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Magnetic properties of thin Ni films measured by a dc SQUID-based magnetic microscope
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We have applied a scanning HTS~high-temperature superconductor! dc SQUID~superconducting quantum
interference device! -based magnetic microscope to study the magnetic properties of Au/Ni/Si~100! films in the
thickness range from 8 to 200 Å atT577 K. A one-domain structure with in-plane orientation of the magnetic
moment was found for film thicknesses exceeding 26 Å. A drastic decrease of the magnetization of the film
was detected when the thickness is less than 26 Å.@S0163-1829~97!08821-8#
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Magnetism of ultrathin magnetic structures is of bo
practical and fundamental interest. Thin films with perpe
dicular magnetization can be used in magnetic recording
vices with high storage density. From the fundamental vie
point, thin films are interesting for investigating magne
ordering in two-dimensional~2D! magnets.1,2 The properties
of magnetic films depends on the film thickness. The Cu
temperatureTC , the value of the magnetizationM , the ori-
entation of the magnetic moment, etc. can depend drastic
on the thickness and structure of the film, and on the met
of film preparation. Measurements of the magnetization
thin magnetic films or even monolayers~ML ! require highly
sensitive experimental techniques due to the small quan
of magnetic atoms under investigation.

Typically one of the following three types of devices a
used for measuring the magnetic properties of thin film
surfaces, and submicron particles.

~A! Devices capable of measuring an integral magn
moment such as a vibrating sample magnetometer,3 a torsion
oscillation magnetometer,4 and a cantilever beam technique5

~B! Devices which provide high-resolution imaging
magnetic structures such as a magnetic force microsc
and magneto-optic Kerr effect device.6–8

~C! Synchrotron source photon beams techniques.
microscopic magnetism can be studied by this method9,10

and resonant photon scattering can be used in conne
with studies of the surface magnetism.10,11

A recently invented scanning superconducting quant
interference device~SQUID! microscope~SSM! ~see, for ex-
ample, Ref. 12! provides an example of a very attractiv
technique for these types of measurements. With respe
the other mentioned devices, the SSM enables the mag
zation to be determined with high sensitivity and images
be recorded of the magnetic structure with space resolu
down to a few micrometers.13 In the present work we hav
developed an experimental HTS~high-temperature supercon
ductor! dc SQUID technique capable of investigating the
cal magnetization of ultrathin films. In this paper we rep
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on the magnetic properties of ultrathin Au/Ni/Si~100! films
at 77 K as a function of the thickness of the Ni layers.

The Ni films are characterized by specific magnetic pro
erties. According to a theoretical prediction, fcc Ni exis
only in a ferromagnetic phase, while bcc Ni exhibits a tra
sition from a ferromagnetic to a nonmagnetic phase,14 when
the Wigner-Seitz radiusrWS decreases to a critical value o
about 2.60 Å. The transition from a nonmagnetic to fer
magnetic state has been predicted for epitaxial bcc Ni fi
which are subject to a 1% lattice expansion caused b
substrate.14

The magnetic moments in Ni films exhibit a strong depe
dence on the number of monolayers, the substrate, and
structure of the covering~cap! layers. For example, the mag
netic moment of bcc Ni film deposited on a Fe~001! substrate
is 0.86mB per atom for a one monolayer thick film, an
0.69mB for a two monolayer thick film.15 It has been sug-
gested that the magnetic moment decreases only in the
Ni layer of a single crystal covered by Cu layers.16 Never-
theless, a large discrepancy still exist between the exp
mental data17 and the theoretical estimates of the magne
moment in the few monolayer limit.14,15

It has been observed that the orientation of magnetiza
in epitaxial Ni films depends on the film thickness.7,18 For
thicknesses less than 7 layers the magnetization is in-pl
while the easy direction is out of plane for thicker films.
has been demonstrated that such types of systems can e
a perpendicular magnetization in a wide range of thicknes
@10–60 Å of Ni for vacuum /Ni/Cu/Si~001! and 20–135 Å of
Ni for Cu/Ni/Cu/Si~001!#.6,8 Various domain sizes have bee
observed6 in Ni/Cu/Si~001! ML capped by 20 Å of Cu. Mea-
surements have shown that a 10.2 ML film of Ni has a p
pendicular orientation of the magnetization vector.19

