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SUMMARY 

The preparation of manganese ferrite thin films by the reactive evaporation 
of oxidic materials is reported. The process is not critical and provides homo- 
geneous mirror-like films with spinel structure. An annealing procedure below 
750 °C has a strong influence on the properties of the films. Special attention is 
paid to the partial oxygen pressure during the annealing process. For this purpose 
data are collected from the literature concerning the equilibrium conditions of the 
spinel structure for varying manganese-iron contents. The lattice constant of the 
spinel structure of the films is determined by electron diffraction. 

INTRODUCTION 

Many studies have been reported on the structure and magnetic properties 
of manganese ferrite. These concern the bulk material in either a single crystalline 
or polycrystalline form. A limited number of studies has been published on 
manganese ferrite filmst-5. The shape of a thin film is however interesting on 
account of (a) the influence of the shape anisotrop$, on the magnetic properties 
(b) the possibilities for special methods of investigation (Faraday effect, trans- 
mission electron microscopy) (c) the present interest in the application of oxidic 
magnetic films as memory materials (d) the possible application of ferrite films in 
microwave techniques. Moreover a thin film made by vacuum deposition can 
provide a material composed of very small crystallites, in contrast to normal 
ceramic techniques. The crystallite size largely influences certain magnetic 

* Part  II: Properties, see Thin Solid Films, 9 (1972) 377-388. 
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properties of the material. The fact that so few studies on manganese ferrite films 
are known is possibly connected with problems in their preparation. These 
problems are related to the complicated phase diagram 6" 7 of the material. 
Both iron and manganese may have more than one valency. At room temperature, 
in air, manganese ferrite, Mn6Fe3_604(0 < 6 < 3) may exist only as an under- 
cooled phase, for all values of 6. These problems do not exist for a large number 
of other ferrite materials. 

In work reported in the literature 1-5 the chemical vapour deposition 
technique (CVD) has been used for the preparation of manganese ferrite films. 
In CVD a number of process parameters must be controlled within a very limited 
tolerance. This technique is undesirable in the making of films which are very 
homogeneous, smooth and thin. In investigations using the optical Faraday 
effect the films must be sufficiently thin. Manganese ferrite films are transparent 
in the visible up to a film thickness of typically 10 000/1~, depending on the cation 
ratio. An important  requirement for magneto-optical studies (Faraday and Kerr  
effect) is that the films must be very smooth. In this article the preparation of 
polycrystaUine thin films of Mn6Fe3-604 made by reactive evaporation is 
reported. Special attention is paid to thermal annealing of the films with regard 
to the conditions for obtaining oxygen stoichiometry. 

PREPARATION 

For  the production of the films we have chosen the reactive evaporation 
technique. Generally a sintered pill of  Mn6Fe 3_ 604 is used as the source material, 
but mixtures of powders of Fe203 and MnO can also be used. In principle there 
is no preference for either of these source materials. It was found that during the 
evaporation process in both cases the surface of the source material was con- 
verted into a (Mn, Fe)O phase. For  practical reasons a sintered pill of Mn6Fe3 _ 604 
is preferable because due to its higher density more material (in our apparatus 
5.5 g) can be put in the limited volume of the source. This is important  because 
the composition of the source material changes with time through a fractiona- 
tion effect during the evaporation process. The composition of the source 
material remains more constant if its mass is larger. The source material is 
contained in a watercooled copper crucible in a belljar. Heating of the material 
is accomplished by electron bombardment  from a tungsten ring cathode. The 
vacuum is 3 x 10-7 torr before pure oxygen is admitted into the belljar. Dur- 
ing evaporation a constant partial oxygen pressure of, at the most, 10 -3 torr 

is maintained. 
Substrates are suspended at a distance of 13-17 cm above the source. These 

substrates can be heated by a small furnace. The evaporation rate and the mass 
of the film are measured in s i tu  with a quartz crystal monitor. After the evaporation 
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process the mass of the film is also measured by Weighing and the film thickness is 
measured by the Tolansky method. 

