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The magnetization of body-centered-cubic iron was measured by means of polarized neutron reflection
on a set of films of different thickness (4, 6, 8, and 16 A). The films were epitaxially deposited onto pol-
ished (100) MgO substrates and covered by protective layers of gold. The results show that at 40 K all
films are ferromagnetic, with an average magnetic moment per iron equal to 2.2+0.2u, regardless of
film thickness. However, the thinnest films exhibit a Curie temperature lower than that of the bulk and a
magnetization axis tilted out of the film surface. These results are discussed in the light of the detailed
morphology of the films, and compared with the theoretical predictions.

INTRODUCTION

One of the major themes of the research on magnetism
during the last decades has been the understanding of the
effect of reduced dimensionality at the surface of solids or
in very thin layers. Early theoretical studies' already
showed that at the surface of metals the magnetic mo-
ments per atom are intermediate between the value in the
solid and those (usually higher) of the free atoms. On the
other hand, two-dimensional layers could not even order
magnetically? if the magnetic interaction was not
sufficiently anisotropic. In more recent years, numerous
a priori calculations have shown that monolayers of 3d
transition metals remain ferromagnetic when free stand-
ing or deposited on various substrates.’~’ However, the
magnetic moment is predicted to undergo a profound al-
teration when the thickness of the film approaches mono-
layer limit. For example, Li and Freeman have recently
calculated the equilibrium properties of a free-standing
iron monolayer, and found that the Fe moment (3.1ug)
is remarkably enhanced® compared to the bulk value
(2.2n5). Similar enhancement (3.07up) was obtained in
calculations in which a monolayer of iron was set on a
substrate of gold or of magnesium oxide.>!° The virtual
identity of the results with the free monolayer has been
attributed to the fact that no electronic transfer occurs
with the substrates, that also crystallizes with cell spac-
ings not very different from those of iron. For thicker
iron layers, the magnetic moments at the surface remain
enhanced, while the atoms embedded in the layer have
moments close to the bulk. In short, a system like
Fe/MgO should resemble rather well an ideal two-
dimensional system, and at the same time adequate sam-
ples can be prepared for experimental work.

Numerous experimental studies have been done recent-
ly on ultrathin films of iron. These have been epitaxially
deposited on single-crystal substrates of Cu,!’!2 Ag, 13713
Au,'® Pd,' W,'® and MgO (Ref. 19) and studied by spin-
polarized photoemission, Kerr effect, conversion elec-
trons, Mdssbauer spectroscopy, and spin-polarized low-
energy electron diffraction (LEED). These studies have
demonstrated the presence of ferromagnetic ordering and
perpendicular surface anisotropy in monolayer thick iron
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films. However, the determination of the absolute mag-
netic moment per atom of an ultrathin film is still a
tremendous challenge for experimentalists.

One of the most promising techniques is polarized neu-
tron reflection (PNR). Experiments were proposed? and
later successfully implemented to determine the magnetic
moments in Fe and Co films?! as thin as 10 A. Being an
optical technique, PNR is much more selective in viewing
magnetization than SQUID magnetometry. To start
with, the location of the magnetic signal in the sample is
identified, and thus the magnetic response of the sub-
strate and overlayer does not need to be subtracted. In
the same breath, the optical signal assures that iron has
been laid down largely as a film, and not (for instance) as
an assembly of droplets having equivalent thickness. In
this paper we present results of a series of PNR studies
on a set of bee iron on MgO (100).

SAMPLE PREPARATION

All samples were prepared in 107~ !! Torr ultrahigh vac-
uum and characterized by low-energy electron diffraction
and Auger spectroscopy. Epitaxially polished MgO (100)
single crystals were used as substrates. MgO exhibited a
p(1X1) LEED pattern characteristic of the bulk ter-
minated structure even before any cleaning treatment in
vacuum. Carbon and/or CO impurities on the surface, as
detected by monolayer level carbon Auger signals, were
removed by 500-eV Ar* sputtering for 5 min at a grazing
angle of about 30°. The Fe films were grown at room
temperature from a resistive evaporator about 3 in. away
from the substrate with the Fe beam normal to the sub-
strate surface. LEED observations confirmed that Fe
grows epitaxially on MgO (100). Under such conditions,
it has been reported in literature®? that Fe films less than
10 A thick have a body-centered-tetragonal structure,
and a body-centered-cubic structure develops with in-
creasing thickness.

