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We have prepared ferromagnetic (Fe) and superconducting (Nb) multilayered films, whose structural
properties depend on the choice of substrate. The magnetic properties were investigated by use of mag-
netization and hyperfine field measurements. The multilayered films with Fe layers thinner than 3.0 do
not exhibit spontaneous ferromagnetic ordering. Their superconducting behavior changes from two di-
mensional to three dimensional as the Fe-layer thickness decreases. The critical thicknesses at which the
superconductive dimensionality changes and at which the ferromagnetism disappears do not coincide.
Some samples with monatomic Fe layers showed an anomalous anisotropy in the upper critical field

(H.,).

I. INTRODUCTION

It is well known that ferromagnetic ordering and su-
perconducting electron Cooper pairing cannot coexist
within the framework of BCS theory. Studies of certain
rare-earth element compounds, however, indicated that
such coexistence was possible.1 In these cases, 4f elec-
trons which contribute to the magnetic moment are local-
ized; consequently the interaction between superconduc-
tivity and ferromagnetism is considered to be fairly weak.
On the other hand, 3d electrons which govern the mag-
netic properties of transition-metal ferromagnetic ele-
ments will interact strongly with the superconductivity.
We expect to gain fruitful information on both magne-
tism and superconductivity by studying this interaction.
This appears to be a difficult task for bulk materials, be-
cause the presence of a small amount of 3d ferromagnetic
impurities suffices to destroy superconductivity. The
multilayering technique considered is a promising tech-
nique for this study, because it separates two materials
chemically and can, therefore, make conditions favorable
for such interactions. Furthermore, this technique makes
it possible to control the magnetic behavior to a certain
extent by varying the magnetic-layer thickness.

There have been some noteworthy reports relating to
the aforementioned subject. Fe/Pb multilayers have been
prepared and both tunneling and resistance measure-
ments were performed in situ.” The results indicated that
only one or two atomic Fe layers could destroy the inter-
layer superconductive coherence. In a study of the V/Fe
system,3 on the contrary, both a 2D-3D crossover and a
ferromagnetism have been observed on the same sample.
It implies the coexistence of both superconducting and
ferromagnetic electrons in the Fe layers. A somewhat
different result has been reported in a study of the Ni/V
system.* The superconducting behavior strongly depends
on the magnetic properties of Ni layers. Ni layers thicker
than 1.0 nm are found to be ferromagnetic and decouple
the interlayer superconductive coherence. Conversely,
thinner Ni layers for which ferromagnetism disappeared
could not break the coherence strongly enough and there-
fore showed an anomalous behavior in upper critical
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fields (H,,). The anisotropy of the upper critical fields
which are directed parallel [H , (7)] and perpendicular
[H.,,(T)] to the film plane is reversed near the supercon-
ducting transition temperature (7). It reverted to nor-
mal behavior in the low-temperature region far from T,.
This behavior has been explained semiquantitatively by
considering the anisotropic paramagnetic susceptibility
as a pair-breaking factor.® These three studies showed
three different results; however, detailed information on
magnetic properties is still lacking.

In this work, we present not only superconducting
properties but also detailed magnetic properties of the
Fe/Nb system. Since the 7, of multilayers is usually
lower than that of bulk due to the proximity effect, the
use of the highest-T, element (Nb with T.=9.3 K) is
desirable. Iron was chosen as a ferromagnetic
transition-metal element, because fruitful information on
the hyperfine field could be extracted by use of
Mossbauer spectroscopy.