The values of the critical exponentb of the magnetization
M (T) ~Ref. 7! and Curie temperature depend upon the thi
ness of Ni~111! films on W~110! ~b changes from 0.13 up to
0.30 between 5 and 7 layers!.20 At a thickness near 7 layer
a crossover from 2D to 3D Heisenberg magnetic state
14 429 © 1997 The American Physical Society
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14 430 55O. V. SNIGIREVet al.
been detected in Ni film on Cu~001!.21 The Ni films on
Cu~100! and on Cu~111! exhibit a crossover from 3D
Heisenberg to finite-size 2D behavior within the thickne
range from about 7 to 12 layers.7 The Curie point of Ni/
Cu~001! monolayers varies from about 50 and up to ab
460 K when the thickness of the films changes from ab
1.5 monolayers up to 8.22 The investigations of the finite-siz
scaling behavior ofTC of the pseudomorphic Ni films
~2.5–16 layers! have shown that the dependence ofTC upon
thickness can be extrapolated toTC50 for one Ni
monolayer.21

Figure 1 shows a general arrangement of a SSM SQU
sensor, a sample film on~100! oriented 0.3 mm thick silicon
substrate, and a thin film calibration loop deposited on
same silicon substrate. The shape of our samples w
square of 6003600mm2. To map out a magnetic field dis
tribution produced by the sample, the SSM scans over
sample area with a space separation of the order of 100mm.

The thin film bicrystal HTS dc SQUID with outer dimen
sions 70370mm2 and inner hole 50350mm2 was used in
this work. The measured effective pickup area,Aeff of the
SQUID was close to 3000mm2. The dc SQUID electronics
was operated in a standard flux-locked mode; it detected
perpendicular to the SQUID plane magnetic field comp
nent, Bz , with a magnetic field sensitivity close t
100 pT/Hz1/2 at 1 Hz and 10 pT/Hz1/2 at 200 Hz. The maxi-
mum signal bandwidth was about 5 kHz. The magnetiz
field, oriented parallel to the sample plane, can be applied
the long solenoidal coil and the field, oriented perpendicu
to the sample, by the 500-turn quasiflat wire coil. The SS
can operate properly in the fields up to about 70 A/m fo
field direction perpendicular to the SQUID and the sam
plane and up to about 104 A/m for the parallel-oriented field

The samples were fabricated by the following procedu
After the preparation of a liftoff resist mask on a mon
crystalline ~100! silicone wafer, it was placed in a vacuu
deposition system Z-400 by Leybold. At a vacuum of
31026 mbar the wafer was cleaned by sputtering
1022 mbar Ar, 900 V bias, two times for 30 s with a 30
pause between. Subsequently, Ni was deposited by the
evaporation at the rate of 1 Å/s. The film thickness was c
trolled by a Inficon quartz monitor. To preserve the thin
film from oxidation a 300 Å layer of Au was depositedin
situ by dc-magnetron sputtering at a 15 Å/s rate. Finally,
resist mask was lifted off in acetone.

X-ray diffraction was performed on a thick Ni film~200
Å! without Au covering using a the Rigaku diffractomete
Only the ~111! reflection was found (2Q544.32°); the full
width at half maximum was equal to 1.028°. The fact th
only the~111! reflection was found reflects a textured stru

FIG. 1. Schematic of the experimental setup.
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ture of the deposited Ni film with a strongly preferred~111!
orientation. The lattice constant as calculated from the p
tion of the 2Q reflection was found to be 3.53 Å. The~111!
orientation of the film seems reasonable; in this case
mismatch between the lattice constant of~100! oriented Si
~5.2 Å! and Ni atoms in the film plane~4.99 Å! is minimal.
We were unable to characterize thinner films in the sa
way due to the low intensity of the reflected x ray.

