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Mn–Al thin films with high coercivity and high saturation magnetization were successfully
fabricated by rf magnetron sputtering with properly controlled chemical composition, substrate
temperature, and annealing temperature. A high coercivity of about 3000 Oe and a saturation
magnetization of about 420 emu/cc have been achieved. We have observed that during annealing at
410 °C, the nonmagnetice phase with a grain size of roughly 100 nm transforms into a metastable
ferromagnetict phase with a platelike grain size of roughly 300 nm. From the continuous
measurement of the stress of the films in vacuum as a function of temperature, we observed a
compression stress during heating below 220 °C, and a tension stress above 220 °C during cooling.
The structure phase transformation frome to t phases was related to the stress variation from
compression to tension. The high coercivity can be explained by the high magnetocrystalline
anisotropy constant of thet phase and the magnetoelastic energy arises from the residual stress of
Mn–Al films after the shear transformation. ©1997 American Institute of Physics.
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INTRODUCTION

In the bulk Mn–Al alloy system, a wide range of com
positions has been studied extensively, and only the al
containing about 50–60 at. % Mn exhibit a ferromagne
phase. This ferromagnetic phase has been identified
metastablet phase that is a tetragonalLl 0-type superstruc-
ture so that the magnetic moments of Mn atoms in alloys
parallel to each other.1–5 It is well known that the high-
temperature nonmagnetic hexagonal-closed-packede phase
transforms into an orthorhombice8 phase by an ordering
reaction and then to a metastable face-centered tetrag
ferromagnetict phase by a martensitic mode.

In a filmtype MnAl alloy system, because the magne
properties of Mn–Al alloys are processing sensitive, it
quite difficult to obtain pure MnAlt-phase alloy films with
high saturation magnetization and high coercivity.6–10

EXPERIMENT

The MnAl alloy films containing Mn between 30 and 7
at. % were prepared by rf magnetron sputtering. The tar
were made from a high purity Al~99.999%! disk and over-
laid with small high purity Mn~99.99%! pieces. This ar-
rangement provides a wide range of effective target com
sitions and, therefore, film compositions. Films we
deposited on glass substrates at a substrate temperatuTs
range between 30 and 200 °C. The substrate holder wa
tated during deposition. The rf power was controlled with
deposition rate of 0.5 nm/s. The base pressure in the cham
was 531027 Torr, and after the high purity Ar gas was in
troduced, the pressure was kept at 1 mTorr. A typical thi
ness of the films was 0.8mm. Thermal annealing was carrie
out at a temperature between 350 and 550 °C in vacuum.
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microstructure of the films was characterized by x-ray d
fractometer and transmission electron microscopy diffract
technique and their compositions were determined by
electron probe microanalyzer~EPMA! calibrated by a stan-
dard bulk Mn55Al45 alloy. A vibrating sample magnetomete
was used for the magnetic studies. The stress variation o
film samples during the annealing process was studied
using a bending beam method. Under this method, the
sample was clamped in the vacuum oven, and from the
flection of a He–Ne laser beam, we converted the signa
the deflection position of the laser beam into the stress va
continuously.

RESULTS AND DISCUSSION

The Mn–Al alloy films containing Mn between 30 an
70 at. % were prepared by the rf magnetron sputtering te
nique. The compositions were determined by the EPM
technique. The relation between the substrate tempera
and the magnetic properties of the films has been meas
systematically. At first, we noticed that the concentration
the e phase in the as-deposited samples varied as the
strate temperature was varied. For example, Fig. 1~a! shows
the x-ray diffraction patterns for the as-deposited Mn50Al50
films with substrate temperatures~a! 200 °C,~b! 100 °C, and
~c! 30 °C. It is clear that the intensity of thee phase peaks
increased with decreasing substrate temperature and the
width of the peaks also decreased with decreasing the
strate temperature. This indicates that the films deposited
lower Ts have a larger and more perfect crystallinee-phase
structure than the films deposited at higherTs . From the
magnetization measurement of all the as-deposited films,
magnetizations of all the as-deposited samples are very
5621/3/$10.00 © 1997 American Institute of Physics

t¬to¬AIP¬license¬or¬copyright;¬see¬http://jap.aip.org/jap/copyright.jsp



C

it

s

e
id

ft
be
ro
n
io

a
e

nt.
ing
as-

at
the
ave

e

the
h
m-
era-
run
ove
uc-

n
re:

al-
After annealing at temperatures between 350 and 550 °
vacuum for 30 min, only the sample with Mn50Al50 showed
the highest saturation magnetization, the highest coerciv
and almost puret phase. For explanation, Fig. 1~b! shows
the x-ray diffraction patterns of three MnAl film sample
with Mn concentrations of~a! 44, ~b! 50, and~c! 56 at %
after annealing at 410 °C for 30 min. Only the Mn50Al50
sample shows an almost puret-phase diffraction peak. Ther
are always coexisting other phases for all samples bes
Mn50Al50. For example,g phase in Mn44Al56, andb-Mn in
Mn56Al44 as shown in Fig. 1~b!.

