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A NiFe alloy with 80% Ni was evaporated onto heated, polished substrates in a vacuum 
of 10-9 mm Hg and in a technical system of 10-5 mm Hg. Comparison of the properties 
of both film types proves the influence of the residual gas on both the wall motion 
coercive force H e and the anisotropy field strength HK. 

He is interpreted as being determined by two contributions: A roughness part with 
small temperature dependence and an impurity part with the same temperature dependence 
as reported for bulk material. 

The temperature dependence and the annealing behavior of HK in films evaporated 
in ultrahigh vacuum are identical to those of bulk alloys. Films produced in the 
technical system have an additional gas induced anisotropy which can be changed re
versibly by low temperature annealing. 

Introduction 

Investigations on the magnetic properties 
of thin films so far reported in the literature, 
are concerned mostly with NiFe films with 
a composition of --80% Ni because of their 
possible application to computer technology. 
These '' technical permalloy films '' are 
usually evaporated in commercial equipment 
from recrystallized AhOa crucibles at a rate 
of about 100 A/sec (=30 atom layers per 
second) onto glass substrates kept at about 
300°C. Evaporation takes place in the pre
sence of a magnetic field in order to establish 
a uniaxial anisotropy for the magnetization. 
The residual gas pressure is in the order of 
10-5 mm Hg. Since at this pressure the num· 
ber of residual gas atoms striking the sub· 
strate per second is sufficient to build up 10 
monolayers of residual gas atoms, one should 
expect to find a gas content in the order of 
30 at % in technical films. This amount of 
gas might not be included completely in the 
films because of the small sticking coefficient 
of the gas atoms. Also, the gas might be 
partially expelled during the growth of the 
metal crystals. Nevertheless, the influence 
of the residual gas on the magnetic proper· 
ties of evaporated films still remains a pro· 
blem of utmost importance. 

We tried to identify the residual gas in· 
fluence on the uniaxial anisotropy and the 
coercive force; these being the two para
meters which characterize the mode of mag· 

netization reversal. For this purpose, the 
properties of films evaporated in a ultrahigh 
vacuum (UHV) system (at 10- 9 mm Hg resi· 
dual gas pressure) are compared with those 
of films evaporated from the same melt in 
a commercial system at 10- 5 mm Hg. Since 
residual gas pressure and deposition rate are 
closely related with regard to their conse· 
quences on gas contents and film structure, a 
UHV system has been developed which 
allows " technical " deposition rates of about 
100 A/sec in a 10- 9 mm Hg vacuum. The 
amount of residual gas included in a metal 
evaporated under such conditions can be ex· 
pected to be of the order of one part in 10• 
or lower. 

Experimental Details 
For deposition and investigation of films 

in UHV we used a double-walled water-cooled 
pyrex glass tube (Fig. 1) which was con· 
nected through a liquid air trap to the Hg
pumps of an all-glass UHV system. The metal 
was melted in a small thoriumoxide crucible 
inserted into a molybdenum pot, which in turn 
was heated by stabilized electron bombard· 
ment from a surrounding filament. All metal 
parts can be heated up to 2000°C by electron 
bombardment or current flow through the 
supporting double tungsten wires. After 
consecutive cycles of flashing the metals and 
baking out the whole system for 12 hours at 
450°C, a residual gas pressure of 6 ·10-10 mm 
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Fig. 1. Tube for evaporation and investigation 
of NiFe films in ultrahigh vacuum. 

Hg was measured in the Alpert ionization 
gauge. During the evaporation process the 
pressure rises to the range of lQ- 9 mm Hg. 
A polished plate of quartz or artificial sap
phire was used as film substrate which can 
be heated from the back by stabilized elect
ron bombardment. The precleaning of the 
substrate took place at temperatures between 
800 and 1000°C. 

During the growth of the film a homoge
neous 50 cps field was applied by a pair of 
Helmholtz coils. The induced magnetic flux 
reversal of the film, which is picked up by 
two coils from the outside of the vacuum 
system, was integrated, amplified and dis
played as a hysteresis loop on the screen of 
an oscilloscope. Afterwards the film was left 
in the vacuum in order to measure the tem
perature dependence and the annealing be
havior of its properties. 