Separate measurements of the Auger intensity versus
deposition time were carried out beforehand to study the
growth mode of Fe on MgO (100). As shown in Fig. 1,
the data fit quite well to exponential growth and decay
curves without distinct break points, an indication of a
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FIG. 1. Auger intensity vs deposition-time measurements for
iron grown on Ru (0001) (cross) and on MgO (100) (solid circles)
at room temperature. The two sets of iron data are normalized
to that of Ru and oxygen, respectively. Fe signals are multi-
plied by 4 (for Fe/MgO) and by 2 (for Fe/Ru), respectively.
The arrows indicate the completion of the first and second
monolayers of Fe on Ru.

simultaneous-multilayer growth mode.?? In this mode,
film grows with a series of terraces of different heights
and multilayers are built up simultaneously with the
growth of the first layer. Similar observations were re-
ported by Urano and Kanji,’® but were interpreted as
layer-by-layer growth.

To calibrate the evaporation rate, the Auger measure-
ments were repeated for Fe/Ru (0001), which is known to
have a layer-by-layer growth.2#?> Repeated Auger mea-
surements confirmed that the evaporation rate remained
constant within 5% during the time period of the experi-
ments. The deposition time needed to complete one
monolayer of Fe on Ru (0001) was then used to determine
the thickness of Fe/MgO (100). Both oxygen and
ruthenium Auger signals are presented in Fig. 1. The
two signals appear different because the Auger electrons
emitted by ruthenium (E =231 eV) are considerably less
energetic than those emitted by oxygen (E =503 eV).
Once scaled for the different penetration depths, the two
signals approach each other indicating that even for
Fe/MgO the growth is not too different from the layer-
by-layer mode.

Four 0.04X1X1 in. MgO (100) were mounted on four
separate sample holders which were attached to a com-
mon manipulator so that each MgO (100) could be rotat-
ed for individual Ar* sputtering, Fe depositing, and Au
coating. Four samples with average Fe layer thicknesses
of about 4, 6, 8, and 16 A were sequentially made. For
simplicity, we will refer to each sample by its nominal
thickness. A better than 90% uniformity was confirmed
by measuring Auger signals at different positions along
the samples. An estimated 200 A Au film was added on
each Fe/MgO (100) from a resistive evaporator at a graz-
ing angle of about 45°. The average Au thickness was ob-
tained from a quartz crystal thickness monitor facing the
Au evaporator. A wedge-shaped Au layer was expected
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FIG. 2. Rotation of the polarization vector of light reflected
by iron films of different thickness, deposited on MgQO (100).
The surface magneto-optical Kerr-effect measurements were
done at room temperature, with a cycling magnetic field applied
parallel to the surface.

based on geometry consideration.

The magnetic order of the samples was first examined
in situ by surface magneto-optical Kerr effect (SMOKE).
Figure 2 gives a synopsis of the measurements carried out
at room temperature with the magnetic field applied in
the plane of the film. By cycling the magnetic field, it is
found that the Kerr response has hysterical behavior for
the thicker films. The hysteresis loops show large
remanence indicating ferromagnetlc orderlng at room
temperature for the 16- and 8-Athick iron films. As film
thickness diminishes, the size of the hysteresis loop also
diminishes as shown in Figs. 2(a) and 2(b). For dg, <8 A,
the zero remanence indicates that the film is no longer
ferromagnetic. The 6-A-thick Fe film shows a magnetiza-
tion which does not saturate even at i kOe, and no Kerr
signal was found for the 4-A-thick film.

