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Direct Evidence for Perpendicular Spin Orientations and Enhanced Hyperfine Fields
in Ultrathin Fe(100) Films on Ag(100)
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Conversion-electron Mossbauer measurements have been used to study hyperfine fields in Fe/Ag(100)
single-crystal multilayer films at temperatures down to 15 K. The Fe layer thicknesses corresponded to
1.0, 2.4, and 5.5 monolayers (ML). From the relative intensity of the Mdssbauer lines we show con-
clusively that the orientation of the magnetic moment of the 1.0- and 2.4-ML films in zero applied field
is perpendicular to the film plane while the orientation of the 5.5-ML sample is in plane at room temper-
ature and partially out of plane at low temperatures. The low-temperature hyperfine fields are enhanced

compared to bulk Fe.

PACS numbers: 75.70.Ak, 75.30.Gw, 75.70.Cn

Recent advances in sample preparation and character-
ization techniques have made possible the synthesis of
very-high-quality layered structures with features as thin
as one monolayer (ML). This has led to renewed in-
terest in the magnetic and electronic properties of thin
films, surfaces, and interfaces. One of the most interest-
ing of the systems investigated is epitaxial a-Fe(100) on
Ag(100).'-7 It can be grown in high-quality single-
crystal form with well defined, flat interfaces. Further-
more, Fe and Ag have very little overlap of the valence
electron bands, !'? leading to only a small degree of band
hybridization and thus permitting the approximate reali-
zation of quasi two-dimensional Fe films. Among the
properties of such systems which are of intense interest
are the size of the magnetic moments, theoretically pre-
dicted to be enhanced relative to bulk Fe,"? the magnet-
ic anisotropy (e.g., the preferred direction of magnetiza-
tion),>*% the magnetic hyperfine fields,” and the mag-
netic ordering process, which should exhibit two-
dimensional behavior for the thinner films.%°

The importance of magnetic anisotropy was recently
emphasized by the work of Junker et al.,? who carried
out spin-polarized photoemission studies of epitaxial
Fe(100) on Ag(100). It was shown that at room tem-
perature there was no in-plane moment for films less
than 3 ML. It was suggested that this resulted from a
perpendicular anisotropy strong enough to compete with
the demagnetization field (4zM =21.5 kG in bulk a-Fe)
which forced the magnetic moments to lie along the sur-
face normal. Theoretical efforts by Gay and Richter*®
to calculate the anisotropy of a monolayer of Fe from
band-structure theory suggested that the out-of-plane
configuration is the most energetically favorable for a
free-standing monolayer,* but were inconclusive for a
monolayer of Fe on Ag(100).¢ They point out, however,
that while the demagnetization energy increases with the
volume of the film, the perpendicular anisotropy is pro-
portional to the surface area,!® which remains constant.
This implies that for thicker films the demagnetization

energy eventually overwhelms the anisotropy energy and
pulls the moment back into the plane, consistent with the
data of Jonker et al.?

Band-structure calculations have made striking predic-
tions about Fe atoms near the surfaces and interfaces of
both free-standing Fe and Fe/Ag films, including
enhancement of the Fe moment to the order of 3up or
more!? from the bulk value of 2.2up, and wide varia-
tions in the magnetic hyperfine field Hys away from the
bulk value of 340 kG at low temperatures.” Mdssbauer
spectroscopy of 3'Fe hyperfine interactions is a powerful
tool for testing these predictions as well as determining
spin orientations because it is sensitive enough to mea-
sure only a few (sometimes even one) layers of >’Fe.!!-14
The relative intensities of the various absorption and
emission lines are strongly dependent on the angle be-
tween the direction of the magnetic hyperfine field Hys
and the incident y-ray direction, while the line separa-
tions are closely related to the magnitudes of the
hyperfine interactions.

