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Time-resolved surface magnetometry in the nanosecond scale

using synchrotron radiation
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The dynamics of magnetization reversal at surfaces and interfaces is studied by a specific
photoelectric effect experiment with pulsed soft x rays. This novel time-resolved surface
magnetometry is based on the measure of the spin polarization of the total photoejected electron
yield by means of a Mott scaltering experiment and on the acquisition synchronism with the
multibunch structure of the positron storage ring SuperAco at Orsay {500 ps pulses at 120 mns
intervals). We present results on the fast magnetization reversal of Fe ultrathin films deposited on
amorphous low-coercivity ferromagnetic ribbons. © 1998 American Institute of Physics.

[S0021-8979(98)07303-4]

L. INTRODUCTION

Understanding the dynamics of magnetization at sur-
faces and interfaces is a prerequisite for a better description
of fundamental and domain-mediated  magnetic
phenomena,l'3 as well as for the tailoring of specific mag-
netic devices with the aim to increase the magnetic data ex-
change rate.

The effective coercivity of a ferromagnet depends upon
the time scale of the process used to induce the magnetiza-
tion reversal: by standard methods like vibrating -sample and
60 Hz magnetometers the time scale of 1 s and 1073
—1075 5 respectively are accessible.' Experiments with
10~ s resolution have been done on thin magnetic films by
magnetooptical measures.”” The technologically relevant
time scale of 10"%s has been reached by electrical
measurements.®? All of these techniques are sensitive to bulk
magnetic properties and cannot be applied to surfaces, inter-

faces and atomically thin films {ATF). Actually the current -

trends in magnetism imply the study and the exploitation of
mesoscopic particle size and atomically thin films in artificial
structures in order to improve the recording resolution, the
signal to noise ratio and the magnetic stability as well as the
practical use of the specific magnetic properties of low-
dimensional systems and of the stacking of atomically thin
layers. A surface science approach to magnetometry is there-
fore quite appropriate, particularly if the surface sensitivity,
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and the sensitivity to small amounts of ferromagnetic matter
can be coupled with time resolution on the relevant time
scale.

We present in this article the principles and the demon-
stration of a novel approach to time resolved surface magne-
tometry based on spin polarization {SP) measurements of the
time-resolved photoemission with two time scales accessible
as a comsequence of the photoexcitation source properties:
single pulse resolution of 500 ps and real time measurements
at 120 ns time intervals,

The photoexcitation process occurs on the 107 5 time
scale and the ejection of the so-called secondary electrons
(ie., Auger and scattered electrons) occurs within 10755
from the primary photoexcitation process so that the actual
time resolution of a method based on the photoelectric effect
is entirely set by the time duration of the excitation light
pulse. The shortest available light pulses are from laser
sources, routinely operated at ps or even sub-ps times. Pio-
neering experiments based on SP measurements with ps time
resolution from a dye laser investigated the spin-latiice re-
laxation in Gd and Fe films.*? The main limit to the appli-
cation of the laser pulses comes from the photon energy,
which is usually too low to photoexcite above the vacuum
level of the material thus requiring special techniques for
reducing the sample work function. Moreover, the maximum
repetition rate is also limited. Synchrotron radiation {SR)
from storage rings provides pulses of some tens of ps dura-
tion (30-50 ps from third generation sources, 200-500 ps
from second generation sources like the one uscd in the
present experiments) with an energy spectrum extending to
x-ray cnergies and with repetition rates set by the operation

© 1998 American Institute of Physics 1563



mode of the storage ring, i.e., from 2 few ps up to several
hundreds of ns. The surface sensitivity of this photoemission
probe is achieved by the adequate energy selection of the
electrons to be detected. The semnsitivity to magnetism is then
reached by a Mott scattering experiment which measures the
SP of the ejected electron signal, without affecting the time
scale of the expcriment.m The magnetometry based on the
SP measurement of secondary electrons photoexcited by
SRY can fit the time domain relevant for many collective
surface magnetic phenomena like reversal and reorientation
processes, structural phase transitions, interdiffusion pro-
cesses, growth processes, surface melting, etc. We report on
the results obtained on the fast magnetization reversal of
atomically thin Fe layers deposited in ulirahigh vacuum onto
low-coercivity ferromagnetic ribbons.