From the magnetic measurements of the samples a
annealing between 350 and 550 °C, we found that the
condition was annealing at 410 °C for 30 min and the fer
magnetic phase appeared at a composition range betwee
and 60 at. % Mn. Table I lists the saturation magnetizat

FIG. 1. ~a! X-ray diffraction patterns of the as-deposited Mn50Al50 films
with substrate temperature~a! 200 °C,~b! 100 °C, and~c! 30 °C. ~b! X-ray
diffraction patterns of the MnAl films with Mn concentration of~a! 44 at. %,
~b! 50 at. %, and~c! 56 at. %, after annealing at 410 °C for 30 min.
5622 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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Ms and coercivityHc for various MnAl films after annealing
at 410 °C for 30 min and the subtrate temperatureTs530
and 100 °C. The maximumMs of about 420 emu/cc and
maximum Hc of about 3000 Oe was obtained for th
Mn50Al50 sample withTs530 °C. In general, thee→t phase
transformation occurred during the annealing treatme
Since theMs of the annealed films decreased with increas
Ts , the transformation fraction should decrease with incre
ing Ts , i.e., the films deposited at lowerTs have a large and
more perfect crystalline structure than the films deposited
higherTs . In other words, at a low substrate temperature
sputtered atoms arriving on the substrate should not h
enough energy to form the metastablet phase or the equilib-
rium b andg phases, and thee phase was formed due to th
superquenching effect.

Figure 2 shows the stress–temperature curve of
Mn50Al50 film during the whole annealing process, whic
were recorded at a heating rate of 5 °C/min from room te
perature to 450 °C and then furnace cooled to room temp
ture. We observed a compression stress for the heating
roughly below 220 °C, and a tension stress roughly ab
220 °C during the cooling run. This suggests that the str
ture phase transformation frome to e8 phase happens
roughly below 220 °C and then it transforms tot phase

FIG. 2. The stress of the Mn50Al50 film as a function of temperature betwee
room temperature and 450 °C~closed square: heating run; open squa
cooling run!.

TABLE I. Magnetic properties of various MnAl film samples after anne
ing at 410 °C for 30 min.

Film composition

Ms ~emu/cc! Hc ~Oe!

TS530 °C TS5100 °C TS530 °C TS5100 °C

Mn30Al70 0 0 0 0
Mn35Al65 10 5 20 15
Mn40Al60 30 20 150 130
Mn43Al57 140 40 1580 700
Mn48Al52 340 90 2400 1300
Mn50Al50 420 220 3000 1750
Mn54Al46 270 80 1650 1100
Mn60Al40 25 30 200 170
Mn64Al36 15 10 50 35
Mn70Al30 0 0 0 0
Kuo et al.
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f
FIG. 3. ~a! Transmission electron bright field images of the as-deposited Mn50Al50 samples withTs530 °C. ~b! Transmission electron bright field images o
the Mn50Al50 samples withTs530 °C and annealing at 410 °C for 30 min.~c! Transmission electron diffraction patterns of the as-deposited Mn50Al50 samples
with Ts530 °C. ~d! Transmission electron diffraction patterns of the Mn50Al50 samples withTs530 °C and annealing at 410 °C for 30 min.
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roughly between 220 and 450 °C. After cooling to room te
perature, the residual stresss of this t-phase film is about
133108 N/m2. Therefore, the high coercivity is explaine
due to the high magnetocrystalline anisotropy constantK1 of
the t phase~K1>107 erg/cm3!1 and the magnetoelastic en
ergy Eme ~Ref. 11! arises from the residual stres
~Eme}s5133108 N/m2! of MnAl films after the shear trans
formation.

The microstructure grain sizes and the phases of
samples were studied by transmission electron microsc
Figure 3 shows the transmission electron bright field ima
and diffraction patterns of the as-deposited Mn50Al50
samples withTs530 °C @Figs. 3~a! and 3~c!#, and the
Mn50Al50 samples withTs530 °C and annealing at 410 °C
for 30 min @Figs. 3~b! and 3~d!#. It is clear that the nonmag
netic e phase as shown in Fig. 3~c! with a grain size of
roughly 100 nm as shown in Fig. 3~a! for the as-deposited
samples transforms into a metastable ferromagnetict phase
as shown in Fig. 3~d! with a platelike grain size of roughly
300 nm as shown in Fig. 3~b!.

In conclusion, we observed that during annealing
410 °C, the nonmagnetice phase with a grain size of roughl
100 nm transforms into a metastable ferromagnetict phase
with a platelike grain size of roughly 300 nm. The structu
phase transformation frome to t phases were related to th
variation of the stress from compression to tension. The h
coercivity can be explained by the high magnetocrystall
J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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anisotropy constant of thet phase, and the magnetoelas
energy arises from the residual stress of Mn–Al films af
the shear transformation.
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