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Hysteresis loops taken at a surface are often found to change even when the probing depth of the
magnetic measurement varies by only a few lattice spacings. We report an interpretation of these
changes in the framework of a simple model which assumes that only one sheet of thickness d at the
surface is magnetically different from the bulk. The model reproduces the experimental hysteresis
loops with a variety of materials. One obtains the magnetic anisotropy K, of the surface and the ex-
change stiffness A4, , along a path perpendicular to the surface. For Fe(100), K and 4, , are found
to be very small; furthermore, the average easy direction of the surface magnetization is at approxi-

mately 75° to the one in the bulk.

Surface magnetism has experienced a rapid develop-
ment since it became possible to prepare and characterize
single magnetic layers; surprising and unexpected results
have been obtained. The experiments on (100) surfaces of
metastable fcc Fe grown on Cu(100) (Ref. 1) and of stable
bee Fe grown on Ag(100) (Refs. 2 and 3) are particularly
important. In contrast to theoretical predictions employ-
ing local-density-functional theory,* fcc Fe turned out to
be ferromagnetic with a Curie temperature of 400 K.!
Furthermore, at temperatures below 100 K, both types of
Fe exhibit magnetic anisotropies that are about 100 times
larger than the bulk anisotropy. The possibility of ex-
tremely large anisotropies introduced by the reduced
symmetry at the surface had been predicted theoretical-
ly,> yet its absence for one layer but appearance with
several layers was surprising.

In view of this situation, it seems appropriate to more
closely examine the (100) surface of common bce Fe for
surface-induced anisotropies, as well as anomalous ex-
change interactions. If phenomena similar to the ones
observed with Fe(100) grown on Cu and Ag also occur
with Fe(100) on its own proper substrate, the interpreta-
tion of surface magnetic measurements will greatly
change from what it has been so far.® It has, in fact, been
shown that anomalies in surface anisotropies and
surface-to-bulk exchange interactions may induce special
magnetic structures at the surface that are expected to
strongly depend on temperature.” Therefore, interpreta-
tion of surface-sensitive experiments like spin-polarized
photoemission® may be affected by a change in magneti-
zation direction and altered thermal excitations instead
of relating directly to the temperature dependence of
bulk magnetism.

At present, the most direct information comes from
surface-hysteresis loops. With bulk constants like the ex-
change stiffness 4 which is the exchange energy JS;-S,
between two neighboring atoms with spin S divided by
the distance of the atoms, and with the magnetic anisot-
ropy K, the direction of the magnetization should change
only over distances of the order of V' 4 /K , the width of a
domain wall. This is 10-100 nm in most magnetic ma-
terials including Fe. Hence, if surface-hysteresis loops
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are taken with techniques that differ in probing depth by
a few lattice parameters only, we expect on the basis of
bulk constants that the loops must be identical. Howev-
er, Allenspach and co-workers’® observed that the shape
of the hystersis loops taken on Fe(100) by measuring the
spin polarization of secondary electrons depends on the
energy Eg of the secondaries. There are quite convincing
general arguments proving that electron-electron scatter-
ing in a solid cannot change if a magnetic field of the or-
der of 10 Oe is applied. The altered shape of the loops
must come about because the probing depth depends on
Eg; the changes of the probing depth, however, are small,
of the order of one or two lattice spacings only. If hys-
teresis loops can change over such small distances, ex-
change and anisotropy must indeed be very different at
the surface compared to the bulk. It is the purpose of
this paper to develop a simple model with which one can
interpret surface induced changes in hysteresis loops and
apply it specifically to the (100) surface of common Fe.
We will show that one can, in fact, determine the direc-
tion and magnitude of the surface anisotropy, K, and
obtain estimates for the surface-to-bulk exchange stiffness
A, ,. The present analysis has already been tested suc-
cessfully on model interfaces between polycrystalline Fe
films of 1-6 nm thickness and amorphous FeTb (Ref. 10)
where, however, very different length scales and magni-
tudes of the magnetic properties prevail.

