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Thin films of y-Fe,N were grown on polisheD01) MgO substrates by molecular-beam epitaxy of

iron in the presence of a gas flow from a rf atomic source. By means of x-ray diffractisstdoer
Spectroscopy, Rutherford backscattering/channeling, and scanning probe microscopy, it is shown
that, with this method, single-phase, high-quality epitaxial thin films can be grown with a very
smooth surfacgroot-mean-square roughness0.4 nim. Magnetic measurements reveal square
hysteresis loops, moderate coercivitigds Oe for a 33 nm thick filchand complete in-plane
orientation of the magnetization. These properties make the films interesting candidates for device
applications. ©2001 American Institute of Physic§DOI: 10.1063/1.1392980

During the past decades, iron nitride compounds werdion temperature was 200 °C or 400 °C. The rf atomic source
extensively investigated due to their excellent magnetiovas used with pure nitrogen or a mixture of nitrogen and
properties, which make them suitable for applications in highhydrogen in different ratios. The total gas pressure was 5
density magnetic recording heads and magnetic recording 10 > mbar and the applied rf power was 60 W. The thick-
media. All iron nitrides are metallic conductors and meta-ness of the films was measured by Rutherford backscattering
stable with respect to decomposition in4Hd,. The decom- spectroscopyRBS), whereas the nitrogen content was esti-
position is limited by kinetic barriers. Among the ferromag- mated from the amount of nitride phase as determined by
netic nitrides, y-Fe,N phase is of special interest. This conversion electron Mesbauer spectroscopgEMS).
nitride has a cubic structure, contains 20 at. % N and is stable To determine the optimum conditions for the growth of
at temperatures below 400 °C. The saturation magnetizatiog'-Fe,N films on (001) MgO substrates, the deposition rate
Mg is 205 emu/g. Up until now, polycrystalline thin films of of iron, the gas composition in the rf atomic source, and the
v-Fe,N were grown on(111) Si substrates by ion beam as- deposition temperature were varied. Two batches of samples
sisted evaporatidn and reactive sputtering in a NH were grown at a deposition temperature of 200°C. For the
atmospheré With N, as reactive gas in a dc magnetron sput-first batch, the gas in the rf atomic source was only nitrogen,
tering facility, epitaxialy-Fe,N films were grown on(001) whereas for the second one, the gas consisted of a mixture of
Si substrates with 4002 Ag underlayer, as claimed by nitrogen and hydrogen, in different ratios. The results are
Brewer et al® Concerning purity, crystal quality, or rough- summarized in Fig. 1. Surprisingly, the presence of hydrogen
ness, no details were reported. Recent efforts were also coim the rf atomic source enhances the uptake of nitrogen in the
centrated on the growth and properties of multilayers consitride film and promotes the formation of a single phase.
taining iron nitrides*® The small unit cell of the nitrides This points to a more complex growth process in which
makes epitaxial growth on cubic substrates possible withouthe formation of N—H species plays a role. Possibly, the
domain formation as occurs, for instance, in the case of mag-
netite grown on such substrafeMoreover, the bonding be- . :
tween iron and nitrogen could prevent intermixing between 30T N,+H,
adjacent layers in a multilayer system.

A different route can be explored for the growth of iron
nitrides, molecular-beam epitaxiMBE) of iron in the pres-
ence of nitrogen obtained from a rf atomic soufde. this
letter, we show that with this technique, high-quality epitax-
ial thin films of y-Fe,N can be grown or{001) MgO sub-
strates. The growth conditions as well as the structural and
magnetic properties were investigated. Before growth, the S
MgO was annealed at 600 °C in 19mbar Q. The samples 0 0 ()"1 0',2 0'3 0.4
were grown with iron enriched to 99% tFe at deposition pressure (mbar)/growth rate . (A/s)

rates between 0.1 and 0.01 A/s. During growth, the deposi-

FIG. 1. Shown is the dependence of nitrogen uptake on the pressure of
nitrogen in the atomic source divided by the growth rate of iron. The solid
dElectronic mail: d.borsa@phys.rug.nl lines are guides for the eye.
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FIG. 3. Axial channel dip spectra measured around [0l] and [011]
directions of the MgO substrate are shown.

Psi\
FIG. 2. X-ray y—¢ pole scan with 2 fixed for the (111 reflection of  a tilt of 0.6° between the crystal orientations of MgO and
Y-FeN is shown. v-FeyN, and in addition, a tetragonal distortion of the nitride

lattice, leading to an angular deviation of 0.3° between the

excess nitrogen is carried away as NHThe optimum [001] and[011] axial directions, in accordance with the XRD
growth conditions fory-Fe,;N were found to be a deposition data. The minimum yields observed in {@91] direction for -
rate of iron in the range of 0.01-0.015 A/s and a mixture ofth® MgO andy-Fe,;N were 22% and 45%, respectively. This
20% N, and 80% H in the rf atomic source. These condi- points to some mozaicity in the MgO subs_trate, as was also
tions were used to grow a 15 nm thick sample. For structurapPServed with XRD. The higher minimum yield observed for
characterization, we performed x-ray diffractiotRD) mea- ¥ ~-F€N can be explained by the presence of a noncrystalline
surements using G radiation ¢ =1.54 nm) in a standard ferrihydrite layer on top of the sample with a thickness
9—26 geometry. Only thé002) reflections for both the MgO ~50A. In the channeling measgrementg,_the Fe in this layer
substrate(cubic; a=4.21 A) and they-Fe,N film (cubic;a ~ W&S not separated from the Fe in the nitride layer.