Substrate materials are plates of Corning 7059 glass, ordinary microscope 
glass or quartz glass. For the electron microscope investigations special substrates 
in the form of a thin SiO film (ca. 250 A) supported on a 200-mesh electron micro- 
scope grid, or substrates of mica coated with a thin film of amorphous carbon 
(ca. 250 }k) are suspended alongside the glass substrates. Ferrite films deposited 
on the grids coated with SiO can be used directly in transmission electron 
microscopy. The ferrite films supported on the carbon coated mica substrates 
must be separated from the mica for the same purpose. The separating can be 
done by carefully immersing the whole in distilled water. The small pieces of 
ferrite film and carbon, float on the water and can be picked up on an electron 
microscope grid. A suitable thickness of the manganese ferrite films for trans- 
mission electron microscopy (Philips EM 200) appears to be about 750A. 
The evaporation rates which are realized vary from 0 to 3 A/sec depending on the 
heating power. 

The detailed mechanism of the reactive evaporation process in making 
manganese ferrite films is not yet well known. In special evaporation experiments 
the externally admitted oxygen flow is kept constant so that the pressure in the 
belljar is controlled by the oxygen which dissociates from the source material. 
By following this pressure in the belljar during heating of the source it has been 
calculated that the higher oxides in the source reduce to a (Mn, Fe)O phase during 
the early stages of the heating process. This corresponds with the dissociation 
characteristics for manganese oxides and iron oxides at the prevailing tempera- 
tures and oxygen pressures s. In these first stages of heating no deposition rate at 
the substrates can be detected. By heating further up to a reasonable deposition 
rate (at about 1500°C) it is questionable what happens. From the literature 
there are indications suggesting that the (Mn, Fe)O phase as a vapour dissociates 
further to metal vapour and oxygen 9. In that case, at the substrate the metal 
vapour recombines with oxygen to form the resulting spinel structure. This latter 
process does not satisfy thermodynamical equilibrium conditions that are known 
for bulk material, because at the prevailing substrate temperatures (100°-400 °C) 
in a partial oxygen pressure of 10 -4 to 10 -3 torr the spinel structure is not the 
equilibrium phase for this material. 

It appears that a condition for obtaining the spinel structure is that per unit 
of time more oxygen molecules than metal containing molecules impinge on the 
substrate. (At an oxygen pressure of 10-3 tort and a deposition rate of 1 A/sec 
this collision rate is about 350). This corresponds to the experiments on reactive 
evaporation of SiO and SiO2 by Ritter 1°. 

In our experiments the process parameters (deposition rate, partial oxygen 
pressure, substrate temperature) appear not to be critical in obtaining homo- 
geneous mirror-like manganese ferrite films with spinel structure. 
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THERMODYNAMIC EQUILIBRIUM CONDITIONS AND PHASE TRANSITIONS 

A thermal treatment of the as-evaporated films after the evaporation process 
is necessary to improve the crystallographic structure. The magnetic and electric 
properties are influenced by this annealing process. In the annealing process the 
thermodynamical equilibrium conditions must be taken into account. This is 
necessary for preventing phase separations and for controlling the oxygen 
fraction of the material. The character of the annealing process will also influence 
the cation distribution on the tetrahedral and octahedral positions of the spinel 
structure, but we have not followed this variation. 

In this section some aspects of the phase diagram of the material are con- 
sidered, in so far as it depends on the partial oxygen pressure of the surrounding 
gas. Following common usage we denote the general formula of manganese 
ferrite as Mn~Fe3-604+y, which is to be considered as a chemical formula and 
not as a crystallographic formula. This implies that positive values of 7 mean in 
reality structures with metal ion vacancies, because it is not possible to place extra 
oxygen inside the densely packed oxygen ions of the spinel structure. 

Mn6Fe3_ ~O4 + v has the spinel structure within certain limits of temperature 
and partial oxygen pressure of the surrounding gas. This is the case for each 
0 < ~ < 3. The value of 7 is however restricted within narrow tolerances 6. 
A too large negative value of 7 leads to a phase transition to a mangano-wustit 
phase, (Mn, Fe)O. A too large positive value of 7 leads to a transition to Fe203,  
Mn203 or both. The value of 7 is determined by the temperature and oxygen 
pressure of the surrounding gas. 