I. DEVELOPMENT OF THE MODEL

For a first insight into the processes of magnetization
reversal near a surface it is advantageous to develop a
simple model with few parameters. The experimental re-
sults actually suggest the simplest possible model for the
case of the Fe(100) surface in which only one sheet of
thickness d at the surface is magnetically different from
the bulk. If the external magnetic field, H, is applied in
the easy direction of magnetization, the anisotropy keeps
the specimen in a single-domain state even when H is re-
moved. If H is reversed and reaches the value of the
coercive field H., a reversed magnetic domain nucleates
or grows from a preexisting nucleus prior to coherent ro-
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tation of the magnetization M in most cases. The re-
versed domain expands by domain-wall movement which
results in a sudden reversal of M at H =— H. There-
fore, bulk magnetization loops for H along the easy direc-
tion are square loops as shown in Fig. 1. If the easy
direction varies somewhat throughout the material,
wings are observed for H < — H showing that M tends
to finally rotate everywhere into the direction of H.
Pierce, Celotta, and Unguris11 first observed, for the case
of the magnetic glass FeBSi, that surface hysteresis loops
are different from bulk loops in that they exhibit a round-
ed edge as H— — H, but no wings once the magnetiza-
tion has switched as illustrated in Fig. 1. Pierce and co-
workers achieved outmost surface sensitivity by measur-
ing the spin dependence of the elastic scattering of spin-
polarized electrons from a GaAs source. In elastic
scattering, the probing depth is half the electron mean-
free path as the electron has to travel in and out of the
sample. Furthermore, the mean-free path has a
minimum of ~0.5 nm for the electron energy of 100 eV
used in the above experiment. Hence, one estimates that
the probing depth was ~0.25 nm, which is about one lat-
tice parameter. Allenspach et al.® observed the same
phenomenon for the (100) surface of Fe, but with a
different technique, namely the measurement of the spin
polarization of secondary electrons excited with an unpo-
larized primary-electron beam at an energy of 100 eV.
The primary beam penetrates, on the average, ~0.5 nm
until the first inelastic electron-electron collision takes
place. The secondary electrons may undergo elastic
scattering with a larger mean free path before escaping.
If the energy of the secondary electrons is lowest, namely
1 eV, the probing depth is largest. Abraham and Hop-
ster'? estimate that the magnetic probing depth of the
low-energy-cascade electrons is 3-4 atomic layers with
3d-transition metals. This estimate is corroborated by
spin-polarized photoemission on bcc Fe layers on an Ag
substrate? since the full saturation polarization is reached
already after five monolayers of Fe. If in the experiment
of Allenspach et al. Eg is increased to 50 eV, the probing
depth will be reduced to its minimum value of about one
atomic distance similar to the elastic scattering case in
the work of Pierce et al. Indeed, while at E¢=1 eV one
still observes the bulk loop, typical surface loops as
defined in Fig. 1 appear for E¢=50 eV. This suggests

FIG. 1. Typical surface (solid line) and bulk (dashed line)
magnetization curves when the magnetic field H is applied in
the easy direction of the bulk. M is the magnetization.
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that the surface loop is caused by the last or the two last
layers only, whereas all deeper layers display bulk loops.
The simplest model then assumes a sheet of thickness d of
the qrder of the lattice parameter at the surface which
possesses a special magnetization Mg and a uniaxial sur-
face anisotropy K. This surface sheet is coupled to the
second layer by an exchange interaction J*S,-S,=£4,,
where S, and S, are neighboring magnetic moments in
the sheet and the first layer of the bulk, respectively, & is
the distance between the surface sheet and the bulk, and
A, , is the exchange stiffness along a path perpendicular
to the surface.

The magnetization M of the surface sheet tends to lie
along the easy direction determined by K. If the direc-
tion of K differs from the easy direction of the bulk, the
exchange coupling across the surface-bulk interface will
act on the first-layer magnetization M, of the bulk and
may force it out of its own easy direction thereby creating
the tail of a domain wall. There is an energy associated
with the formation of such fractional domain walls that
depends on the bulk exchange stiffness A, the bulk an-
isotropy K, and on the strength of the external field H.
For the calculation of surface-hysteresis loops, one needs
to know this energy as it represents the barrier which
determines whether Mg can have a direction different
from the direction of Mz. Inspection of Fig. 1 indicates
that Mg does indeed deviate from My particularly if H
approaches H, but it is also obvious that a long tail of a
domain wall does not exist as bulk loops are observed
after a few layers distance from the surface.