The evaporated metal is a technically pure 
NiFe alloy prepared by sintering in order to 
keep the amount of additional components 
such as Mn or Si small.* The composition 
as well as the thickness of the films were 

* We thank Dr. Assmus, Vacuumschmelze AG, 
Hanau, Germany, for his willingness to prepare 
these alloys for us. 

determined by X-ray fluorescence methods 
after opening the vacuum system. 

Some first results obtained on NiFe films 
with 76% wt Ni are reported here in order 
to give a qualitative survey rather than a 
quantitative description of the residual gas 
influence on He and HK. 

The Coercive Force He 
Fig. 2 shows in log. scales the dependence 

of He on film thickness D measured during 
the relatively slow deposition (147 A./min) of 
76% NiFe onto an optically flat sapphire sub
strate at 200°C in UHV. The relative vari
ation in film thickness was determined from 
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Fig. 2. The decrease of coercive force He with 
thickness D measured during evaporation in 
UHV (· · ) compared with n-1 (- )and n-•fs 
(-- -) laws. T,.=substrate temperature. 

the evaporation time at constant rate. The 
latter was checked by the linear increase of 
the magnetic flux with time. In agreement 
with some results obtained on electroplated11 

layers and on evaporated and subsequently 
etched fllms 2> our results fit the D- ' law much 
closer than the D - •ta law predicted by NeeJS>. 

Measurement of H. parallel to the easy axis 
of the magnetization yields the threshold field 
for Barkhausen jumps. For H = Hc the domain 
walls are just able to overcome the impedi
ment to their motion along given by the local 
variation in their energy per unit wall length 
E(x) : 

2],H.D = dE(x) 
dx 

(].=saturation magnetization). 

Therefore H. prop. D- ' means that dE(x)/dx 
is independent of film thickness. If it is as-
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sumed with Neel that the local variations in 
E(x) are due to local variations in the film 
thickness with an amplitude h(x): 

E(x)=rD(x)= r (Do + h(x)), 

then it follows from dE(x)/dx=r(dh(x)fdx)= 
const., that for constant energy density r of 
the domain walls the surface roughness 
dh(x)/dx does not vary with film thickness. 
For the observed thickness range between 
500 and 3000 A this seems to be a plausible 
assumption. 

Fig. 3 shows He vs. temperature measured 
on the film of Fig. 2. After heating up to 
about 500°C the original, high He value of 
2.5 oe decreases irreversibly to 1.4 oe. An
other film of ~3000 A thickness evaporated 
from the same melt at the rate of about 
5000 A/min onto a substrate at 400°C shows 
already from the beginning He= l.l Oe and 
the threshold field does not show any response 
to annealing up to 600°C. (Fig. 4). Com· 
parison of these results with Neel' s theory 

Fig. 3. Temperature dependence of magnetization 
and coercive force He of the same film as in 
Fig. 2, measured during two thermal cycles. 
T,.=substrate temperature during evaporation. 
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Fig. 4. Temperature dependence of He of a UHV 
film evaporated at higher substrate temperature 
Tu than the film of Fig. 2. Measurement im. 
mediately after evaporation ( · - · ) and after 
annealing a,t no·c fQr a few min1Jtes (o- o). 

indicates that the surface roughness depends 
on substrate temperature and evaporation 
rate and that it can be smoothed by anneal
ing. In contrast to this behavior we found 
that the substrate roughness (e .g. of an un
polished molybdenum surface) and its con
tribution to He are characterized by their 
stability against annealing. 

Annealing the film in UHV for about 10 
min at 720°C increases the threshold field He 
irreversibly (Fig. 4). A much stronger tem
perature dependence of He is now observable 
which agrees quite well with the results ob: 
tained on bulk 75% NiFe alloys' l51 (Fig. 5). 
Therefore, we assume that during the high 
temperature treatment, the diffusion of im
purities from the substrate into the NiFe 
layer raises the intrinsic* value of He so 
much that it surpasses the contribution of 
the roughness to the threshold field. 