For the measurement procedure the SSM probe is
mersed in a liquid nitrogen dewar surrounded by a shield
two layers ofm metal. The rotation of the SSM head aroun
the vertical axis of 360° gives the value of the horizon
component of the remnant magnetic field. Its maximu
value was of the order of 2.5mT. An ac current with an
amplitude of about 300mA is fed to the calibration loop~see
Fig. 1!; its magnetic image allows convenient positioning
the sample within the scan area of the SSM~about 8
38 mm2!. The measured magnitude of the magnetic fie
over the central part of the loop yields a value,h, of space
separation between the sample and SQUID, which was
ied in our experiments from 100 to 400mm.

We studied the magnetic properties of Ni films with thic
nesses between 8 and 200 Å. The films were covered by
The images were measured after cooling in a zero magn
field from the initial temperatureT'400 K down to liquid
nitrogen temperature. After zero-field cooling, the 26 Å fil
produced a weak magnetic image with an in-plane magn
zation. When a magnetizing field of the order of 4000 A
was applied parallel to the plane of the film a clear magne
image, shown in Fig. 2~a!, had appeared. One can see t
sharp maximum and minimum of the measuredBz compo-
nent located near the opposite edges of the sample fi
marked in Fig. 2~a! by a dashed line. The symmetry of th
image ~equal absolute values of the positive and negat
values! is caused by the magnetization of the film. The ex
tence of only two peaks in the magnetic image of the en
area can be interpreted as the signature of a monodom
structure. It is important to note that the space resolution
SSM is at least one order of magnitude better than the
sizes, and that the signal-to-noise ratio is better than a fa
of 100.

The value of the measured magnetic flux density com
nent Bz(x,y) with respect to the background sign
Bz(0,0), recorded far from the film, was obtained from t
SQUID output voltageDVout, the SQUID’s feedback con
stantDVout/F0 ~hereF0 is a flux quantum! and from the
previously measured effective areaAeff . To find the value of
the film magnetic momentmf , one can use Fig. 2~b! and the
classic formulas of magnetism. The value of the magne
field dB at the measuring point~X5u, Y5v, Z5h! pro-
duced by the elementary magnetic momentm ~a film mag-
netic moment per unit area! with coordinates~X5x, Y5y,
Z50! is

dB5
m0

4p
3

~3n•m!n2m

uRu3
, ~1!

wheren is a unit vector alongR. Assuming thatm has only
anmx[m component@in-plane magnetization of the film in
accordance with Fig. 2~a!# the total value ofBz(u,v,h) is
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Bz
tot~u,v,H !5

m0

4p
33hmE

0

aE
0

b u2x

uRu5
dx dy. ~2!

Equation ~2! leaves one parameter,m, for fitting. An ex-
ample of a calculated image is shown in Fig. 2~c!. By fitting
the calculated to the measured image one can find the a
lute value of the total magnetic moment. The sample volu
magnetization of 26 Å thick film vs applied parallel field
shown in Fig. 3. This hysteresis curve was obtained in s
cessive measurements of the maximum value ofBz when the
applied field was changed from plus 4000 A/m to min
4000 A/m and back. Our measurements indicate that
value of saturation magnetization in the film is 0.17 MA/
and reached at the field strength of about 2500 A/m. T
value of saturation magnetization is approximately th
times less than for bulk Ni.

The perpendicular field with the maximum magnitude
A/m was produced in 26 Å film signals atZ0 altitude below

FIG. 2. ~a! Magnetic image of the 0.630.6mm2 26 Å thick Ni
film in magnetizing field equal to 4000 A/m, applied parallel to ax
Y. ~b! Schematic used in calculations.~c! Example of the recon-
structed image.
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the SQUID noise level and no images were obtained un
such field orientation. The hysteresis loop~see Fig. 3! indi-
cates the presence of ferromagnetic ordering in the sam
with a Curie temperature higher than 77 K. A coercivi
magnitude close to 35 A/m and remnant magnetic momen
about 0.028 MA/m were observed.