EXPERIMENT

The neutron measurement were carried out at the
reflectometer POSY at the Intense Pulsed Neutron
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Source at Argonne National Laboratory. This polarized
neutron reflectometer has been already described in the
literature,® and only a few notions will be recalled here.
A well-collimated beam of pulsed neutrons exiting from a
liquid-hydrogen moderator is polarized after reflection
from a magnetized Co/Ti supermirror. Neutrons of all
wavelengths, in the range 2.3-14.0 A, are impinging on
the flat sample surface; and after being reflected by it, are
detected by a position-sensitive detector. The neutron
wavelength A is sorted out by the time of flight from the
source to the detector, which amounts to a few mil-
liseconds. The angle between the incident beam and the
sample surface, 0, is typically of the order of 1°. The
reflected neutrons arrive at the detector in a well-
collimated beam at an angle of 20 with the primary beam.
Other channels of the position-sensitive detector measure
the neutrons scattered by lateral dishomogeneities of the
sample, such as roughness at the surface or at interfaces.
The reflected intensity is normalized to the neutron flux
and expressed in terms of the momentum transfer,
q =4msin@/A. With dg=0.0004 A1, the instrument is
practically a very high-resolution diffractometer.

The samples were mounted on the cold finger of a He
displex refrigerator, which, in turn, was positioned be-
tween the poles of an electromagnet. This provided a
magnetic field transverse to the beam and parallel to the
sample’s surface. The neutrons were polarized parallel or
antiparallel to the magnetic field of the electromagnet.
The polarization efficiency was 96%. The neutron spin
was turned antlparallel to the magnetic field by activating
a spin flipper®® which was 98% efficient. The neutron po-
larization was switched at every neutron pulse, every % S
to minimize systematic errors in the collection of parallel
(+) and antiparallel ( —) reflectivities.

It is worthwhile to recall a few basic notions of neutron
optics. The optical potential seen by neutrons in each
layer is spin dependent. For + spin neutrons,
V' =(27#/m ) bN +cB), where b is the average nuclear
scattering amplitude and N is the average atomic density.
B is the magnetic induction in the layer, generated by an
assembly of aligned atomlc magnetlc moments .
c=2.3X1071° A720e~!. For -spin neutrons,
V—=02w#*/m)(bN —cB ). In neutron reflectivity, in
contrast with the reflectivity of electromagnetic waves in
the visible region, the potential (or at least its nuclear
component) is easily obtained from the composition and
density of the material. The independence of the poten-
tial from the wavelength means that the reflectivity is
solely a function of ¢ =4+ sinf/A, and can be obtained
equivalently by varying the angle of incidence or the neu-
tron wavelength.

The thickness dependence of the optical potential of a
medium can always be approximated by a histogram,
consisting of succession of layers of constant potential
and appropriate thickness. The component of the neu-

tron momentum perpendicular to the surface,
ko =2 sin@ /A, becomes, in the ith layer:
kr=v"k2—4m(b;N,xcB;) ()

and the corresponding neutron wave function, obeying

the Schrodiner equation:

W, = A4, explik;z)+ A, exp(—ik;z) . (2)

The amplitudes 4, and A4, are determined by imposing
the conservation of matter and flux at each interface. At
the surface 4,=1 and A4,=r, the reflectance, from
which to derive the observable reflectivity R =|r2|. For a
general layered profile, recurrent relations?”2® permit the
exact calculation of the reflectivity.

To illustrate the effect on the reflectivity of a thin layer
of iron we will use a simplified model system and approxi-
mate expressions. Suppose that the substrate has a
scattering length density b;N;. A thin layer of iron
(thickness d,), with scattering length density (b,=2cB)N,,
is set on the top of it. Then it is covered by an overlayer
of thickness d;| of the same scattering density as the sub-
strate. The exact expression of the reflectivity is still
cumbersome; to simplify it we impose the following con-
straints. Since d, is small, we assume that k,d, << 1. We
also assume that the reflectances at all interfaces are
small compared to unity (rg,r;; <<1) with the same
hierarchy. With these approximations, the expression we
derive is valid only in a region where k, is nor too large,
nor too close to the critical value. After some manipula-
tions, the approximate reflectivity takes the form

[(b,N,cB)—b,N,]

RE*=R,|[1—4k,d
0 02 blNl

sin(2d k)