It was the aim of the present experiment to determine
the orientation of the magnetic moments and the size of
the magnetic hyperfine fields in high-quality ultrathin
Fe(100)/Ag(100) single-crystal films as a function of
temperature by means of normal-incidence Mdssbauer
spectroscopy, which gives the most information about
perpendicular spin alignment. Previous pioneering stud-
ies of 3'Fe/Ag films and interfaces have generally in-
volved Fe(110) on Ag(111) '! or Ag-covered Fe(110),!?
or have been done on polycrystalline films. '3

The Fe/Ag(100) system is particularly favorable for
epitaxial growth because there is only a 0.8% mismatch
between the a-Fe(100) and Ag(100) surface nets, with
the Fe slightly expanded for pseudomorphic growth.
This is due to the fact that the lattice constants of bcc
a-Fe and fcc Ag differ by a factor very near +/2, produc-
ing almost perfect registry of the two (100) surface nets
after a rotation of 45° about the surface normal.!> Pre-
vious work has shown that the growth of a-Fe on

Work of the U. S. Government
Not subject to U. S. copyright 2463



VOLUME 59, NUMBER 21

PHYSICAL REVIEW LETTERS

23 NOVEMBER 1987

Ag(100) proceeds layer by layer for the first three layers
and then exhibits island growth for thicker films. !¢

The samples were grown in a PHI Model 400
molecular-beam-epitaxy system, and characterized in
situ with Auger-electron spectroscopy and reflection
high-energy electron diffraction (RHEED). The Fe/Ag
superlattices were grown at room temperature on a
Ag(100) film =500 A thick grown on a 0.2-um ZnSe
epilayer, which had been grown on a GaAs (100) sub-
strate. This procedure optimizes surface morphology as
indicated by sharp, well defined streaks in the RHEED
pattern. The °’Fe and Ag were deposited from shuttered
Knudsen-cell-type sources at rates of 1-2 ML/min and
5-7 ML/min, respectively. Samples were grown with 7
to 45 superlattice periods in which the >’Fe layer was
varied from 1 to 5.5 ML (1 ML = 1.43 A), and the Ag
layer ranged from 4 to 7 ML (1 ML = 2.045 A). Each
growth was terminated with an extra period of Ag, and
the sample was finally coated with 75 A of Al before re-
moval from the molecular-beam-epitaxy system to
prevent oxidation or tarnish on exposure to atmosphere.

The single-crystal nature of each layer was verified
during growth by RHEED; Fig. 1 shows RHEED pat-
terns obtained at various stages during the growth of a
sample consisting of 45 periods of 1 ML of *’Fe and 4
ML of Ag. Figures 1(a) and 1(b) are obtained from the
initial Ag(100) film surface just before the growth of the
superlattice, with the electron beam incident along the
(110) and (100) azimuths, respectively. The patterns ex-
hibit well defined streaks and low background intensity
characteristic of a well ordered, single-crystal surface,
and reflect the symmetry of the Ag(100) surface net (on
the assumption of a simple termination of the bulk Ag
lattice). RHEED shows that the Fe layers exhibit a sur-
face net identical to that of the Ag, as expected. Figures
1(c) and 1(d) show the patterns obtained upon com-
pletion of the Fe and Ag layers in the fifth period, re-
spectively, with the electron beam incident along the
(110 direction. The layers exhibit very well ordered,
single-crystal surfaces throughout the growth of the su-
perlattice, as evidenced by the RHEED patterns pro-
duced by the 45th and final period, shown in Figs.
1(e)-1(h). Figures 1(e) and 1(f) show the pattern pro-
duced along the (110} direction, and 1(g) and 1(h) show
the pattern obtained along the (100) direction for the
45th *"Fe and Ag layers, respectively.

The conversion-electron Mossbauer spectrometer used
is of the cylindrical-mirror-analyzer type, with an accep-
tance angle of 30°-60° and an energy resolution of ap-
proximately 4%. The samples were mounted on a Cu
block connected via a Cu braid to a closed-cycle refri-
gerator, the first stage of which was used to cool a radia-
tion shelf that also served as a cryopumping surface.
The transducer and source were inside the vacuum
chamber, eliminating the need for a lengthy drive-rod as-
sembly and window. The y rays were incident perpen-
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FIG. 1. RHEED patterns (10 keV) obtained at various
stages of growth of an 3'Fe/Ag superlattice consisting of 45
periods of 1 ML of 3’Fe and 4 ML of Ag each. (a),(b) The in-
itial surface of the 500-A Ag(100) film, with the electron beam
incident along the (110) and (100) directions, respectively.
(c),(d) The patterns obtained from Fe and Ag layers in the
fifth period, respectively, for {110) incidence. The patterns ex-
hibited by the 45th period, as follows: (e) Fe, for (110) in-
cidence; (f) Ag, (110); (g) Fe, (100); and (h) Ag, (100).

dicular to the plane of the sample.