The He vs. temperature curve shown in 
Fig. 6 was obtained on a 3400 A thick film 
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Fig. 5. Comparison of the relative temperature 
dependence of He for bulk Ni3Fe and different 
types of evaporated films . H e (RT)= Hc at room 
temperature. 
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Fig. 6. The temperature dependence of He of a 
NiFe film evaporated under technical conditions 
at Tu= 3oo•c substrate temperature. Measure
ment during 1! thermal cycles. 
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evaporated from the same melt but in a 10-~ 
mm Hg vacuum system under technical con
ditions onto an electropolished tantalum sheet.. 
The procedure of measurement and the re
sults typical for such "technical" films have 
already been described in an earlier paper6 1

• 

Comparison with the properties of a UHV 
film which was obtained with roughly the 
same deposition rate and substrate temper
ature, indicates that the pressure difference 
between 10-s and l0- 9 mm Ha causes a 
noticeable influence on H. only at substrate 
temperatures higher than 350°C. Above this 
temperature the strong increase of the 
intrinsic threshold field takes place (Figs. 6, 
5) within minutes. For reasons we do not 
yet understand, the increase of the H. in 
technical films at higher temperatures can 
be avoided by the addition of a few percent 
of copper or molybdenum to the NiFe alloy. 

The maximum in the H. vs. temperature 
curve observed around 500°C in both UHV 
and technical films is also reported for bulk 
material by Dechtjar51 but it has remained 
unexplained up to the present. 

The Anisotropy Field 
The anisotropy field HK=2K!], is defined 

as the field strength which saturates the 
magnetization ], under an angle of sa=90° 
to the easy axis, where the uniaxial aniso
tropy energy E = K sin2¥J of the magnetization 
reaches its maximum value. We have 
derived HK as usual from the initial perme
ability measured under 90° to the easy axis. 

The influence of the residual gas on HK 
is much more striking than on H . as, on 
UHV films, we never observed the low 
temperature annealing effect which has been 
described by A. Segmiiller6 1 for technical 
films. The relaxation time necessary to 
rotate the easy axis into another direction 
by applying a saturating field at a certain 
temperature was found to be in good agree
ment with the results obtained on bulk 
NiFe' 1 •81 (Fig. 7). 

After this relaxation had taken place we 
measured, at room temperature, an HK value 
which varied with the annealing temperature 
just as expected for a bulk 76% NiFe alloy 
from the interpolation of Ferguson's results71 

(Fig. 8). Also the dependence of HK on the 
temperature of the films during the meas-

urement agreed fairly well with the results 
of Chikazumiw for bulk NiFe (Fig. 9). 
Consequently, the uniaxial anisot ropy in the 
UHV permalloy films proved to be identical 
with the annealing anisotropy of bulk binary 
alloys. 

Unfortunately, the original HK value 
induced during evaporation in an external 
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Fig. 7. Relaxation times for magnetic annealing 
- in bulk material: I Bozorth et alB), II 
Ferguson7), e Chikazumiu). 
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Fig . 8. Dependence of H K on the annealing 
temperature for UHV films and bulk materiai. 7) 
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field cannot be derived from bulk material 
data unless the evaporation time is longer 
than the relaxation time at the substrate 
temperature. Not even rough estimates can 
be made because of the lack of quantitative 
data on the surface processes taking place 
during the deposition of metal atoms. We 
measured HK=2.2 Oe after fast evaporation 
at a substrate temperature of 400°C and 
HK = 4.5 Oe after slow evaporation at 200°C. 

A technical film evaporated from the same 
melt at 300°C substrate temperature in the 
vacuum of 10- 5mm Hg displayed an original 
HK value of 5.3 Oe. It showed typically low 
temperature annealing behavior: After 
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Fig. 9. Relative temperature dependence of HK 
for bulk material11 ) and a UHV film . 