(3)

where Ro=[(kq—k)/(ko+k{)]? is the reflectivity for
an infinite slab of scattering amplitude density b;N;. To
put explicitly the magnetic terms, we consider the polar-
ization

sin{2d k)
=~8kycBd, —bl‘l*v‘l*‘— . (4

_R*—R™
RT+R™

Equations (3) and (4) have an interesting form. In the first
instance, if Fe was not coated (d,=0) its contribution to
the reflectivity would appear only in the (omitted)
higher-order terms. In other words, the gold coating ac-
tually enhances the magnetic signal by introducing an os-
cillating term of amplitude proportional to linear magnet-
ic flux, i.e., the product of the internal field and iron
thickness (Bdg.). To the extent that kp.dg. <<1, the ex-
periment is insensitive to the variation of B within the
layer, or for that matter to the thickness of the layer it-
self. However, the average magnetic moment per Fe can
always be determined with high accuracy. This is be-
cause the scattering amplitude density of iron in Eq. (3)
can be written as (bg,tc’Up)Ng.. ¢ =0.02695X1071?
cm/pp. Even without detailed knowledge of the number
of iron atoms in the layer or their density, the simultane-
ous fitting of R ,R ~ strongly constrains the ratio be-
tween the atomic moment and the well-known neutron
scattering length of iron.
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RESULTS

Figures 3 and 4 show data obtained for the 16-A-thick
sample at room temperature. Figure 3 depicts the spin-
dependent reflectivity at saturation (in a magnetic field of
200 Oe) as a function of the neutron momentum transfer
q. Solid dots and open circles represent, respectively, the
reflectivities of neutrons with spin parallel (+) and anti-
parallel (—) to the applied magnetic field—and to the
magnetization. For small values of g, the reflectivity is
total. At the right of this region, the oscillations seen in
both curves are due to the interference between waves
reflected from the gold surface and the Au/Fe interface.
For clarity the experimental error bars were omitted.
They are instead indicated in Fig. 4 which shows the po-
larization P=(R ¥ —R ~)/(R*-+R 7). The polarization
gives the most immediate signature of the magnetic char-
acter of the sample, being identically zero if the sample
was nonmagnetic.

To calculate the reflectivity on the basis of a model
profile, several parameters are needed. These are the
thickness of the gold layer d ,,; the gold scattering ampli-
tude density, which in the bulk is 4.5X107% A% the
thickness of Fe; its nuclear scattering amplitude
(8.00Xx107% A2 for bce iron); and the corresponding
magnetic amplitude (4.99X 107¢ A~2 at low temperature
in the bulk). For the MgO substrate, the scattering am-
plitude density is 5.95X 10~% A™2, This value is immedi-
ately confirmed in the experiment because it gives an ex-
cellent fitting to the critical value of g at which the
reflectivity becomes total. The scattering amplitude of
gold was also assumed known; all the other parameters
were left floating for best fitting to the data. In all cases,
the exact recurrent relations were used to calculate the
reflectivity. The continuous and dotted lines are the best
fits obtained for the reflectivities for the two spin states.
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FIG. 3. Spin-dependent reflectivity of a 16 A-thick Fe film.
The data were obtained at room temperature in a magnetic field
of 200 Oe. Solid dots indicate data for neutron spin parallel to
the applied field ( + ); open circles are for spin antiparallel to the
field (—). The inset is the schematic diagram of the neutron po-
tential for + and — spin neutrons through the sample.
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FIG. 4. Polarization function of the 16-A. sample, compared
with the polarization calculated for different Fe layer
thicknesses. Polarization of the uniform gold layer of 150 A is
also plotted in the figure.

¥*>=11. It is worthwhile to discuss the values of the
fitting parameters, their meaning, and the procedure by
which they were derived.