Clear evidence for almost complete perpendicular
alignment of spins in the 2.4-ML sample is given in Fig.
2, where we compare its Mossbauer spectrum at 15 K
with that of a thick film (=500 A), which is known to
have its moment in plane. Information about the orien-
tation of the spins is contained in the ratios of line inten-
sities, which for pure magnetic hyperfine splitting is
given by 3:x:1:1:x:3, where x =4sin26/(1 +cos28) and 6
is the angle between the incident y-ray direction and the
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FIG. 2. Conversion-electron Mossbauer spectra taken at 15
K for a thick film (=500 A) of *’Fe compared to that of a
2.4-ML multilayer film of ’Fe(100) on Ag(100).

direction of the magnetic hyperfine field. For the thick
film the ratios are 3:4:1; exactly what should be observed
if the Fe moments lie in the plane (§=90°). It is clear
in the 2.4-ML spectrum, however, that the second and
fifth major lines are very weak compared to those of the
thick film, indicating close alignment of the spins to the
perpendicular direction (§=0).

The structure in the spectrum of the 2.4-ML film indi-
cates the presence of more than one crystallographically
inequivalent site (as expected for 2.4 ML). To estimate
quantitatively the hyperfine fields and the integrated in-
tensities we fitted the spectra assuming only two types of
Fe sites. This yielded average integrated intensity ratios

TABLE 1. Hyperfine-field parameters for bulk Fe and for
the 2.4- and 5.5-ML films. The parameters were determined
with a two-site fit as described in the text.

Weighting Hye (kG) Qs IS
factor 1SK(300K) (mm/s) (mm/s)
Bulk Fe 1.0 340 (330) 0.0 0.0
2.4 ML 0.52 358 —0.11 0.06
0.48 344 0.16 0.49
5.5 ML 0.65 363 (274) 0.0 0.06
0.35 352 (258) 0.0 0.28

+ 5.5 ML Film

Intensity (Arb. Units)

-8 -6 -4 -2 0 2 4 6 8
Velocity (mm/sec)

FIG. 3. Conversion-electron Méssbauer spectra taken at 15
and 300 K on a 5.5-ML multilayer film of ’Fe(100) on
Ag(100).

of 3:0.5:1 and hyperfine fields of 358 and 344 kG (com-
pared to 340 kG for bulk Fe). The corresponding values
of the quadrupole splitting (QS; indicative of deviation
from cubic symmetry), isomer shifts (IS; a measure of
the conduction electron-spin density at the nuclei), and
the weighting factors are given in Table I. From the in-
tegrated intensity ratios we calculate a uniform spin de-
viation from perpendicular of 28° or, equivalently, that
approximately 22% of the spins lie in the plane and 78%
are perpendicular to it. Because of domain formation
and imperfections in the films the correct physical pic-
ture probably lies in between these two extremes.

For temperatures above 50 K the spectra for the 2.4-
ML film exhibit broadening suggestive of a relaxation
process. At all temperatures where the lines are split by
the hyperfine magnetic field, however, the pronounced
perpendicular anisotropy of the film (deduced from the
line intensities) still persists, indicating that the relaxa-
tion is not due to 3D superparamagnetic clusters. Al-
though a quantitative theory does not yet exist, it seems
probable that the relaxation is intimately connected with
the 2D nature of the film. This will be discussed in
greater detail in a later paper.

