RI=8 (perfect ordered state 
in a”-Fer6N2) estimated by the simple extrapolation with 
using the data points of a, against RI are no more than 222- 
240 emu/g, a value which is definitely smaller than the giant 
magnetic moment of 2.9 T. 

4. Dependence of magnetic moment on temperature 

Figure 7 shows the temperature dependence. of oS in 
(a “f a’)-Fe,sN, films with stoichiometric N content depos- 
ited on MgO (100) and (110) substrates, respectively. Heat- 
ing and cooling were at 60 “C/h. On heating, the value of 
a, gradually decreased with increasing temperature. Around 
200 “C a sudden discontinuous decrease of oS from 200 to 
170 emu/g was observed. With further increasing tempera- 
ture, rr, decreased monotonously and reached about 130 
emu/g at 400 “C, while on cooling, the change of oS with 
respect to temperature was completely different from that of 
heating, and no sudden change of oS was observed. The sud- 
den discontinuous change of uS observed around 200 “C is 
considered to correspond to the phase change from (Y “=?- LY’ 
to cv-l- y ‘. Therefore the hysteresis in the c+,-T curve is 
caused by this irreversible phase decomposition from 
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FIG. 7. The temperature dependence of o, in the tilms consisting of the LY” 
phase deposited on MgO (100) and (110) substrates fabricated under 
Ptiw=10 mTorr, deposition rate =240 &min, and F,,=16% after an initial 
anneal at 150 “C for 2 h. 
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RIG. 8. Mijssbauer spectra of (a”+o’)-Fe& film (non-Cu-coated) mea- 
sured at R.T. (a) As-deposited, (b) annealed at 150 “C for 2 h, and (c) 
annealed at 150 “C for 20 h, respectively. The film was deposited under 
P total =lO mTorr, deposition rate=240 amin, and F%=16%. 
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TABLE II. Miissbauer parameters of the fiIm deposited under P,,,A=10 
mTorr, Fq=16%, deposition rate=240 &min. Hi is the hype&e field, I.S. 
the isomer shift, e.q.Q. the quadrupole splitting, Hwid the distribution of Hi, 
and area the relative intensity, respectively. 

Site 

Fe(I) 
Fe(I1) 
Fe@) 
a-u-Fe 
(As-deposited) 

Hi 
(kOe) (J:s) 22) gt %)a 

289 0.01 -0.05 7130 21.3 
316 0.17 0.04 7.00 31.3 
391 0.11 -0.05 7.00 11.2 
335 0.02 -0.007 7.00 36.1 

Fe(I) 
Fe@) 
Fe(III) 
a-Fe 
(Annealed at 150 “C for 2 h) 

289 0.01 -0.05 4.00 17.8 
316 0.17 0.04 4.00 41.8 
391 0.11 -0.05 4.00 13.1 
335 0.02 -0.007 -4.00 27.3 

Fe(I) 
Fe(II) 
Fe(II1) 
a-Fe 
(Annealed at 150 “C for 20 h) 

289 0.01 -0.05 3.00 20.6 
316 0.17 0.04 3.00 37.7 
391 0.11 -0.05 3.00 12.5 
335 0.02 -0.007 3.00 29.3 

a! “+a’ to &- y ‘. The temperatures of this phase decompo- 
sition for the present films were good agreement with that of 
the a”-Fer6N2 precipitates in bulk powder reported by 
Jack.r’ The temperature dependence of os observed in 
present experiments is found to be quite different from that 
of Gao and Komuro.15,‘6 

C. Miissbauer spectrum 

Figure 8 shows the change of Mijssbauer spectra of the 
Fer,Na film with stoichiometric N content by annealing. The 
spectrum in each film can be fitted into four hyperfine field 
interactions Hi of cz phase, Fe(I), Fe@), and Fe(II1) of the 
(a “+a’)-Fer6N2 phase. The fitted Mijssbauer parameters are 
listed in Table II. As seen in the table, the large value of Hi, 
about 390 kOe, due to the Fe(II1) site in nitrogen-martensite 
was detected in each film. Half widths of the peaks become 
narrower with increasing annealing time. This result corre- 
sponds to the promotion of N site ordering in nitrogen- 
martensite caused by annealing, and is in good agreement 
with the change of R, and also the result of ion-implanted 
films reported by Nakajima.14 

For the films examined presently, the average value of 
Hi was about 325 kOe, which was nearly equal to that of Hi 
of a-Fe. Therefore the value of os in (a “+a’)-Fe16N2 film 
of about 232 emu/g determined by VSM was consistent with 
the result of Miissbauer spectrum analysis. Based on the fit- 
ted Miissbauer parameters, the volume fraction of c*-Fe was 
estimated to be 27% and 73% for the ((Y “+ a’)-Fe,,N, phase 
in annealed films. Using these values, the value of os in the 
(a “S a’)-Fe& phase, oFer6N2, is estimated by the follow- 
ing equation: 

232eXP=uFc16N2X0.73+ua-F~X0.27, 

where uaeFe is 218 emu/g. The obtained value of UF,.+~N~ is 
237 emu/g. Considering this calculated result and the result 
of the dependence of a, on RI, the value of saturation mag- 

Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject to ASCE license or copyright; see http://jap.aip.org/jap/copyright.jsp



netization of the cy” phase (perfect ordered state) should be 
no more than 240 emu/g, while the site population of the 
(a “+ a’)-FersNs phase determined in this study was about 
4:9:3, which is slightly different from the ideal ratio of 4:8:4 
determined uniquely from the structure of cr “-Fe16N,. 

IV. SUMMARY 

(i) (a”+&)-Fer,N, films were synthesized on MgO 
single-crystal substrates by the reactive sputtering method. 
The result of the structural analysis using XRD and CEM 
revealed that the same structure as bulk a”-Fe16N2 is real- 
ized in the present films. 

(.2) The intrinsic value of saturation magnetization of the 
a” phase (perfect ordered state) is proposed to be no more 
than 240 emu/g (-2.4 ,uB per Fe atom in average) at 300 K. 
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