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The magnetic properties of Au/Ni/Si~100! films with Ni thicknesses of 8 – 200 Å are studied atT
577 K using a scanning magnetic microscope with a thin-film high-temperature dc SQUID.
It is found that the Ni films, with an area of 0.630.6 mm, which are thicker than 26 Å have a
single-domain structure with the magnetic moment oriented in the plane of the film and a
saturation magnetization close to 0.17 MA/m. For films less than 26 Å thick, the magnetization
of the film is found to drop sharply. ©1998 American Institute of Physics.
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Studies of the properties of ultrathin magnetic films a
of fundamental, as well as practical, interest. These films
be used in magnetic recording devices to enhance
memory density. From the standpoint of fundamental
search, these films are interesting objects for studying m
netic ordering in two-dimensional (2D) magnets.1,2

The best known devices for measuring the magn
properties of ultrathin films, the surfaces of 3d and 4f met-
als, and submicron particles of recording media can be c
sified into three groups: devices used to measure the
grated magnetic moment of a sample;3–5 devices which
produce an image of the structure of magnetic objects w
high spatial resolution;6–9 and, instruments using synchro
tron or neutron radiation.10–12

Recently developed scanning SQUID-microscope13

make it possible to measure the absolute magnitude of
magnetization of a sample with a high sensitivity that is n
accessible to other devices and to take topograms of
magnetic field of a test object with a spatial resolution do
to a few micrometers.14

In this paper we present the results of a study of
magnetic properties of ultrathin Au/Ni/Si~100! films at a
temperature of 77 K using a SQUID-microscope.

1. PROPERTIES OF THIN Ni FILMS

Thin Ni films can have two types of crystal structu
@face centered (f cc) and body centered (bcc)] with substan-
tially different magnetic properties.15 According to theory,
f cc Ni exists only in a ferromagnetic phase, while thebcc
modification displays a transition from a ferromagnetic to
nonmagnetic phase15 as the Wigner–Zeitz radius is lowere
to a critical value on the order of 2.6 Å. A transition from th
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nonmagnetic to the ferromagnetic state has also been
dicted for epitaxialbcc-Ni films subjected to a 1% stretchin
of the lattice caused by the substrate.16

The magnitude and spatial orientation of the magne
moment of Ni films depend on the number of monolaye
the substrate, and the structure of the buffer layer.8,16–19

The dimensions of the magnetic domains formed in
films range from tens of micrometers to a few micromet
as the thickness of the Ni is changed from 20 to 140 Å.6

Besides the above properties, ultrathin Ni films can a
manifest a spectrum of phenomena associated with the t
sition from two-dimensional to three-dimensional magne
systems as the number of monolayers is increased. It
been found, for example, that the value of the critical ind
b in the temperature dependence of the magnetization in
neighborhood of the phase transition,M (T)}(12T/Tc)

b,
changes quite sharply from 0.125, which is characteristic
two-dimensional ‘‘Ising’’ magnets, to 0.43, which is chara
teristic of three-dimensional ‘‘Heisenberg’’ magnets, as t
thickness of Ni films is varied from 5 to 10 monatom
layers.7

The Curie temperatureTc also depends on the Ni film
thickness and can vary from 50 to 450 K as the thickness
Ni/Cu~001! films is increased from 1.5 to 8 monolayers.20

Here the dependence ofTc on the film thickness can be
extrapolated toTc50 for a single monolayer of Ni.21

2. EXPERIMENTAL TECHNIQUE

Figure 1 shows the mutual positions of th
SQUID-probe22 of the scanning magnetic microscope, t
test sample of Ni film on a 0.3-mm-thick substrate
Si~100!, and a thin-film calibration loop deposited on th
same silicon substrate. The film samples were made22 in the
0 © 1998 American Institute of Physics
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form of a square with 600mm edges. In order to visualiz
the distribution of the magnetic field created by the samp
the sample was scanned with a sample-probe distance o
order of 100mm.

A magnetizing field parallel to the sample plane w
provided by a long solenoid, and a field perpendicular to
sample was created by a quasi-plane 500-turn coil. The s
ning SQUID-microscope could normally operate in magne
fields of up to 70 A/m for fields directed perpendicular to t
plane of the SQUID~and the plane of the sample! and in
fields up to 104 A/m oriented parallel to the SQUID.

Information on the crystallographic structure of th
samples was obtained on thick Ni films~200 Å! without a
gold coating on a Rigaku x-ray diffractometer. Only th
~111! reflection was observed (2q544.32°); the full width
at half maximum of the peak was 1.028°. The existence o
single reflection~111! is evidence of a textured structure fo
the deposited Ni film and a strongly expressed~111!-
orientation. The lattice constant calculated from the posit
of the 2u reflection was 3.53 Å. The observed~111! film
orientation is natural, since in this case the mismatch
tween the lattice constant in the Si~100! plane~5.2 Å! and
the Ni atoms in the plane of its film~4.99 Å! is minimal. It
was not possible to check the thinner films in this man
because of the low intensity of the reflected radiation.