1 

. 5 

- bulk 78"/. NiFe 
(Chikazumil' 

, . • • • 76 '/. Ni Fe film 
--..,.,--......-.__D=3300A, Tu=4oo•c 

- . ··~ 

o+---~--,---~---r---r---
0 1oo 2oo 3oo 4oo ooo ·c 

Fig. 10. Low temperature annealing behavior 
for a technical film , with the field H applied 
parallel to the easy (e. d. ) or hard (h. d. ) 
direction during cooling. 

heating to 300°C the HK value depends re
producibly on whether the field was applied 
parallel or perpendicular to the easy axis 
during cooling (Fig. 10). This behavior 
indicates that two mechanisms of uniaxial 
anisotropy are superimposed in technical 
films. The normal bulk material anisotropy 
remains at 300°C with HK, = 3.7 Oe unchanged 
in the old direction, while the additional 
anisotropy H1n = l.6 Oe, which is induced by 
the residual gas, already rotates at this 
temperature. The gas induced anisotropy 
must probably be identified with the uni· 
axial anisotropy found by Malek12> and 
Graham and Lommel 18

> in evaporated layers 
of pure Ni, Fe and Co. 
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DISCUSSION 

C. D. GRAHAM, }R.: I have two questions. 
1) How reproducible are your results? That is, if several films are made under 

conditions as nearly identical as you can make them, how much scatter will th~r~ 9~ 
in tht? Y?:ll,lt?§ of H~~ K '!: q,n<;l th~?~r temperatJ,lr~ depend~n~~V? 
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2) The fact that you plot relaxation times for the magnetic annealing process 
implies that you have followed the magnetic annealing anisotropy as a function of 
time. What is the form of the curve of Ku vs. time, and is the form the same at all 
temperatures and for all films? 

S. METHFESSEL: 1) The reproducibility of our results is indicated by the scattering 
of the measured values in the diagrams which I have shown. 

2) We followed the anisotropy during the annealing treatment and derived from 
this measurement the relaxation time for turning the easy axis by an angle of 90°. 
However, the accuracy of the Hx values obtained from the measurements of the 
initial susceptibility in the hard direction is not very high, and small deviations 
from exponential law in the K,. vs. time curve cannot be detected in ultrahigh 
vacuum films. 

JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN VOL. 17, SUPPLEMENT B-I, 1962 
PROCEEDINGS OF INTERNATIONAL CONFERENCE ON MAGNETISM AND CRYSTALLOGRAPHY, 1961, VOL. I 

Influence of Minor Constituents in Ferromagnetic Films 

R. J. PROSEN, J. 0. HoLMEN, B. E. GRAN 
AND T. J. CEBULLA 

Minneapolis-Honeywell Research Center 
Hopkins, Minnesota, U.S.A . 

Studies have been made on the effect of minor constituents, especially oxygen, in 
permalloy thin films. A model is proposed in which a columnar structure is formed 
during deposition. The oxygen is assumed to diffuse upwards from the substrate between 
the columns to form iron oxide and nickel-rich regions. This model is supported by 
electron photomicrographs of thin-film cross sections which have been prepared by 
etching. The model permits an interpretation of the origin of M-induced anisotropy. 
Other experiments which have been carried out to test this model are discussed. 

Introduction 

The manner in which the uniaxial aniso· 
tropy is produced in permalloy thin films 
has been the subject of much controversy. 
Recently, evidence has been presented which 
indicates that this anisotropy is M-induced 
rather than field induced1

•
2

•
8>. It has been 

suggested'> that the elongation of the crystal
lites produces an easy axis which specifies 
the direction of the magnetization M. Models 
of this nature are not entirely convincing 
inasmuch as the mechanism producing this 
elongation is not considered. 

We have re-examined this question and 
have arrived at a different model for the 
origin of the M-induced anisotropy5>. The 
two main features of this model are first, 
the assumption that the growth proceeds 
from the substrate in the form of columns, 

and secondly, that the oxygen originally on 
the substrate diffuses between the columns 
and reacts to form iron oxides and stressed 
nickel-rich regions. We have been led to 
this model by studies of oxidation processes 
in bulk permalloy, nickel, and copper. 

Proposed model 

In the oxidation study of bulk permalloy, 
the more reactive element (in this case iron) 
is oxidized first by an internal oxidation 
mechanism. Iron oxide is formed within the 
metal matrix until a nickel-rich phase (almost 
pure nickel) remains at the metal surface to be 
subsequently oxidized5>. When the cross sec
tions of oxidized alloy samples are examined 
with the metallurgical microscope, the pres
ence of the iron oxide along the grain bound
aries is clearly evident. This indicates that 