Similar results showing a perpendicular spin orienta-
tion were also obtained for a 1-ML Fe/Ag multilayer
film, with the main difference being that at the lowest
temperature reached (15 K) there were still relaxation
effects in the spectra.
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Spectra for the 5.5-ML sample at room temperature
and 15 K are shown in Fig. 3. The line intensity ratios
at room temperature are 3:4:1, indicating that the mag-
netization is in the plane of the film. At 15 K the inten-
sity ratios are 3:1.6:1, which corresponds to a uniform
angle from perpendicular of 49° or to 57% of the spins
oriented in the plane and 43% perpendicular.

This suggests that at low temperatures the perpendicu-
lar anisotropy of the 5.5-ML film is comparable to the
demagnetization field, whereas at room temperature the
demagnetization field dominates. The perpendicular an-
isotropy energy therefore increases faster than the
demagnetization energy as the temperature is lowered.

The 5.5-ML spectra were also fitted by the two-site
model with the parameters given in Table I. The best
fits to the 15-K data were generally obtained with zero
quadrupole splitting and slightly larger hyperfine fields
than for the 2.5-ML film. The fit at room temperature
was calculated by our allowing only the hyperfine mag-
netic fields to vary from the 15-K values. The decrease
in Hyr from 15 to 300 K is much greater than for bulk
Fe, suggesting a lower Curie temperature for the film. It
is also interesting to note that the 0.65 to 0.35 weighting
factors are in almost exactly the ratio of interior to inter-
face atoms that one would expect for a 5.5-ML film,
which suggests that the higher-field component (363 kG)
of the spectrum is due to interior atoms, while the
lower-field one (352 kG) is due to interface atoms. This
is also consistent with the respective values of the isomer
shift, which should be small for interior atoms.

A similar identification can be made for the 2.4-ML
film, although the weighting factors yielded by the fitting
process for the two sites are nearly equal instead of being
in favor of interface atoms. However, both the isomer
shift and the quadrupole interactions are larger for the
smaller hyperfine field than for the larger one, which is
again consistent with the smaller hyperfine magnetic
field being associated with interface atoms. -2

The hyperfine-field calculations which appear to most
closely match the conditions realized in this experiment
are those of Ohnishi, Weinert, and Freeman,’ who treat-
ed the problem of a Fe/Ag(100) seven-layer slab where
the outer two layers were Ag. For the center Fe layer
they calculated Hps=359 kG, with a decrease to 339 kG
for the next-to-interface layer and 335 kG for the inter-
face Fe layer. With a simple two-site fit we obtain 363
(65%) and 352 kG (35%), which is in qualitative agree-
ment if one identifies the larger hyperfine field with inte-
rior atoms as described above. For the 2.4-ML sample
there is at present no model calculation whose assump-
tions permit reasonable comparison with our data.

In this Letter we have shown conclusively that for
single-crystal Fe films on Ag(100) there is a contribution
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to the anisotropy which favors the direction perpendicu-
lar to the surface. This contribution is due mainly to Fe
atoms at the Fe/Ag interface and is large enough at low
temperatures to overcome the demagnetizing field and
produce perpendicular spin orientations for Fe layer
thicknesses less than about 5.5 ML. On the basis of the
temperature-dependent spin orientation of the 5.5-ML
sample we conclude that this anisotropy increases fairly
rapidly as the temperature is lowered. We have also
shown for 2.4- and 5.5-ML samples that the magnetic
hyperfine fields at low temperatures are enhanced com-
pared to that of bulk Fe, and it appears that interface
atoms have lower hyperfine fields than the film interior,
in qualitative agreement with theoretical calculations.

This work was supported by the U.S. Office of Naval
Research.
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FIG. 1. RHEED patterns (10 keV) obtained at various
stages of growth of an *'Fe/Ag superlattice consisting of 45
periods of 1 ML of *’Fe and 4 ML of Ag each. (a),(b) The in-
itial surface of the 500-A Ag(100) film, with the electron beam
incident along the (110} and {100} directions, respectively.
(c),(d) The patterns obtained from Fe and Ag layers in the
fifth period, respectively, for (110) incidence. The patterns ex-
hibited by the 45th period, as follows: (e) Fe, for (110} in-
cidence; (f) Ag, (110); (g) Fe, (100); and (h) Ag, (100).