II. SAMPLE PREPARATION

The samples were prepared by use of an ultrahigh-
vacuum (UHV) deposition method. Refractory metals
such as Nb, Ta, and W are generally deposited by a
sputtering method. In most popular way to produce mul-
tilayered samples by sputtering, the substrate is rotated
above two sputtering guns.® This is an effective method
for samples composed of alternate layers with nearly the
same thickness. In this work, however, our interest lies
instead in samples composed of extremely thin ferromag-
netic layers and thick superconducting layers. Since
thickness ratio is very large, the UHV deposition method
is preferable. The deposition chamber was first evacuated
to lower than 1X 107 '° Torr with use of a turbomolecu-
lar pump (330 1/s) and a cryopump (10000 1/s). Each
99.9% purity iron and 99.95% purity niobium ingot used
as a source material was heated by each electron beam
gun (10 kV acceleration) and evaporated. Both deposi-
tion thickness and deposition rate were monitored in situ
by a quartz-crystal oscillating thickness monitor
(QCOTM). Since Nb has a high melting temperature, it
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emitted much thermal radiation during deposition, which
caused serious inaccuracies for the temperature-sensitive
QCOTM. To reduce effects of this thermal radiation, we
put the sensor at the substrate far from the source,
wrapped it in aluminum foil, and opened a hole to allow
the evaporant flux to hit the sensor. Thus, the thickness
control of Nb layers was substantially improved. The
electron-beam currents of the deposition sources were au-
tomatically controlled by the QCOTM and the deposition
rates were well regulated. Each pneumatic shutter above
the deposition source was opened and closed by a signal
from the QCOTM. The multilayering deposition se-
quence was automatically executed in this way. The
UHV was maintained around 1X10~° Torr during the
deposition. The substrate was rotated at about 10 rpm to
minimize the thickness distribution of the deposited films.
The substrate temperature (7;) dependence was examined
at 400 and 200°C. There were no significant differences
among the x-ray diffraction (XRD), magnetic, and super-
conducting measurements. Unless otherwise noted, the
T, used below is assumed to be 400°C. Cleaved single-
crystal MgO(100) plates, glass plates, and thin polyimide
films (7.5 pum) were used as substrates. The substrate
dependence is discussed in Sec. III. A niobium layer was
deposited on top to protect the Fe layers from oxidation.
The covering Nb layer might show a surface supercon-
ductivity, giving us erroneous information. To check the
possible occurrence of this surface effect, some samples
with a thin covering Nb layer (3.0 nm) were examined.
The samples with Nb layers thinner than 10.0 nm and Fe
layers thicker than 1.0 nm did not become superconduct-
ing above 1.7 K. Thus the 3.0-nm Nb layer in contact
with a thick Fe layer should be nonsuperconducting. If
the surface effect affects the superconducting properties,
some top-Nb-layer-thickness dependence should be ob-
served. The measurements of 7, and H,., showed no
meaningful difference between them. Therefore, we con-
clude that the surface effect is negligible in this work.

III. STRUCTURAL PROPERTIES

The structural properties were investigated by an x-
ray-diffraction (XRD) method. Both low- and high-angle
XRD were measured using Cu Ka radiation and a con-
ventional 6-26 powder diffractometer. The samples com-
posed of a few atomic Fe layers and thick Nb layers de-
posited on MgO substrates show bcc Nb(100) preferred
orientation patterns in Fig. 1. The epitaxial growth of
Nb(100)/MgO(100), Nb[011]/MgO[010] has been report-
ed in spite of the large lattice mismatch (11%).” Though
there is no information about the in-plane structure in
our case, the following experimental results suggest some
epitaxial growth: the small full width at half maximum
(FWHM) of the Nb(200) main peaks [(a) 0.3 and (b) 0.47]
and a good coherence of the superstructure described
below. Since the rocking curves of the main peaks
broaden significantly, the crystal structure is not an ideal
single crystal. Higher-order satellite peaks observed
around Nb(200) [indicated by arrows in Figs. 1(a) and
1(b)] imply a good coherence in atomic-plane stacking
with a well-regulated superstructure.
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FIG. 1. High-angle x-ray diffraction of (a) [Fe(0.4

nm)/Nb(10.0 nm)], and (b) [Fe(0.2 nm)/Nb(5.0 nm)], multilay-
ered films. Both films were deposited on single-crystal
MgO(100) substrates. The substrate temperature was 200°C.
Satellite peaks around Nb(200) reflections are indicated by ar-
TOWS.

A high-y-ray-transmittance and small-susceptibility
substrate is necessary for Mossbauer and magnetization
measurements. A very thin (7.5 pum) polyimide film
(UPILEX; produced by UBE-KOHSAN) satisfies these
requirements. The UPILEX is also heat-stable up to
500°C and mechanically tough. However, because it is
not a single crystal, no epitaxial growth was expected.
The prepared samples on this substrate were polycrystal-
line as shown in Fig. 2. Satellite peaks are generally not
observed for polycrystalline multilayers; hence low-angle
XRD measurements were performed to confirm the su-
perstructure. Since sample misalignment is a serious
problem in low-angle XRD work, such a flexible thin film
is difficult to measure. A glass substrate is also noncrys-
talline and the film growth on it was expected to be simi-
lar to that on the UPILEX substrate. Clear superstruc-
ture reflections from first to third order are shown in Fig.
3. Thus, we are able to create well-regulated artificial su-
perstructures on the noncrystalline substrates. Fine
structures observed between the reflections are subsidiary
maxima of the Laue function derived from a finite-size
effect. The number of peaks between two reflections is
equal to the number of bilayers. It means a good coher-
ence of the superstructure throughout the whole sample.
Most samples discussed in the following sections have
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FIG. 2. High-angle x-ray diffraction of three multilayered
films composed of different thickness Fe layers. These films
were deposited on polyimide film (UPILEX) substrates.