II. TAILS OF DOMAIN WALLS
IN EXTERNAL MAGNETIC FIELDS

Zijlstra'® calculated the energy of a tail of a domain
wall in an external field for a uniaxial material with ex-
change stiffness A4 and anisotropy K. If ¢ is the angle by
which the first bulk layer magnetization Mz deviates
from the easy direction of the bulk along which H is ap-
plied, one obtains for the energy y'(¢,h’) of the tail of a
domain wall per unit area

y'(,h") =2V AK fow(l— cos’p—2h' cosp+2h")%d¢

(1

where h'=H /H ,, with H ,=2K /M being the anisotro-
py field. Equation (1) has a very simple solution if ¢ is
small, i.e., if cosp =1 — ¢?/2, namely

y'(,h")=2V AK (1— cosyp)(1+h")/% . )

We see that y'(7,0) generates the familiar 4V AK
which is the energy of a 180° domain wall in uniaxial ma-
terial. The main obstacle to applying Eq. (2) to the
present case of Fe resides in the old dilemma of the
theory that H-H ,. This arises because Eq. (1) is de-
rived on the rotation model in which it is assumed that
the external field provides the energy to build a domain
wall and thus overcomes the barrier to magnetization re-
versal. In reality, Fe and most magnetic materials switch
the magnetization at H =H - << H ,. The explanation of
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FIG. 2. The energy per unit area y of a tail of a domain wall
vs applied field H. The dashed line is ¥’ from Eq. (2) derived on
the rotation model for small tails. H is the coercive and H 4
the anisotropy field.

this phenomenon, frequently referred to as Brown’s para-
dox, is probably due to preexisting embryonic domain
walls that can be torn free from pinning defects and trav-
el through the material thus reversing the magnetization
at much lower external fields.!* In Fe, H ;=634 Oe,
whereas H-=10 Oe with the specific crystal considered
here.” The realistic energy of the tail of a domain wall is
shown in Fig. 2. It should be y’ for H > H, but decrease
abruptly as H —H .. With

7(¢,h)=2\/jﬁ(—(l—cos¢)(1+h)1/n 3)

and h =H /H- we can approximate the curve shown in
Fig. 2 if n is chosen appropriately. The deviation of the
energy ¥ in Eq. 3 from the ideal energy is given to first
order by (y—y')/y=(Hc/2H,—1/n)h for —1<h
< +1. Therefore, the best choice of n depends on
H./H ,; with H-=H ,, for instance, n =2 as expected,
but for H- << H 4 as in the case of Fe, n has to be large.
However, already with n =10, y in Eq. (3) deviates by
less than 9% from the ideal wall energy in the range of A
values that are of interest for calculating hysteresis loops.

III. CALCULATION OF SURFACE-HYSTERESIS
LOOPS

With Eq. (3) we can now write the magnetic part § of
the surface energy per unit area in units of the wall ener-
gy constant V' AK :

8§=2(h +1)"/"(1— costh)+A[1— cos(8—1)]
usinX(0—6,)+2xh (1— cosh) . @)

0 and ¢ are the angles between the external field » and
the surface magnetization Mg and the first layer bulk
magnetization Mz, respectively. The magnetic field
h =H /H is applied along the easy direction in the bulk
and is measured in units of the bulk coercivity H.. The
first term is the energy of the tail of a domain wall
y/V AK from Eq. (3). The last three terms are the fa-
miliar energy of the exchange coupling between surface
and bulk, the anisotropy, and the field energy of the sur-
face sheet, respectively. The dimensionless parameters
are given by the following expressions: k=H Mgd/
(2VVAK ) and A=4,,/(dV AK) with A, the ex-
change stiffness between surface and bulk on a path per-
pendicular to the surface and u=Ksd /v AK. Further,
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d is the thickness of the magnetically different sheet at
the surface, 6, the angle of the easy direction of the sur-
face magnetization with the external magnetic field, and
K the strength of the surface anisotropy. One now has
to determine values for the parameters k, A, u, and 6,
and then find the angles 6’ and ¢’ for which & is at
minimum by computation. The relative surface magneti-
zation is obtained as cosf’ and can be compared to the
experimental relative spin polarization P(h)/P( ). The
first layer relative bulk magnetization is also obtained
from cosy’ and has to agree with the experimental data
as well.

