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Two Magnetically Different, Closely Lying States of fcc Iron Grown on Copper (100)
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Two closely lying (in energy) states of fcc iron grown on copper (100) have been identified by
magneto-optic and photoemission experiments. The as-grown state at 460 K exhibits in-plane surface
ferromagnetism in magneto-optic measurements. Ferromagnetism parallel to the plane is not observed
for the room-temperature state; its absence is supported by a comparison of our calculated and measured
work functions and by the photoemission results. LEED shows expanded interplanar spacing at the sur-
face. The temperature behavior and eA'ect of fresh iron deposition indicate that the thermal transition
between the two states is first order.

PACS numbers: 75.70.Ak, 73.30.+y, 73.40.Jn, 73.60.Aq

Understanding the mechanisms that select the crystal
structures of the elements is one of the fundamental
questions of solid-state physics. This is especially in-

teresting for iron because of the question of the "com-
petition" between bcc and fcc structures and the role of
magnetism in this competition. The ability' to prepare
fcc iron films by epitaxial growth on copper has provided
the opportunity to study directly the electronic structure
of fcc iron. Interestingly, quite conflicting conclusions
have been reached as to the magnetic state of fcc iron
grown on Cu(100).

We have identified and characterized two closely lying
(in energy) states of fcc iron grown on copper (100). On
state (state L) has no ferromagnetism parallel to the sur-
face and occurs at room temperature. The documenta-
tion for the nature of state L consists of the observations
that the surface magneto-optic Kerr effect (SMOKE)
gives vanishing intensity (no hysteresis characteristic of
ferromagnetism parallel to the surface) and that the
work function increases relative to Cu. The work-
function increase shows the same trend as that predicted
by our self-consistent electronic-structure calculations
for paramagnetic fcc iron relative to Cu or to bcc Fe or
magnetically ordered fcc Fe The se.cond state (state H)
is ferromagnetic and occurs when the sample is kept at
its growth temperature (420-460 K); however, the ex-
perimental behavior indicates that the ferromagnetism is
confined to the surface layer. This is consistent with our
spin-polarized electronic-structure calculations which in-
dicate the existence of a magnetically ordered state with
ferromagnetism at the surface, but antiferromagnetism
in the interior. The documentation for the ferromagnetic
nature of state H consists of (a) a significant SMOKE
intensity (hysteresis) identifying ferromagnetism parallel
to the surface at 460 K, (b) a decreased work function
compared with state L, consistent with the calculated

trend predicted for magnetically ordered as compared
with paramagnetic fcc iron, and (c) an indication of the
presence of exchange splitting, shown by the ultraviolet
photoemission spectroscopy (UPS) behavior at 460 K.
Below we give a detailed description of this study and re-
late our results to those of other workers.

The absence of ferromagnetism parallel to the surface
at room temperature was definitively recognized by the
absence of any SMOKE intensity throughout the thick-
ness range of about twenty layers where the iron grew in
the fcc structure. (The SMOKE geometry used detects
ferromagnetism parallel to the surface. ) At greater iron
thicknesses, when the structure reverts to bcc, we detect
the presence of ferromagnetism through the occurrence
of SMOKE intensity. Furthermore, the absence of
detectable exchange splitting in the energy distribution
curves (EDC's) in angular-integrated UPS measure-
ments is consistent with the absence of any magnetic or-
dering. The UPS results (using Hei radiation, 21.2 eV)
at room temperature are shown in Fig. 1 as a function of
iron coverage.

We have carried out fully warped, all-electron, self-
consistent, film linearized muffin-tin orbital (FLMTO)
electronic-structure calculations for five layers of (100)
fcc iron using the Cu lattice constant. The calculations
are for both paramagnetic and spin-polarized states us-
ing 28 k points in the irreducible 8 of the Brillouin zone.
The calculated density of states (DOS) in the different
layers of the five-layer paramagnetic (100) fcc iron slab
(solid curves), as well as of a five-layer slab of paramag-
netic bcc iron (dashed curves), are shown in Fig. 2.

The UPS EDC's (see Fig. 1) show markedly different
features from those of bcc iron. The EDC's show peaks
at —1.1 and —3.2 eV for iron coverages of three to ten
layers. The 3.2-eV peak is clearly due to Cu, and, as ex-
pected, diminishes and broadens with iron coverage. In
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provided by SMOKE measurements. ) The work func-
tion at 460 K for a freshly grown film is 4.9-5.0 eV, a
decrease from its room-temperature value. This is in
close agreement with our calculated value for the mag-
netically ordered state of fcc iron; however, one should
bear in mind that the work function is, in any case, nor-
mally expected to decrease with increasing temperature.
The presence of ferromagnetism in the as gro-wn 460 K-
fcc iron on (100) copper was unequiuocally identifted by
SMOKE measurements as shown in the upper and mid-
dle panels of Fig 3. T.here is a well-defined hysteresis''
at 460 K as opposed to the absence of a hysteresis at
lower temperatures such as 300 K, as shown in the lower
panel of Fig. 3. As the temperature is lowered, say to
370 K, the SMOKE signal abruptly disappears and does
not return when the sample is reheated to 460 K. The
Auger spectra before and after the runs at 460 K do not
show any increase in contaminants during and after cool-
ing to room temperature.