large superstructure periodicities and the diffraction an-
gles are too small to measure. It is generally believed
that the preparation of multilayers with a large super-
structure periodicity is easier than those with a smaller
one. Therefore, we may conclude that results for samples
with a small superstructure periodicity, such as those
shown in Fig. 3, guarantee the successful formation of a
larger superstructure periodicity.

IV. MAGNETIC PROPERTIES

The magnetic properties of samples on UPILEX sub-
strate were investigated using the Mossbauer effect and
SQUID susceptometry. The three magnetization curves
in Fig. 4 were measured at 10 K. The samples are com-
posed of thin Fe layers with different thicknesses and
thick Nb layers. Figure 4(a) is considered to be a typical
ferromagnetic magnetization curve. The magnetization
saturates in a small field and a large remanent magnetiza-
tion is observed. The 10.0-nm Fe layers are bcc Fe as
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FIG. 3. A typical low-angle x-ray diffraction of a [Fe(1.0
nm)/Nb(3.5 nm)],, multilayered film.
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FIG. 4. Magnetization curves measured by SQUID. The
measuring temperature was 10 K and the applied field was
parallel to the film plane. The magnetization is normalized by
the Fe-layer thickness.

shown in Fig. 2(a). These results are consistent with the
Mossbauer spectrum in Fig. 5(a). A sharp splitting sex-
tet absorption peak is seen in the spectrum at room tem-
perature (RT). The hyperfine field calculated from the
splitting is 330 kOe, which is nearly equal to the bulk Fe
value. This means that long-range ferromagnetic order-
ing exists in the Fe layers and the magnetic moment has
nearly the same magnitude as that of bulk Fe. No XRD
reflection from the 3.0-nm Fe layers was observed as
shown in Fig. 2(b). Both a paramagnetic (single peak)
and a ferromagnetic (sextet bcc Fe) components exist in
the Mossbauer spectrum of Fig. 5(b). The integrated in-
tensity ratio is approximately 40:60 and the ferromagnet-
ic component is still dominant. 3.0 nm seems to be a crit-
ical thickness at which Fe layers change from ferromag-
netic to paramagnetic.

There is no significant structural difference between
3.0-nm [Fig. 2(b)] and 1.0-nm Fe [Fig. 2(c)] layers as
judged from XRD measurements, while the difference in
the magnetic properties is obvious. Only a paramagnetic
single peak appears in the Mdssbauer spectrum of Fig.
5(c) even at liquid-helium temperature (4.2 K). In the
magnetization curve [Fig. 4(b)], the remanent magnetiza-
tion seems to disappear. These results suggest
paramagnetism in the 1.0-nm Fe layers. However, the
curve in Fig. 4(b) shows saturation tendency in magneti-
zation with a fairly small applied field. Moreover, the
saturation magnetization is too large (about 20% of bulk
Fe as shown in Fig. 4). This behavior can be explained by
superparamagnetism, which usually appears in magneti-
cally isolated particles but which is not expected to occur
in these multilayered samples. Instead, we consider the
following magnetic features of the 1.0-nm Fe layers.
Small two-dimensional magnetic clusters of Fe atoms
coupled with short-range ordering interact weakly with
one another. The interaction is not strong enough to re-
tain ferromagnetic long-range ordering against thermal
fluctuation in zero field. The clusters become magnetical-
ly coupled with a small applied field. A similar fluctuat-
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FIG. 5. Mgdssbauer absorption spectra. Spectra were mea-
sured at room temperature [(a) and (b)] and at liquid-helium
temperature [(c) and (d)]. The Doppler shift velocity was cali-
brated using pure a-Fe.

ing magnetism has been reported in Fe/Mg multilayers.?