During the measurements, the probe of the scann
SQUID-microscope was mounted in a Dewar flask with l
uid nitrogen located inside a double permalloy shield. T
residual magnetic field can be measured by turning the pr
around a vertical axis by 360°. Its maximum was close to
mT. An alternating current of about 300mA was applied to
the calibration coil~Fig. 1!; its magnetic image could be use
for mounting the sample inside the scanning field of
scanning SQUID-microscope ~on the order of
838 mm2). The measured magnetic field over the cent
portion of the coil makes it possible to determine the d
tanceh between the sample and the SQUID, which in o
experiments was varied from 100 to 400mm and determined
the spatial resolution of the apparatus.

3. RESULTS OF THE MEASUREMENTS

The properties of Ni films with thicknesses of 8–200
coated with a layer of Au were studied. Images were
corded after the sample had been cooled in the residual m
netic field from a temperatureT'400 K to the boiling tem-
perature of liquid nitrogen. Scanning the 26-Å-thick fil

FIG. 1. Schematic illustration of the mutual positions of the SQUID~1!,
sample ~2!, and calibration loop~3! on the substrate~4! in a magnetic
SQUID-microscope.
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yielded a weak magnetic signal corresponding to an orie
tion of the magnetization vector in the plane of the film
When a magnetic field of 4000 A/m was applied parallel
the plane of the film, the signal-to-noise ratio increased
over 100 and the magnetic image became distinct~Fig. 2!.
Sharp peaks at the maximum and minimum of theBz com-
ponent of the magnetic field lay on opposite edges of the
film which is indicated by a dotted line in Fig. 2. The sym
metry of the image~the positive and negative responses a
equal in size! is a result of orienting the magnetization vect
in the plane of the film. The presence of only two peaks
the magnetic image of the entire film, whose dimensio
greatly exceed the spatial resolution of the scanning SQU
microscope, can be interpreted as evidence of a sin
domain structure.

The change in the componentBz(x,y), relative to the
phonon signalBz(0,0) recorded far from the film, was ca
culated from the change in the output voltageDVout of the
SQUID, the known feedback coefficientDVout /F0 of the
SQUID electronics~here F0 is the quantum of magnetic
flux!, and the previously measured effective areaAeff of the
SQUID.22,23

The dependence of the volume magnetization of the
Å Ni film on a parallel applied field is shown in Fig. 3. Thi
hysteresis curve was obtained by successive measurem
of the peak value ofBz as the magnitude of the applied fie
was varied from14000 to24000 A/m and back. These dat
show that the saturation magnetization of this film is 0.
MA/m, which is attained at a field strength of about 25
A/m. This value of the saturation magnetization is appro
mately a factor of 3 smaller than that of bulk Ni. The hy
teresis loop~Fig. 3! is evidence of magnetic ordering in th
sample with a phase transition temperature above 77 K.
overall shape of theM (H) curve suggests that this orderin
is ferromagnetic in character. The coercitive force is close
35 A/m and the residual magnetic moment is 0.028 MA/
When a perpendicular magnetic field with a maximu
strength of 70 A/m was applied to the 26-Å-thick Ni film, th

FIG. 2. Magnetic image of a 26-Å-thick, 0.630.6 mm Ni film in an applied
magnetic field of 4000 A/m directed parallel to theY axis.
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signal was below the noise level of the SQUID and an ima
could not be obtained.

Attempts to record images of samples with thicknes
of 15 and 8 Å inparallel and perpendicular magnetic fiel
with distances of 100mm between the SQUID and samp
showed that their magnetizations are below the sensiti
threshold of the instrument. Thus, when the thickness of
Ni films was varied from 26 to 15 Å, the magnetization fe
by more than two orders of magnitude~Fig. 4!.

As opposed to the 26-Å-thick films, the images of
films with thicknesses of 43 and 84 Å, recorded after th
were cooled in zero field, showed distinct pairs of symme
positive and negative peaks located on opposite corner
the square film samples. These images correspond
single-domain magnetic structure with an easy axis of m
netization lying in the plane of the film along a diagon
When a parallel magnetizing field on the order of 4000 A
in magnitude was applied, the magnetic moment of the fi

FIG. 3. Hysteresis loop of a 26-Å-thick Ni film in a parallel applied ma
netic field.