=3.79 A) are present, showing a well-defined orientation of oMoreover, a small miscut from th@01) plane of about
the nitride film with thec axis normal to the substrate. Ad- 0-4° was found for the substrate surface. The normal to the

ditionally, texture measurements were performed in a PhiIipéooD planes of the substrate lies between the surface normal

X'Pert MRD system. Figure 2 shows - pole scan with and the normal to thé01) planes of the nitride film. Appar-

26 fixed for the(111) reflection of y-Fe,N. ently, these three normal vectors are in the same plane.
The appearance of only four sharp peaks corresponding As previously reportedl,such a filt is likely to be in-

to y-Fe,N proves the epitaxial nature of the nitride film. The duced by a misorientation of the surface from the nominal

additional faint spots are due to the reflection of the x-ray(00L Plane, although tilted growth has been reported also on

with a different energy from the substrate. From thfeval-

nominally oriented substratésDue to the large mismatch

ues corresponding to tH€02 and (111) reflections, the in- between Fhe Iaygr and the substrate, Fhe observ_ed tilt c.ou.ld
plane (a) and out-of-plang(c) lattice constants were calcu- bg assquated with a coherent relaxat.|0n of strain by misfit
lated. An a/c ratio of 3.76/3.80 was found. dislocations along thé€111) planes which have a Burgers
Such a deviation corresponds to a tetragonal distortion/€Ctor component perpendicular to the interface.

with an in-plane contraction and an out-of-plane expansion,  1he surface morphology was studied in air using AFM.
This result, as well as the epitaxial nature of the nitride film,NO cap layer was present for the samples used in the AFM
is rather peculiar since the substrate has a larger lattice coftudy. Therefore, the surface layer was transformed into a
stant, the mismatch being as high as 10%. Moreoyety ferryhydrite, which can :_;llter the surface struc.tur,e. Figures
areal scans revealed a small tilt of around 0.2° for@ey)  4(& and 4b) show AFM images of a 33 nm thicl'-Fe,;N
planes ofy-Fe,N with respect to thé001) planes of MgO. film grown on a(001) MgO substrate heated to 400 °C dur-

Despite the epitaxial nature, RBS/channeling experimentdd growth. The film exhibits a very uniform granular struc-
showed only weak channeling in the nitride film. To investi- 1€ With individual elongated flat islands and an average

gate a possible correlation between the crystallinity of the>'Z€ ~20x200 nnf. These islands show weak signs of
film and the deposition temperature, this was increased tgduare symmetry along tf601] directions. The root-mean-
400 °C while the other growth parameters were kept the
same as in the previous case. The thickness of the as grown
sample was 33 nm.

Axial channeling measurements were performed by
scanning the tilt angl® from —4° to +4° with respect to
the[001] and[011] directions of MgO. The results are shown
in Fig. 3. Channeling dips were found in both axial direc-
tions. A shift of around 0.6° and 0.8° is present between the
channel dips corresponding to the film and those of the sub-
strate, for thd001] and[011] axial directions, respectively. , o

FIG. 4. AFM scans for a 33 nm thick’-Fe,N film with no cap layer are

No angular_dewatl(_)n b?tween the MgO and We“N de_S shown.(a) shows the topographical image of a 2.2.1um? area(vertical
was found in the direction perpendicular@oWithin experi- range 3.1 ni (b) shows the force image of a 1.1 xm? area. A smooth,

mental errors, these deviations can be explained by assumimggular surface with weak signs of square symmetry is observed.
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TABLE |. Shown are fit parameters for the nitride and the ferrihydrite

_ (extrg: &isomer shift(all given with respect to Fe at room temperajure

z L4F H-hyperfine field,e-quadrupole splittingl'-linewidth, R.A-relative area.

E‘ 12k Component  § (mm/g H(T) e(mm/9 I'(mm/9 R.A(%)

L Fel 0.22 33.99 0 0.32 25

:;3 10k Fell-A 0.29 21.62 0.23 0.35 50

o Fell-B 0.28 2163 —0.44 0.35 25

extra 0.34 e 0.87 0.67
velocity (mm/s) as the influence of particular experimental parameters on the

FIG. 5. Room temperature CEMS spectrum foy@e,N film with no cap fqrmatlon_ of the nitride phase_were established. The way

layer present are shown. The contributions of the three components of th@itrogen is taken up changes in the presence gfrHthe

nitride phase and the extra phase are indicated. All subspectra are fitted wititomic source, pointing to a more complex mechanism in the

Lorentzian-shaped lines. nitride phase formation, including a step which possibly in-
volves formation of N—H species. When elevated tempera-

square(rms) roughness of the film, which is only 0.4 nm, tures are used for the substrate during the gas-assisted MBE

corresponds to an average peak—valley height of approxgrowth, the present method enables the formation of smooth
mately three atomic spacindor a cleaned MgO substrate @nd epitaxial films.
the rms roughness is 0.07 inFor a 15 nm thick sample, The local properties of the surface point to a layer-by-
also deposited at 400°C, we measured a rms roughness lswer growth mode for the nitride film. A peculiar tilt was
0.2 nm. The observation of an island structure combinedound between the planes of the nitride film and the sub-
with a low roughness points to a layer-by-layer growth pro-Strate. Magnetic measurements revealed square hysteresis
cess, in which islands are formed, which coalesce in fulloops and an easy axis of magnetization alond @] crys-
layers. Additional AFM measurements on samples grown afllographic direction. The CEMS spectrum gFFe,N is
a lower deposition temperature showed that the roughnegieconvoluted in three components, with parameters as ex-
decreases with increasing deposition temperature. pected for this structure. The magnetic domains have a com-
The magnetic properties of the nitride films were inves-Pleté in-plane magnetization. The sum of these properties
tigated by room temperature CEMS and vibrating samplénakesy-Fe;N layers interesting candidates for device ap-
magnetometryVSM). Figure 5 shows the CEMS spectrum Plications.
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