When the thickness of the magnetic layers decreases to
a few atomic layers, magnetic ordering will become weak
enough to be comparable to superconducting coherence.
The Mossbauer spectrum [Fig. 5(d)] for the sample with
monatomic Fe layers exhibits the same feature as Fig.
5(c). No hyperfine-field splitting implies no spontaneous
magnetization, even at 4.2 K. The magnetization curve is
somewhat different from that for the sample with 1.0-nm
Fe layers. Curve (c) in Fig. 4 looks linear with no
remanent magnetization. The temperature dependence
of the susceptibility is Curie-like as shown in Fig. 6.
These results indicate that the monatomic Fe layers are
paramagnetic. It is not known whether the paramagne-
tism arises from alloying at the interfaces or from the two
dimensionality. On the other hand, it is known that
monatomic ferromagnetic layers sometimes show perpen-
dicular anisotropy.8 In this case, however, such anisotro-
py was not observed as displayed in Fig. 7. An easy axis
is in the film plane due to the shape anisotropy.

V. SUPERCONDUCTING PROPERTIES

The electrical resistances have been measured by use of
a conventional four-terminal method. Since the measure-
ment current densities were less than 2 A/cm?, the self-
heating effect was negligible and a superconducting tran-
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FIG. 6. Temperature dependence of the magnetization of an
Fe(0.2 nm)/Nb(10.0 nm) multilayered film. A 10 kOe magnetic
field was applied parallel to the film plane.

sition did not depend on the measurement current. Po-
lyimide substrate samples were measured to compare the
magnetic properties described above. The samples were
cut into about 3 X7 mm? rectangles. Four copper leads
were connected with silver paste. Some MgO substrate
samples were also measured to check the substrate depen-
dence. There was no significant difference between them
in superconducting transition temperatures (T,). The su-
perconducting magnet equipped with a 7-T split coil was
employed to measure the upper critical fields (H_,). The
H,, was defined as the applied field at a midpoint of the
residual normal resistance. The applied field was swept
at a constant temperature. The carbon glass resistance
thermometer (Model CGR-1000, LakeShore Electronics)
was used to measure the temperature under the field, be-
cause the resistance show little change under the applied
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FIG. 7. Magnetization curves of a Fe(0.2 nm)/Nb(10.0 nm)
multilayered film. Applied fields were parallel [H (]|)] and per-
pendicular [H (1)] to the film plane. The temperature measure-
ment was 10 K.
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field. The applied field was calculated from the coil
current. The sample holder was wrapped with aluminum
foil and put into the He exchange gas to reduce the tem-
perature gradient. The measurement temperature was
controlled by the heater mounted at the copper sample
holder. A computer-controlled feedback system regulat-
ed the temperature deviation within 0.03 K during the
measurement. The temperature ranged from 3.0 to 8.5
K. Both critical fields of parallel [H,(7)] and perpen-
dicular [H,,,(T)] to the film plane were measured.

The temperature dependence of the upper critical fields
for four samples is displayed in Figs. 8 and 9. Figures
8(a) and 8(b) are results for the samples with ferromagnet-
ic Fe layers. For these samples, H,(T) is clearly larger
than H_, (T) throughout the temperature measurement
range. The large anisotropy in the upper critical fields in-
dicates the two-dimensional superconductivity. The
large anisotropy was still observed for the sample with
1.0-nm Fe layers as shown in Fig. 9(a), although the Fe
layers no longer exhibited spontaneous ferromagnetic or-
dering. When the Fe-layer thickness decreased further to
the monatomic layer, the H , anisotropy displayed in Fig.
9(b) does not seem to be two dimensional. To clarify the
dimensionality, we considered the characteristic features
of the H.,(T). The temperature dependence of the upper
critical fields may be expressed as follows:’

b0 1 1
H,(T)=————= , (1)
D=5 £(T) £/(T)
. |
H,(T)= o §|2§(T) , (2)

where £,(7) and §,(T) are the temperature-dependent
coherence lengths, and ¢, is the flux quantum. In the
case of three-dimensional superconductivity, the
&,(T)~§,(T) are proportional to (1=~ V2 (¢=T/T,.
Therefore, the relation between H_,(T) and reduced tem-
perature ¢ is written as

H(T)<(1=1), Hy(T)=(1—1). (3)

~ (a)Fe(10.0nm)/Nb(28.0nm) (b)Fe(3.0nm)/Nb(28.0nm)

Heay

Hcz (kOe)
Hcy (kOe)

Heay

t=T/Te t=T/Te

FIG. 8. Upper critical fields for the ferromagnetic samples as
a function of the reduced temperature ¢t (=T /T,). Applied
fields were parallel H,,; and perpendicular H,, to the film
plane.
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FIG. 9. Upper critical fields for the nonmagnetic samples as
a function of the reduced temperature ¢t (=7 /T,). Applied
fields were parallel H . and perpendicular H,, to the film
plane.