FIG. 4. Saturation magnetization as a function of Au/Ni/Si~100! film
thickness.
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rotated relative to the direction of the field and the pea
were shifted to the location indicated in Fig. 2a. Similar r
sults were obtained for 200-Å-thick Ni films without a go
coating.

In order to determine the way the silicon substrate infl
ences the orientation and magnitude of the magnetic mom
of the film, we have prepared and studied samples of Au/
Pt/Si~100! films with a 100-nm-thick buffer layer of Pt. The
lattice parameter of the platinum, 3.9 Å, is in between tho
of Si and Ni, which reduces the stretching of the Ni layers
the film. An image of the distribution of theBz component of
the magnetic field is shown in Fig. 5.

4. DISCUSSION OF RESULTS

We begin the discussion with the simplest case of re
tively thick Au/Ni/Si~100! films with thicknesses of 43 and
84 Å. As the measurements atT577 K show, ferromagnetic
ordering is observed in them. Here the saturation magnet
tion is close to the bulk value~Fig. 4!, in agreement with
theory.15

The observed orientation of the magnetization in t
plane of the film may be the consequence of a numbe
factors. First, with this orientation there is almost no dem
netization field in the film; second, because of the stretch
of the Ni film by the silicon substrate, the direction of ea
magnetization can lie in the plane of the film; and/or, thi
77 K lies between the magnetic phase transition point
the reorientation temperatureTR for these films.24

The domain structure of the thick films turned out to
insensitive to the applied magnetic field, regardless
whether it was directed parallel or perpendicular to the pla
of the film. ~In our experiments these fields were up to 40
and 70 A/m, respectively!.

Films with intermediate thicknesses~about 25 Å! also
manifested ferromagnetic ordering, but with a smaller sa
ration magnetization. This is most likely because the sam
temperatureT577 K was close to the phase transition tem
perature for this film thickness.

An alternative reason may be an island~cluster! structure
of the film, which becomes more probable as the thicknes

FIG. 5. Magnetic image of a 30-Å-thick Ni film deposited on a Pt buff
layer in a 4000 A/m magnetic field directed parallel to theY axis.
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reduced. Ferromagnetic ordering with a magnetization
ented in the plane of the film has been observed previo
with cluster radii below 30 Å, for example in rather th
~about 30 monolayers! Fe films.24 Thus, the reduction in the
magnetization of Ni films with thicknesses of 15–30 Å m
be a result of cluster formation.

A magnetic moment corresponding to ferromagnetic
dering was not observed in the Ni films with thicknesses o
and 15 Å at the existing sensitivity of the scanning SQUI
microscope. It may be assumed that the magnetic phase
sition point for these films lies below 77 K, although oth
mechanisms may play a role.5,25 Perhaps, at these thick
nesses the film has an island structure and is in a superp
magnetic state, as has been observed, for example, fo
films thinner than 39 Å.5 It has been conjectured5 that super-
magnetism is typical of magnetic films that form islands d
ing the growth process.

The nature of the magnetic-field distribution over t
surface of Au/Ni/Pt/Si films, especially the asymmetry b
tween the positive and negative maxima, indicates the e
tence of a component of the magnetic moment perpendic
to the plane of the film. Thus, the presence of a buffer la
greatly changed the magnetic anisotropy energy of the fi
This suggests that eliminating the stretching of the Ni mo
layers leads to an orientation of the magnetic moment o
given film sample perpendicular to its plane. Besides
change in the orientation of the magnetic moment, our
perimental data imply an extremely large reduction in
magnetic moment of the Ni atoms, which may indicate
substantial readjustment of the energy spectrum of films w
a buffer layer.

As for the characteristics of the magnetic microsco
our results show that the sensitivity of the apparatus w
sufficient to measure the hysteresis curves of films thic
than 26 Å in applied magnetic fields of magnitude64000
A/m, if the field is oriented parallel to the plane of th
sample and the plane of the SQUID. In the case of a perp
dicular magnetizing field, it was possible to make measu
ments for magnetization fields no higher than 70 A/m, sin
in high fields the critical current of the Josephson junctio
of the SQUID was suppressed. For measurements in fi
higher than 100 A/m, SQUIDs with a submicron Josephs
junctions must be used.

The spatial resolution in the magnetic image of the o
served samples and the magnetic field resolution of the m
netic microscope used here were close to 100mm and 10215

Am2/Hz1/2, respectively. Both of these parameters can
improved by reducing the distance between the SQUID
the sample.14

In conclusion, we note that the magnetic scann
SQUID-microscopy method developed here can be use
obtain an image of the spatial distribution of one of the co
i-
ly
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ponents of the magnetic field of ultrathin films of magne
materials and to determine, to a high accuracy not availa
with other devices, their local magnetizations in regio
where the acting fields are low.
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