Various authors 6'7'11-13 give experimental results concerning the 

equilibrium conditions (oxygen pressure and temperature) at which the spinel 
phase coexists with an adjacent (Mn, Fe)O phase. The results are summarized 
in Fig. 1 with t~ as parameter. The equilibrium conditions for oxygen stoichio- 
merry (7 = 0) of the composition with ~ = 1 can be calculated from the formula 
of Roshchupkin ~ 1, which was interpolated from experimental results: 

log Po~ (atm) = - 165.01 + 44.289n - 1135.219.103.T - 1 + 277.462n.103.T - 1 

with the restriction 3.99 < n < 4.02 while n = 7 + 4. This result is also 
represented in Fig. 1. The equilibrium conditions for an oxygen content close to 
stoichiometry (7 = -0.013) of the composition with 6 = 1.023 are given by 
Bulgakova et  al. 12. This is also represented in Fig. 1. Linear extrapolation of the 
dependence of Fig. 1 to the temperature 750 °C gives the data of Fig. 2. In the 
latter figure the oxygen pressure at which phase transition occurs to either the 
reduced or the oxidized phase is given as a function of t~. This gives us the borders 
of the spinel area at 750 °C as a function of the metal composition. Also in Fig. 2 
are given the points for ~ ~ i of refs. 11 and 12 at which oxygen stoichiometry 
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Fig. 1. Influence of the partial oxygen atmosphere on Mn~Fe 3 _~O, + ~ as a function of temperature 
with 6 as a parameter. References are indicated in the figure. Dashed lines : equilibrium conditions for 
coexistence of spinel with an oxidized phase. Full lines : equilibrium conditions for coexistence of 
spinel with a reduced phase. Dotted lines: equilibrium conditions for stoichiometric spinel. 

(or near oxygen stoichiometry) exists. These data at 750 °C are especially impor- 
tant for our investigations, because a temperature of about 750 °C appears to 
be the maximum annealing temperature for ensuring excellent surface conditions 
of the films. 

It should be noted that the data from different authors do not agree com- 
pletely. This is particularly clear in Figs. 1 and 2 at the composition which is 
most frequently investigated, ~i ~ 1. It is however difficult to establish the origin 
of these differences. For example in ref. 11 the deviation of the results from 
those of ref. 12 is noticed but not explained. It may be of importance that ref. 11 
is based on measurements of electromotive forces and ref. 12 on thermogravi- 
metric measurements. Likewise a striking difference exists over the phase transi- 
tion to the oxidized phase, as is obvious from Fig. 2, refs. 11 and 7. This may be 
connected with the very special precautions, which are described in ref. 7 to avoid 
the metastable intermediate phase (Mn30 4. Fe203). Finally it should be mentioned 
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Fig. 2. Conditions of  the partial oxygen atmosphere for equilibrium with Mn~Fe a _~O4 + ~ as a function 
of ti at 750 °C. The data are obtained from extrapolations of  Fig. 1. The dotted line is an estimated 
condition for stoichiometric spinel (~, = 0). 

that the estimates of Economos 14 concerning the equilibrium conditions of 
Fea04 and MnFe20 ,  are not confirmed by the data of the more recent studies. 
Economos' estimates, which were often uscxt by other investigators, lie at too low 
oxygen pressures. 

ANNEALING 

The films are annealed in a furnace with an adjustable linear heating and 
cooling rate. The partial oxygen pressure in the furnace can be adjusted by 
conducting a controlled mixture of gases through the furnace. The admitted gases 
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consist of CO2 and a mixture of H 2 and N 2 (1% and 99 % respectively). The N 2 

only serves as a carrier gas for the required low amounts of H2. Before mixing 
with H2 the CO2-gas is purified from oxygen by leading it through copper 
granules at 520 °C. In the furnace an equilibrium is established following the 
reactions : 

2 C O  2 ~ 2CO + 02 (1) 

CO2 + H2 ~ CO + H20. (2) 

The equilibrium constants of the reactions (1) and (2) are K 1 and K 2 respectively. 
As K 1 >> K 2 it can be deduced that, for not too small amounts of H 2 : 

log Po2 = log K 1 + 2 log Pco2o) 
Pn2(i) 

in which the indices (i) indicate the initial partial pressure of the particular gas. 
The value of K 1 as a function of temperature is given by Darken e t  al. ~ 5 and by 
Smiltens x6. By adjusting separately the flow rates of the CO2 and the H2-N2 
mixture the required low partial oxygen pressures can be obtained in the furnace. 