That is, both H,(T) and H,,(T) are proportional to
(1—1), while the £,(T) is constant in the case of two-
dimensional superconductivity. The constant value is
considered to be an extent of superstructure period A in
this study. Therefore, the temperature dependence of the
H_, is expressed as

[Ho(DP<(1—=1), H,(T)«(1—1). 4)

The [chu(T)]z is proportional to (1—¢). The squares of
measured parallel upper critical fields, [chu(T)]Z are
plotted as a function of (1—1) in Fig. 10 to examine the
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FIG. 10. Square of H.; vs the reduced temperature ¢

(=T/T.).
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dimensionality. The data of (a), (b), and (c) give a linear
relationship except near T,. The superconductivity is
therefore two dimensional. On the other hand, data (d)
show a parabolic behavior. It is therefore three dimen-
sional, rather than two dimensional. The deviation of
data (a)—(c) from the straight line near T, is not under-
stood. It is thought that &,(T) might penetrate into Fe
layers to a certain extent.

Attention should be given to the anisotropy in Fig.
9(b). These H,, curves cross around T/7,=0.75. A
similar crossover has been reported for the Ni/V system.*
In the Ni/V case, the H, (T) is larger than H,(T) near
T, and the anisotropy is reversed at low temperature.
One probable explanation proposed goes as follows:’
&(T) is large enough near T, and penetrates into the Ni
layers. As a result, H,(T) is strongly depressed by mag-
netic scattering in the Ni layers. &,(T) is confined within
the V layers at low temperature. Since H,,(T) is nearly
unaffected by the presence of Ni layers at this tempera-
ture, it exceeds H,.,,(T). In our experiment, however,
H,(T) is larger near T, and H,, (T) exceeds it at low
temperature. The anisotropy is reversed. Though this
behavior is not fully understood, there is a possible ex-
planation of the phenomenon. At first, we may neglect
the surface effect as described in Sec. II. The monatomic
Fe layers multilayering with thick Nb layers (10.0-15.0
nm) are paramagnetic as described in the previous sec-
tion. Since the magnetic scattering effect is not strong
enough to decouple the superconducting coherence, the
behavior of H,,(T) is three dimensional throughout the
temperature measurement range. In spite of the three
dimensionality, the small anisotropy of H_,(T) may exist.
Because the coherence length &,(7), which depends on
several material constants such as the density of states,
diffusion constant, and conductivity,® is generally aniso-
tropic in layered samples, the interface pinning effect of
the vortexes also might contribute the anisotropy. Con-
sequently, it is not unreasonable that H,,(T) exceeds
H_, (T) near T,. Since H_,(T) increases with decreasing
temperature, the induced magnetization under the ap-
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plied critical field turns out to be large. The three-
dimensional superconducting coherence is still main-
tained. The induced magnetization depresses the H ., (T)
and the anisotropy reverts itself at low temperature. A
similar result is obtained for another sample with Fe(0.2
nm)/Nb(10.0 nm). Samples composed of two atomic Fe
layers or thin Nb layers (5.0 nm) did not show such
unusual anisotropy. The behavior is considered to be
very sensitive to the balance between ferromagnetism and
superconductivity. These features, however, are not
known in detail.

VI. SUMMARY

Multilayered films composed of a superconducting ele-
ment (Nb) and a 3d ferromagnetic element (Fe) were
prepared by an MBE method. Epitaxial growth is found
to be possible on MgO single-crystal substrates. Well-
regulated artificial superstructures are constructed on
both single-crystal and noncrystalline substrates. For
Fe-layer thickness less than 3.0 nm, the typical fer-
romagnetism disappeared. The samples composed of Fe
layers thicker than 1.0 nm showed two-dimensional
H_,(T) anisotropy. Fe layers are thought to destroy the
superconducting interlayer coherence. When the thick-
ness of Fe layers decreases to a monatomic layer, H ,(T)
exhibits three-dimensional behavior. The ferromagnetic
ordering in the Fe layers does not determine the super-
conducting dimensionality of the multilayered films. This
conclusion is different from that obtained for the Ni/V
system.* Some samples consist of monatomic Fe layers
and showed unusual H, 1, anisotropy. The behavior is
considered to be related to the paramagnetic properties of
the monatomic Fe layers.
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