Attempts to take images of the samples with the thickn
15 and 8 Å inparallel and perpendicular fields with abo
100mm space separation from the SQUID indicate that
value of magnetization was below the sensitivity thresho
In the thickness range 15–26 Å the value of the volu
magnetization thus decreases by more than two order
magnitudes~see Fig. 4!.

Contrary to 26 Å film, the Ni films with thicknesses 4
and 84 Å ~also coated by Au! after cooling to 77 K in the
zero field have a clearly recorded pair of the symmetric po
tive and negative peaks in images, placed in opposite cor
of the square of the film. Such images corresponds to sin
domain magnetic structures with an in-plane easy-a
When the parallel magnetizing field with a magnitude of t
order of 4000 A/m was applied, the magnetic moment of
film was rotated to the field direction and the peaks shifted
the midline position, as is shown in Fig. 2~a!. Similar results
was obtained for the 200 Å film without Au coating.

FIG. 3. Hysteresis loop of the 26 Å Ni thin film sample i
parallel applied field.

FIG. 4. Thickness dependence of the saturation magnetizatio
Au/Ni/Si~100! films.
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14 432 55O. V. SNIGIREVet al.
The hysteresis loops of films with thickness greater th
26 Å can be recorded in an applied magnetic field with m
nitude up to 4000 A/m when the field is parallel both to t
sample and SQUID plane. In the case of a perpendic
magnetizing field, SQUID’s with submicron junctions mu
be used.23 The space and magnetization resolutions of t
method at present are close to 100mm and
10215 A m2/Hz1/2, respectively. These parameters can be
proved by decreasing the space separation between
SQUID and sample.

A distinct change of magnetic behavior of the Ni laye
thinner than 10–20 Å from the bulk Ni has previously be
demonstrated in the Ni/Pt multilayers.24 An almost constant
value of the saturation magnetizationM051.78 MA/m
~equal to that for bulk Fe! of the polycrystalline Fe films for
thickness from 1000 down to 30 Å has been observed.5

The value of the coercive field in the thickness ran
30–50 Å was considerably smaller than for films that a
much thicker. Theoretical consideration25,26 shows that the
2D Heisenberg layers may have a reorientation tempera
point TR , where magnetization of the monolayer rotat
from out-of-plane to in-plane and the planar magnetic str
ture is valid above the phase transition temperatureT.TR .

Our experiments demonstrated that in one-domain Au
Si~100! films, the in-plane magnetization atT577 K in zero
field appears only for thicknesses greater than 26 Å~first
experimental point 43 Å!. This behavior may be a result o
the films being expanded by the Si substrate and co
quently have an in-plane easy direction, and/or becaus
the temperatureT577 K the films are in a temperature rang
between the Curie point and a reorientation tempera
where in-plane magnetization is permissible.

The values of the saturation magnetization in the 43
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84 Å films are close to the bulk value~see Fig. 4!, which is
in accordance with theoretical predictions.14 The decreased
magnetization value observed for the 26 Å film is most like
caused byT577 K being close to the Curie point for thi
film thickness. Superparamagnetic behavior for Fe films a
thickness below 30 Å has been detected,5 and it was sug-
gested that this is a typical magnetic property for film whi
had formed islands during growth.

The transition to in-plane ferromagnetic behavior of t
magnetic structure at an average island radiusa.30 Å ~at
about 13 ML of Fe! has been observed.27 For the Fe clusters
with a radius of 44 Å the local order parameter has a nonz
value up to 580 K.27 Thus a change of magnetic behavior
our Ni film in the thickness range 15–26 Å may also be d
to cluster formation. The domain pattern of our thick film
had a small sensitivity to the field, whether applied para
or perpendicular to the film plane~in our experiments up to
4000 and 70 A/m, respectively!.

No magnetic moment was detected for the 8 and 15 Å
films with current level of sensitivity. Most likely their Curie
point is below 77 K, although the mechanisms discussed
Ref. 28 may also play a role. In conclusion, the develop
SQUID method is able to take images of magnetic structu
of Ni films to determine the magnetization of ultrathin ma
netic films, which allows us to determine quantitatively t
local magnetization magnitude.
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