The slope of the temperature dependence of K ~ does not differ too much 
from that of the temperature dependence of the equilibrium oxygen pressure of 
Mn~Fe3_~O4, at least for not too high values of 6. Because of this no large 
deviations of the equilibrium conditions arise during the heating and cooling 
period. These deviations may be corrected as required by adjusting the composi- 
tion of the gas mixture with the temperature. 

Quenching of the film after annealing is to be avoided because of the very 
large surface-to-volume ratio of the samples and the relatively large heat capacity 
of the substrate. The quenching process should be very fast to prevent phase 
transition of a considerable fraction of the film. For these reasons we prefer a 
gradual cooling process (2 to 5 degrees per rain) to room temperature in a 
controlled equilibrium atmosphere. At room temperature no changes in structure 
occur, so that the spinel structure remains, even in air, as an undercooled phase. 

A number of evaporated films has been annealed in various conditions of 
temperature, oxygen pressure, time and cooling rate. The influence of these treat- 
ments on some special properties of the films is described in the next section and 
in Part II. In general it may be stated that an annealing treatment of several hours 
below 750 °C greatly increases the crystaUite size. In particular the less oxygen 
is contained in the annealing atmosphere, the more the crystallite growth is 
promoted (see Table I). The specimens can resist an oxidizing atmosphere 
at 750 °C for several hours and still retain the spinel structure. But a reducing 
atmosphere can cause a rapid phase transition. These transitions to a reduced 
phase take place at conditions corresponding to the lower boundary of Fig. 2. 
Phase separations, if present, have been detected by transmission electron 
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T A B L E  I 

TYPICAL CRYSTALLITE SIZE OF EVAPORATED FILMS OF M n s F e  3_ ~O4 + r CORRELATED WITH 

CONDITIONS OF ANNEALING (FOR 3 H AT ANNEALING TEMPERATURE Tan AND PARTIAL 

OXYGEN PRESSURE P%)  

Tan log Po2 Crystallite 
Sample (°C) (Po2 in arm) size (/I) Notes 

(1) t~ = 0.85 U n a n n e a l e d  < 100 

film th ickness  480 A 750 - 6.4 200 
750 - 10.5 600 

750 - 13.1 1000 
750 - 13.8 1400 

(a) 

U n a n n e a l e d  < 100 
(2) 6 = 0.77 750 - 13.0 1400 (a) 

film th ickness  750 A 860 - 10.3 3000 (b) 

(3) t$ = 0.87 U n a n n e a l e d  < 100 
film th ickness  10000 A 950 - 5 10000 (b) 

N o t e  (a) annea l i ng  cond i t i ons  nea r  equ i l i b r ium for 7 = 0 
(b) r o u g h  surface 

microscopy and electron diffraction. In some cases phase separations can also be 
observed by transmission microscopy with polarized light. 

In general the surface condition of the annealed film is good, except for 
films which have been annealed above c a .  750 °C. The cause of the deterioration 
above 750 °C is the increased influence of the difference between the thermal 
expansion coefficient of the manganese ferrite film (about 12 x 10- 6 per degree 17) 
and the substrate (about 9 x 1 0  - 6  per degree for glass and 5 × 1 0  - 6  per degree 
for the Corning glass). Particularly unfavourable in this respect are quartz 
substrates, which have a thermal expansion coefficient of 0.5 x 10-6 per degree. 
However the surface condition of the film depends also on the partial oxygen 
pressure during annealing. This is explained by the fact that an oxidizing atmos- 
phere enlarges the oxygen content of manganese ferrites, which leads to contrac- 
tion of the material 6, whereas a reducing atmosphere has the opposite effect. 
This effect can greatly dominate the "normal" thermal expansion, as shown by 
Brabers 18 for bulk Mn2FeO4+r 

COMPOSITION A N D  STRUCTURE 

All as-evaporated films are mirror-like and homogeneous to visual observa- 
tion. Scanning by electron probe microanalysis along several centimetres of the 
surface of the films did not show any variation of the metal ratio. There are 
however small variations of the metal ratio along the thickness of the films. 
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In this direction ~ may vary by an amount of ca. 0.01 over 2000 A. The latter 
conclusion can be drawn from wet polarographical analysis of film samples 
made in successive stages of the evaporation process. 