It is relatively easy to gain insight into the physical
meaning of Eq. (4) if y~0 or ~ as suggested by the ex-
periments in the case of the Fe(100) surface. Confining
the interpretation to | & | <1 which yields (14+h)!/"~1,
and omitting terms independent of 6 one obtains from
Eq. (4).

8 =g sin®(0—0y) —2k(h +A /2k) cos@ . (5)

From the pioneering work of Stoner and Wohlfarth,!’ it
is well known that Eq. (5) delivers the hysteresis loop of a
uniaxial ferromagnet in an external field h, however, the
loop will be shifted on the A axis by A /2« depending on
the magnetization direction in the underlying bulk. If we
assume 0,=90°, that is if the easy direction of the surface
is perpendicular to the one in the bulk, we obtain a
straight line magnetization curve of slope x/u shifted by
+A/2k. From the experimental observation that the sur-
face loop changes at |h | <1 it is inferred that x/u as
well as A /2« are of the order of unity. This shows that in
order to obtain the actual values of u and A by fitting cal-
culated hysteresis loops to experiment one has to know
the value of the parameter «. Since k=H Mgd/
(2V' AK ), it may be calculated from the values of 4, K,
and H; as obtained from conventional bulk measure-
ments; Mg and the thickness d of the surface sheet have
to be estimated. Present knowledge on the magnetic
probing depth of secondary electrons suggests, as pointed
out above, that d should be of the order of the lattice pa-
rameter of bcc Fe which is 0.286 nm. Mg cannot be vast-
ly different from the bulk magnetization of Fe which is
2.1 T at T =0; It has been suggested* that Mg might be
larger at T =0, yet it is known that thermal excitations
will cause a noticeable decrease of Mg even at room tem-
perature where the experiments’ have been done. With
Hc=10Oe, V' AK =0.66 J/m? Mg=2.1T, and d =0.3
nm one obtains k=2.5% 10~% This estimate of k could
be in error by 50% but not by much more.

Figures 3(a) and 3(b) show surface-hysteresis loops cal-
culated from Eq. (4) with the assumption k=2.5x10"*
and compares them to the experimental observations.
The data point from Ref. 9 exhibit a small drift of the
zero of the electron spin polarimeter as the hysteresis
loop is not closed when H sweeps from +30 to —30 Oe
and back to +30 Oe. This drift has been eliminated with
the assumption that it was linear in time. The best fit to
the data is obtained in Fig. 3(a) with 6,=75°
p=2x10"% A=4.6x10"* Figure 3(b) shows, however,
that 8,=90°, u=5%10"%, and A=9X%10"* also lead to
an acceptable, yet clearly somewhat poorer interpretation
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FIG. 3. (a) Surface-hysteresis loop with the Fe(100) surface at
room temperature. Crosses are the experimental values of the
electron-spin polarization in percent measured with secondary
electrons at an eriergy of 50 eV excited by unpolarized primary
electrons of 100 eV from Ref. 9. The solid curve is calculated
from Eq. (4) with n=10, xk=2.5Xx10"% A=4.6X10"%
1w=2%10"* and 6,=75°. The fine structure in the calculated
curve has no physical meaning as it depends on the size of the
angular net used in the calculation. (b) Same as (a) but the solid
line is calculated with n =10, k=2.5%X107% A=9Xx107%
©w=5%10"* and 6,=90".

of the experiment. 6,=45° can be excluded as the magne-
tization drops too steeply when h— — 1. However, a sur-
face with an inhomogeneous direction of the magnetic
anisotropy can reproduce the available data very well
too; for example, a mixture of two types of patches with
6,=45°" and 0,=90° cannot be distinguished from a
homogeneous surface with 6,=75°.