The interplanar spacing behavior as found by LEED is
quite unusual. The LEED measurements involve intensi-
ty versus energy (I F) determin-ation on thirteen spots.
Multiple relaxation of the top three layers was allowed.
For five layers of Fe on Cu(100) at room temperature,
we find an interplanar distance of 1.81 A for the top lay-
er compared with 1.78 A for fcc iron within the bulk,
i.e., a surface interplanar expansion of about 1% or 2%.
At 460 K, the surface interplanar spacing further in-
creases to 1.83 A, an expansion of an additional 1%.

(b)

(c)

-100 100

H(oe)

FIG. 3. (a) SMOKE ferromagnetic hysteresis loop at 460 K
from three layers of Fe on (100) Cu grown at 460 K. (b)
Average of eleven hysteresis loops on diferent runs from Fe
films two and three layers thick, grown at 420 and 460 K and
measured at )360'C. As shown in (c), the ferromagnetism
disappears irreversibly upon cooling or after about an hour.
(c) The eleven scans averaged after the ferromagnetism has

disappeared.

The intraplanar spacing remains equal to that of the Cu
substrate.

There is strong evidence that the ferromagnetism at
460 K is confined to the surface fcc iron layer. When
the SMOKE intensity disappears with time, " the
SMOKE signal can be restored by fresh deposit of a sin-

gle layer of iron. Furthermore, the SMOKE intensity
does not vary with fcc iron thickness and corresponds to
a monolayer-type signal level when compared with previ-
ous bcc-Fe-on-Au SMOKE measurements.

It is interesting to consider this evidence for surface-
only ferromagnetism in relationship to the results of our
spin-polarized self-consistent LMTO calculations for a
five-layer slab of fcc iron. The spin-polarized fcc-iron
calculation was started by use of the self-consistent
paramagnetic potential with an artificial spin polariza-
tion favoring ferromagnetic coupling between a11 layers.
However, the final self-consistent result shows ferromag-
netic alignment between the surface (2.79@a) and sub-
surface (2.30@a) moments, but the center-layer moment
(1.68pa) is aligned antiferromagnetically to the subsur-
face moment. This would indicate surface ferromagne-
tism coupled to bulk antiferromagnetism. The total en-

ergy for the magnetically ordered state is about 0.100 Ry
below that for the paramagnetic state (our of some
12705 RY).

In conclusion, the results reported above show that fcc
iron as grown on (100) copper "chooses" between two
states that lie close in energy. Both states show an
unusua1 interplanar expansion at the surface. The
work-function increase relative to copper observed for
the lower-energy state (state L), and the photoemission
evidence for decreased or vanishing exchange splitting
suggests that state L is paramagnetic, rather than fer-
romagnetic with alignment perpendicular to the surface.
If this is so, either there is a transition at lower tempera-
ture to the theoretically predicted magnetically ordered
ground state, or having such a paramagnetic state as the
experimental ground state would contradict the results of
our zero-temperature total energy calculations (based on
the local spin-density approximation). While the present
calculations are for uniform interplanar spacing, one
would expect expanded surface spacing to favor the mag-
netically ordered state even more. ' ' The surface layer
in the higher-energy state (state H) is ferromagnetic
parallel to the surface. There is strong evidence that the
thermal transition from state H to state L is first order.
This is shown by the abrupt disappearance of the
SMOKE signal on cooling, the failure to restore the fer-
romagnetism after cooling by cycling back up in temper-
ature, and the ability to restore the ferromagnetism by
deposition of iron at elevated temperature. The time de-
cay" of the SMOKE intensity and of the exchange split-
ting provides evidence that state H, which is observed
under as-grown conditions at 460 K, is metastable with
respect to state L at that temperature. This could be
characteristic of a metastable situation created by
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growth conditions, e.g. , by growth-induced strains which
relax in time. For bulk ferromagnetic fcc iron, theory
has predicted ' ' a low-moment to high-moment transi-
tion with increasing volume. Moruzzi' has emphasized
that the moment cannot show a gradual decrease to zero
moment with decreasing volume. This would be con-
sistent with great magnetic sensitivity to growth-induced
strains, which may be strongly modifying the surface
magnetic moment in magnitude and/or preferred align-
ment direction.
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