The difference between t$ in the compositions Mn6Fe 3 _604 of the film and 
the source material is represented by an iron loss of about 50 % for all values of 
t$ of the source material. Herein is defined : 

%Fe loss = 
100 

(Fe/metal)s .. . . .  
{(Fe/metal)source - (Fe/metal)film}. 

The nominal iron loss varies however with the stage of the evaporation of the 
source at which the film is made and possibly with the partial oxygen pressure 
during evaporation. The former dependence is due to the change of the composi- 
tion of the source material during heating, because of the fractionation effect. 

All investigated as-evaporated films show the spinel structure only. Lines of 
structures other than spinel are not seen in the diffraction patterns. A considerable 
line broadening of the electron diffraction patterns (Fig. 3c) is due to the very 
small crystallite size of the films. The crystallites are smaller than 100 A. Their size 
is somewhat dependent on the preparation conditions. In X-ray diffraction these 
micro-polycrystalline films seem amorphous. Rather good electron diffraction 
patterns can be obtained however. 

Figure 3(d) shows the electron diffraction pattern of an annealed film. 
Because ofcrystallite growth line broadening has disappeared. Careful calibration 
of the electron microscope with the help of a thin film of TICl and recording of 
the diffraction patterns with the help of a micro-densitometer allow the measure- 
ment of lattice constants with an accuracy of 0.2 %. This gives a good conformity 
of the results with the literature data on the spinel structure of manganese 
ferrites, which have all been obtained by X-ray diffraction on bulk material. 
Table II shows that the electron diffraction lines of the film sample of Fig. 3(d) 
can all be identified in comparison with the ASTM standard for the spinel 
structure of MnFe204. The same is true for all films of Table III, which have been 
annealed in different partial oxygen pressures. No other phases can be detected 
in these films. The lattice constants of the annealed films of Mno.ssFe2.1504+ 
agree within 0.2 % with the interpolations of the most recent literature data of 
bulk material of the same composition (Table III). 

Figure 3(b) gives a picture of the crystallite structure of an annealed film. 
By darkfield electron microscopy it has been observed that there is no preferential 
orientation of the crystallites. At the same time it appeared that the films are 
composed of a single sheet of crystallites. Table I gives the mean crystallite size 
of some typical films, as measured along a direction in the film plane. The 
crystallite size is influenced by the nature of the annealing process. Larger 
crystallites are obtained by higher annealing temperatures, less oxidizing 
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a b 

C 0 

Fig. 3. Electron micrographs of an evaporated manganese ferrite film, Mno.ssFe2.~sO4+ ~, about 
500 A thick. (a) the as-evaporated film, (b) the same film after annealing for 3.5 h at 750 °C in a partial 
oxygen-pressure of 10- ~o. satm., (c) electron diffraction pattern of the as-evaporated film, (d) electron- 
diffraction pattern of the annealed film. 
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TABLE II 

DIFFRACTION LINES OF MANGANESE FERRITE SPINEL 

373 

Present study by electron diffraction A S T M  10-319, X-ray diffraction on 
on a thin film of Mno.asFe2.1s04 + 7 bulk MnFe204 

d (.,~) a (.4) h, k, l d (.4) 

4.912 8.508 111 4.906 
4.259 8.518 200 - -*  
3.008 8.510 220 3.005 
2. 562 8.498 311 2.563 
2.456 8.508 222 2.450 
2.126 8.506 400 2.124 