Clearly, the experiment suggests A << 1. It follows that
¥~0 or ~m. Hence, the small values of A obtained from
the experiment automatically lead to square loops for the
first bulk-layer magnetization M, in gratifying agree-
ment with the observation. Therefore, the model not
only reproduces the surface loops very well, but also
delivers an explanation for the observed strikingly fast
change to square bulk loops on increasing the magnetic
probing depth. There are two additional independent
verifications of the applicability of Eq. (5) or rather (4).
Allenspach et al.® also measured the virgin magnetiza-
tion curve. The initial slope of this curve turned out to
be equal to the slope of the hysteresis loop at 0>/ > —1
as noted already before.!® This can readily be derived
from Eq. (5) for 6,=90°, since the slope of the magnetiza-
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tion curve is constant and equal to u/k. In the demag-
netized state, A=0 on the average and the slope of the
unshifted, virgin curve and the curves shifted by A /2«
must be identical. Furthermore, Allenspach et al.’
found that the surface-hysteresis loop was reversible for
—0.8<h <0. The magnetization curves described by
Eq. (5) also show no hysteresis for the above range of 4 if
6,>45°.

IV. DISCUSSION OF THE RESULTS
AND CONCLUSIONS

The numerical values obtained for A and u depend on
the rather simple assumption that only one sheet at the
surface is different from the bulk. It is therefore only the
order of magnitude of these parameters that is amenable
to a meaningful physical interpretation. From

A=A, ,(dVAK )=(A4,,/ ANV A/K /d)~5x10"*

we obtain the exchange stiffness 4, , along a path per-
pendicular to the surface in units of the spherically aver-
aged value of A in the bulk. The thickness of a domain
wall in Fe is V' 4 /K =12 nm. Hence, we see that 4, , is
reduced by 103 compared to 4. However, it is known
from the experiments with epitaxial Fe(100) that the ex-
change coupling within one layer is strong, leading to fer-
romagnetic order with T near room temperature and
higher as soon as one layer or more is deposited.>* This
large exchange coupling of atoms in the plane of the sur-
face is needed to understand the surface-hysteresis loops;
if the exchange was not high within the surface sheet, and
the coupling to the bulk as weak as found here, one
would observe paramagnetism at the surface of Fe(100) at
room temperature.

The weak coupling of the surface sheet to the bulk can-
not directly be interpreted as there are no reliable first-
principles calculations of exchange interactions. The
present dramatic alteration of the exchange at the surface
is a surprising, yet not a unique, result. For instance,
Weller et al.'” reported that the first layer of the
Gd(1000) surface is coupled antiferromagnetically to the
bulk although ordering ferromagnetically within the lay-
er; furthermore, it is still ferromagnetic at 22 K above the
Curie temperature of the bulk.!®

One further observation with the Fe(100) surface sheds
additional light on the weak bulk-to-surface coupling.
The surface loops showed rounded edges as defined in
Fig. 1 at all energies of the secondary electrons when the
surface was not annealed and recrystallized after argon
bombardment.’ This indicates that the thickness d of the
weakly coupled surface sheet must have increased on in-
troducing crystalline disorder. Based on evidence derived
from magnetic bulk properties of amorphous Fe-alloys it
is known that disordered Fe is weakly coupled, due to the
antiferromagnetic contributions of the Fe-atoms at small-
er distances.!”” Hence, disorder caused by argon bom-
bardment is expected to reduce the exchange interaction,
yet at a different depth, in agreement with the observa-
tion. Pierce and coworkers'! noted similar effects of Ar
bombardment and annealing on the surface hysteresis
loops of FeB glasses; incorporation of Ar may also be an
element to be considered in the interpretation of these
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data.

Essential for the detection of the weak surface-to-bulk
exchange is the change in the easy direction of magneti-
zation at the surface by the angle 6, From
u=K¢d/V AK =(Ks/K)\d/V A/K) we obtain the
strength of the surface anisotropy K in units of the bulk
anisotropy K. It is Kg~1072K. With 6,=90°, this weak
anisotropy could be due to magnetostrictive stress creat-
ed by the underlying bulk. Alternatively, one might con-
sider whether it could be due to textures created in the
process of sputter cleaning. For 6,=75° or a mixture of
6,=45° and =90° patches, the explanation of Kg most
likely involves atoms located at special surface sites like
steps. Changes in the direction of the surface anisotropy
have also been reported by Korecky and Gradmann'®
who found that the easy direction of magnetization is
(110) instead of (100) at the Fe(110) surface.