Since the oscillation period is very sensitive to the gold
thickness, special care was exercised both in conducting
the experiment and in fitting the model. As mentioned
above, the samples had a wedge-shaped gold coating. In
the experiment the wedge was kept parallel to the neu-
tron beam: since the sample is illuminated over its entire
height the measured reflectivity is an average of the
reflectivities for all component gold thicknesses. We
were unable to fit the data using a model of uniform gold
coverage; the fit in Figs. 3 and 4 was obtained by averag-
ing reflectivity patterns for gold-layer thicknesses ranging
from 150 to 240 A. The main effect of averaging the
reflectivities was to progressively smear out the oscilla-
tions when q is increased. However, the innermost polar-
ization maximum remains virtually unchanged (see Fig.
4) and provides an unbiased value of the iron magnetiza-
tion.

The fitted iron scattering density and the internal mag-
netic field B are 7.0X10~° A7 and 4.0X107¢ A2, re-
spectively, and dp, =14 A. These results, taken at face
value, indicate that the density of Fe in the film is lower
(by 13%) than the bulk Fe. In part this conclusion might
be rationalized with the argument that the Fe lattice is
slightly stretched to match the MgO lattice (Aa ~4%).
Alternatively, we might try to change dg,. In the first
approximation [Eq. (3)], the reflectivity depends only on
the product Ny dg,; differences due only to higher-order
terms are more readily observable in this sample with the
thickest iron layer. Figure 4 shows the polarization cal-

-culated for thickness of 11 and 17 A: the fit is worse

(A§,=2) in comparison to best-fitted value. Independent-
ly from these considerations, the ferromagnetic moment
per iron is determined from the ratio of the magnetic
versus nuclear amplitude and it is 2.0u . After this care-
ful study of the “16 A” sample, all the best-fitted values
of the parameters were kept constant when fitting the
reflectivity of all other samples, with the exception of d,
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and B. Actually the iron thickness was scaled down ac-
cording to the thickness monitor measurements, and the
only fitted parameter was the magnetization.

A synopsis of the polarized neutron reflectivity mea-
surements is presented in Table I. At room temperature,
the 8-A film displayed a large ordered magnetic moment
per iron (2.0up), while only a very small moment
(<0.5up) was found in the 6-A thick film and the 4-A
film was nonmagnetic. This is consistent with the
SMOKE measurements taken at room temperature. The
polarized neutron reflection measurements were then re-
peated at low temperature. Figure 5 shows the polariza-
tion of the 4-, 6-, and 8-A samples at 40 K in a magnetic
field of 5 kOe. As it can be seen, the magnetic signal has
the identical shape for the three samples and it is only
scaled according to the iron thickness. Thus, even a visu-
al inspection of Fig. 5 strongly suggest that the iron mo-
ment remains the same for all samples. To be more quan-
titative, we computed reflectivity and polarization for
different iron moments, to fit the experimental points
(solid lines in Fig. 5). We found a magnetic moment of
2.2+0.2up for all four samples, essentially the same
value of bulk iron in the bee phase.

A number of tests was made to assure that the mea-
surements were made for values of magnetic field and
temperature such that the magnetization should be close
to that of the ground state. The polarized neutron
reflevity of the 4-A film was measured at 40 K at different
magnetic field and the net ferromagnetic moments per Fe
were extracted and plotted in Fig. 6. Unlike for the thick
films, an external field of ~3 kOe is needed to saturate
the magnetization. The simplest explanation is that for
thin films of iron the easy axis is out of plane, and a rela-
tively large magnetic field is required to align the mo-
ments in plane. Subsequent Kerr effect measurement
were performed in a separate experiment?® on similar
samples at low temperature. The measurements, carried
out in the longitudinal as well as the polar geometry, also

TABLE I. Compendium of the polarized neutron measure-
ments on Fe/MgO samples.