1.952 8.510 331 - -*  
1.900 8.496 420 - -*  
1.735 8.500 422 1.7342 
1.636 8.501 511,333 1.6355 
1.503 8.503 440 1.5031 
1.438 8.505 531 1.4376 
1.417 8.504 600, 422 - - *  
1.344 8.503 620 1.3441 
1.296 8.498 533 1.2962 
1.280 8.492 622 1.2810 
1.226 8.495 444 1.2276 
1.191 8.506 711,551 1.1898 
1.178 8.492 640 - - *  
1.136 8.498 642 1.1355 
1.1062 8.497 731,553 1.1063 
1.0625 8.500 800 1.0623 

* These reflections are forbidden in space group Fd3m. Our measurements 
correspond with the space groups F . . . .  

annealing atmospheres and longer annealing times. (The process of crystallite 
growth is not completed after 3 h of annealing at 750 *C.) In general the mean 
crystallite size is small compared with normal bulk materials; this has a bearing 
on the process of magnetisation reversal (see Part II). 

DISCUSSION 

In work on manganese ferrite films so far reported in the literature, the 
method of preparation has been the CVD technique l-s. In comparison, our 
method of preparation of manganese ferrite films does not suffer from some of the 
restrictions which are encountered in the CVD technique. In reactive evaporation 
the making of very thin films can be controlled by the use of a low deposition rate. 
There appears to be no composition gradient along the surface of the substrates 
and the composition gradient along the film thickness is very small. High substrate 
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TABLE III 

LATTICE CONSTANT OF THE SPINEL PHASE OF Mno.85Fe2.1504+~, 

Annealing and cooling conditions Lattice constant (4) Reference 

log Po2 

Slowly cooled in - 6 . 4  8.483 _ 0.016 
C O 2 - H  2 mixture after - 10.5 8.500 + 0.016 
3 h annealing at 750 °C - 13.8 8.487 + 0.016 
in partial oxygen - 15 8.498 + 0.016 
pressure Po2 

Quenched  after 4 h annealing at 
400 °C close to equilibrium 
oxygen pressure 

Quenched after 8 days annealing 
at 1000 °C at stoichiometric 
conditions 

Quenched after annealing at 
1400°-1447 °C 

Present study by electron 
diffraction on evaporated films 

8.500 Interpolated from ref. 29 (bulk 
material) 

8.499 Interpolated from ref. 30 (bulk 
material) 

8.467 to 8.497 See for references Fig. 3 of ref. 19 
(bulk material) 

temperatures are not required, so there is no diffusion of atoms from the substrate 
into the film. Finally no critical adjustment of the process parameters is necessary 
to obtain smooth (mirror-like) films. 

The method of reactive evaporation of an oxidic source may also be com- 
pared with other vacuum techniques, which have been reported for the preparation 
of thin films of other ferrite compositions than manganese ferrite 2°-2s. For  
instance if no reactive oxygen atmosphere is used 2°-22, an oxidation step is 
necessary afterwards to obtain the spinel structure. This has to be done at high 
temperatures (at least 1000 °C), which results in a bad surface condition of the 
film and large stresses, and also the choice of the substrate is seriously limited. 
Furthermore instead of evaporation a sputtering technique can be used 23-28. 
The difference is rather of a technical nature than one of principle, even for the 
fractionation effect. It is not correct to say that by sputtering a film is always 
obtained with the same composition as the source material. This has been shown 
very clearly by Sawatzky and Kay 27 for the case of gadolinium iron garnet. 

Finally the oxidic source is especially favourable in the case of manganese 
ferrite. The reason is that the metals themselves, i .e. manganese and iron, have 
very different vapour pressure characteristics (at 1000 °C the equilibrium vapour 
pressure of manganese is about  l0 s times that of iron). So the use of a metallic 
source leads to a very large fractionation effect, which is difficult to control. 
In comparison, the use of the oxidic source material causes a fairly limited 
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fractionation effect, which can be compensated by adjusting the composition of 
the source material. (The ratio of the vapour pressures of MnO to FeO is 5.3 at 
1500 °C9). The manganese ferrite films which we have prepared provide good 
opportunities for the study of various phenomena in ferrimagnetic films. Some 
physical properties of the films will be described in Part II. 
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