The perpendicular anisotropy found at the surface of
epitaxial Fe(100) films should also be considered as a pos-
sible explanation for the difference between bulk and sur-
face anisotropy. We believe, however, that this is unlike-
ly to apply for the following reasons. Generally, the an-
isotropy of a film magnetized perpendicular to the sur-
face is given by Kg=Mg?/2u,—K% where K{ is the in-
trinsic anisotropy. If K> M2/2u,, the easy direction of
magnetization is perpendicular to the surface. According
to Refs. 1 and 2 spontaneous perpendicular magnetiza-
tion is observed in epitaxial Fe films of 2-5 layers at
T <70 K. The magnitude of Mg /2u,is ~21.5 kOe and
of Ki~22 kOe. At T >100 K, My lies in plane indicat-
ing that now K{ < M2 /2u,. The small value of p=10"*
obtained for the (100) surface of bulk Fe would then indi-
cate that M2/2u, and K% happen to compensate each
other to an accuracy of one part in 10’ at room tempera-
ture which is indeed unlikely. Without any doubt, it is
conceivable that the vector of the surface magnetization
M encloses an angle a90° with the surface normal due
to additional perpendicular anisotropies at least at cer-
tain temperatures as proposed in Ref. 7. The relatively
low value of the saturation spin polarization of only 11%
in the plane of the surface (compare Fig. 3) could be due
in part to such a phenomenon, as the saturation polariza-
tion of large-probing-depth secondary electrons was
found to be 27%.° Although a could be 90, it is un-
likely to change on applying fields as low as the coercive
field of 10 Oe. The changes of the direction of Mg ob-
served in the very-low-field regime are thus most likely
due to rotation of Mg around the surface normal at
a=const. It is clear that further experiments with very
strong magnetic fields applied perpendicular to the sur-
face are needed to clarify the question of whether a=£90°
at the Fe(100) surface.
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The most important implication of the weak perpen-
dicular exchange at the Fe(100) surface concerns the tem-
perature dependence of the surface magnetization. The
decrease of the spontaneous magnetization at low T is
caused by thermal excitations of spin waves. Bloch
showed that the relative magnetization of the bulk de-
creases according to M(T)/M(0)=1—CzT*? Rado®
noted that all waves have an antinode at the surface and
that Mg should therefore decrease like the bulk with
7372, but the prefactor should be 2C5. However, for the
Fe(110) surface?! and for the surface of Fe,oNiB,g, 2 it
was found that the prefactor is 3Cy. Mathon®® showed
that this stronger thermal decrease of the surface magne-
tization can be understood with the assumption that the
exchange interaction on a path perpendicular to the sur-
face is weakened. We find from very different experimen-
tal evidence that the perpendicular exchange interaction
is practically zero at the surface of Fe (100), whereas fer-
romagnetic order exists within the plane of the surface
sheet. This is not a contradiction to the general result
that ferromagnetic order cannot exist in two-dimensional
structures.?* Namely, the existing exchange coupling to
the bulk produces an effective magnetic field in the sur-
face as shown above which can stabilize the ferromagnet-
ic state of the surface layer. We believe that the con-
siderations put forward by Mathon and Ahmad?’ for the
case of weak perpendicular exchange apply to the case of
the Fe(100) surface. The temperature dependence of M
will then be totally different from expectations based on
the usual assumption of bulklike exchange coupling con-
stants.

Generally, surfaces and interfaces are known to play a
decisive role in determining coercivity and wall pinning,
and therefore, it is to be expected that exchange stiffness
and anisotropy near surfaces will play a major role in ap-
plied magnetism as well. In the case of Fe(100), the very
surface turns out to be weakly coupled to the bulk so that
the magnetic properties of the first layer can exercise no
major influence on magnetic coercivity and domain wall
pinning at the surface. This could be an exceptional case
as only very rudimentary experience exists concerning
these properties at other surfaces of Fe and other materi-
als. However, the actual value of the weak surface-to-
bulk exchange coupling as well as that of the small sur-
face anisotropy would not have been anticipated before
we determined them. As we have shown, these small
values are consistent with a large body of experimental
observations. The fundamental explanation of the values
that we have established for the surface to bulk exchange
coupling and the anisotropy of Fe(100) is a challenge for
electronic structure theorists.

*Permanent address: Swiss Federal Institute of Technology, Zu-
rich, Switzerland.
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