Fe thickness Magnetic field Temperature ©~ Magnetic
(A) (Oe) (K) moment/Fe
4 200 300 . 0.0
6 200 300 <0.5
8 200 300 2.0+£0.2
16 200 300 2.0£0.2
4 5000 90 1.7+£0.2
4 200 40 0.720.1
4 2000 40 1.7+0.2
4 3000 40 .1.9+0.3
4 4000 40 2.2+0.3
4 6000 40 2.3+0.3
4 8000 40 2.0+0.2
4 " 5000 40 2.240.2
6 5000 40 2.2+0.2
8 5000 " 40 2.210.2
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FIG. 5. Polarization functions for (a) 4-A, (b) 6-A, and (c)
8-A Fe films at T=40 K and H=5 kOe. All fits used the same
parameters except for the iron thickness.
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FIG. 6. Net magnetic moment of iron of the 4-A film at 40
K, as a function of the applied field. The film could only be sa-
turated with a magnetic field of 3 kOe, suggesting that the mag-
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suggest that the spontaneous magnetization is tilted out
of the plane. Less complete was the determination of the
Curie temperature. At 90 K the 4-A film had a magnetic
moment of 1.7 up/Fe, to be compared with the value of
2.2 up/Fe found at 40 K. It is generally accepted that T,
decreases dramatically for monolayer iron films due to
the reduced dimensmnahty, as indeed has been shown for
several systems.’® We believe that the slight decrease in
magnetic moment at 90 K for the 4-A film is due to the
decreased T, and the magnetization at zero temperature
should not be significantly different from that obtained at
40 K.

DISCUSSION

Our main result is that the magnetic moments of iron
in thin films epitaxial on MgO remain equal to those of
the solid regardless of the film thickness. Such a finding
is in contradiction with the predicted enhancement of the
iron moment in very thin films; and the question is if the
experimental results are flawed by some imperfection in
the samples. There is considerable evidence that the sam-
ples do not have the ideal planar geometry. As men-
tioned earlier, the Auger signal during growth was not
exactly that typical of a layer-by-layer deposition. Also,
in the course of the neutron reflectivity measurements a
substantial amount of diffuse scattering was noticed,
which signifies irregularities at or close to the MgO sur-
face. However, these imperfections are unlikely to recon-
cile the discrepancy.

Figure 7 shows contour plots of the intensities of the
neutrons scattered and reflected from the 16- and the 4-A.
samples. A consistent (but somewhat surprising) trend
for all samples is that the thinner the iron layer is, the
stronger scattering is. For each sample, however, the
scattered radiation is the same for both neutron spin
states; and no correlation with temperature or magnetic
field is found. The presence of scattering indicates that
some interfaces are “rough,” or more explicitly, that the
interfaces are perfect over a distance shorter than the
coherence length of the neutrons. The scattering is
characterized by a ridge,3! in with the angles of incidence
0, and scattering 8, are coupled by the equation:

L(0,+6,V'r/bN =\ . o o (5)

In this case &N is approximately the scattering amplitude
density of MgO. This pinpoints the origin of scattering
to the polished, but cleavable, (100) MgO surface, as was
confirmed by subsequent experiments on bare MgQO sub-
strates.

The mean height of the roughness is determined to be
6+t6 A by fitting the data using Gaussian-distributed
height deviations from a perfectly flat interface. The
Gaussian fluctuation gives an exponential term in
reflectance and slightly depresses reflectivity? at large gq.
Still, such roughness could, in principle, have a deep
effect on the magnetism of an iron layer of comparable
height. Fortunately, the limited width of the diffuse
scattering indicates that the fluctuations due to roughness
take place over long distances. If we ideally divide the
face of MgO in a number of perfect regions separated by
steps, we estimate that their mean size is no less than

14
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[a]=0.0165(A1)
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91 + 62 (dcgree)

[g@=0.0161(A )
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FIG. 7. Diffuse neutron scattering for (a) the 16-A sample
and (b) the 4-A sample. The reflected beam is emitted at a fixed
26,=1.832" and 1.672° for the 16- and 4-A samples, respective-
ly. The scattered intensity is centered on the straight line indi-
cated in the figure.

1000 A The built-in sensitivity of neutron reflectivity to
even small perturbations from planar symmetry provides
an added assurance of the physical validity of the results
obtained.

To conclude, we note that our experimental samples
are short of being perfect, but the 1mperfectlons are not
sufficient to alter significantly our main conclusions: thin
films of iron on MgO are ferromagnetic, with a magnetic
moment practically identical to that of the solid.
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