lI. EXPERIMENT

The time basis of the measurements was provided by the
two-bunch operation of the SuperAco positron storage ring
at Orsay providing pulses of 500 ps full width, at 120 ns
intervals, The radiation source was the DOMINO undulator
operated in wiggler mode illuminating the SU 7 beam line
equipped with a TGM monochromator that was operated in
total reflection mode therefore yielding polychromatic pulses
of soft x rays. The photoelectrons ejected from the surface of
the ferromagnetic sample after each SR pulse were acceler-
ated to 100 kV kinetic energy and subsequently spin ana-
lyzed, along the direction specified by the magnetizing field,
by means of a Mott scattering experiment!Z performed with a
100 kV Mot detector of the ETH-Ziirich type.'? Details of a
Mott scattering setup can be found elsewhere.'* The basic
features of SP magnetometry with a Mott detector imply: (a)
the collection of the total yield of the cjected electrons from
a metal surface as a consequence of the photohole decay, {b)
the formation of an electron beam and its acceleration up to
100 kV by means of a focusing electrostatic lens accelerator,
(c) the scattering of the electron beam onto a thin gold target.
Spin orbit scattering in the core electron field of the target
determines a right-left asymmetry with respect to the quan-
tization axis in space defined by the scattering plane of the
Mott detector (which for our experiment coincides with the
sample magnetization axis). The right-left asymmetry is de-
fined as A gyin= (T1en— Trignd/ (N1t + Lrignd Where ieq grighy 7€
the intensities measured by detectors positioned at 120° in
the plane perpendicular to the quantization axis. The mea-
sured asymmetry, after cotrection by the Sherman function
describing the scattering process and by the instrumental
asymmetry, is proportional to the SP of the electrons emitted
from the sample, i.e., to its average magnet.ization.m The
surface sensitivity comes from the kinetic energy of the
ejected electrons from the sample, which is of a few electron
volts, as defined by the transmission function of the electro-
static lens accelerator.

The experiment is performed in ultrahigh vacuum {base
pressure 4 X 10710 mbar) on samples grown in situ, at tem-
peratures in the range T=150-300K. A typical hysteresis
loop obtained from SP measurements in the usual operating
mode, shows a remanent SP of ~15-25% (depending on Fe
film thickness) and a coercive field of about 0.1 Oe, for Fe
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films of 1-5 nm thickness deposited on atomically clean (ion
sputtered) surfaces of amorphous low-coercivity ferromag-
netic Si-based alloys (commercial name: Vitrovac). A beam
stopper, synchronized with the SP acquisition apparatus, fet
the surface to be exposed to the photon beam for less than
one second during which time the acquisition is performed.
This prevents a quick deterioration of the sample surface
exposed to the high radiation power of the polychromatic SR
beam. Details of the geometry and sample mounting can be
found elsewhere.!®

A schematic diagram of the experimental setup is shown
in Fig. 1. SR impinges onto the sample at 45° with respectto -
the surface normal. The ecjected yield within an emission
cone of 10° around the sample normal is collected and ac-
celerated towards the Au foil of the Mott scatterer. The clock
of the experiment is referenced to the storage ring pulse
structure by measuring with a pick-up induction device the
passage of the particle bunches in the SuperAco storage ring:
this pick-up signal is electronically shaped and transferred to
the data acquisition system via an optical link. The whole
measurement and data storage system is directly connected
to the solid state detectors of the Mott scatterer at 100 kV
with respect to ground. The silicor: surface barrier detectors
(PIPS-Canberra) output 2 pulse amplitude proportional to the
number of detected electrons. The signal is preamplified with
a total pulse width of about 60 ns and analog to digital con-
verted by an 8 bits flash ADC, the resulting information is
written automatically at the SuperAco frequency in a First In
First Out (FIFO) 8192 bytes memory. A delay stage is intro-
duced before the optical link of the clock (pick-up) signal in
order to set the correct phase relationship between the elec-
tron pulses and the trigger signal.

The setup to reverse the magnetic field at high rate is
schematically represented on the left of Fig. 1. The trigger to
the magnetization reversal pulse is given synchronously with
the SuperAco clock signal. At the beginning of a time-
resolved measurement the sample is kept in one magnetiza-
tion state by flowing a steady current (/_) through the wind-
ings. Short magnetic ficld pulses are obtained by closing a
fast high voltage transistor switch (Beicke type). When the
switch is closed an extra current, delivered by the high volt-
age supply HV, is flowing through the windings. The mag-
netization reversal is obtained by selecting the amplitude of
these two opposite currents. The rising time of such kind of
pulses is of the order of a few ns for a pure resistor charge.
The inductance L, introduced by the magnetic circuit which
actually creates the magnetizing ficld applied to the sample,
increases the pulse rising time. The time evolution of the
applied magnetic field is shown in Fig. 2 for few values of
the pulse current. The applied magnetic field reaches a sta-
tionary condition after 70 ns. This fact selects two classes of
experiments: those in which one observes the magnetization
reversal in constant applied field conditions (i.e., those for
which the 100 ns raise time of H is a short time with respect
to the dynamical response) and those experiments which
measure the response of the surface magnetization (o the
time-varying magnctizing field, e.g., when the reversal oc-
curs in a few tens of ns. This last class of experiment is in
fact sensitive to the time derivative of the applied field

Sirotti et al,
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timing control scheme.

dH/dt. The values of dH/dt obtained from our magnetizing
circuit are indicated in Fig. 2 (linear approximation of the
raising edge). For both kind of experiments, a measuring
event corresponds to the collection and the measurement of
cne clectrons bunch created by one light pulse.

86 43
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sk 110 MOefsec <
W» ‘:é:
=29t 11 8
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FIG. 2. Time structure of magnetizing field for different values. The applied
magnetizing field reaches a constant value after 70 ns, In the linear transient
regime (20 ns<r<60 ns) the field gradient values are indicated.

After the trigger signal, the acquisition lasts until the
FIFO memory is full, ie., after 983 us. Whenever the appa-
ratus is not triggered, the electron beam is deviated from the
Mott detector by an electrostatic lens; this prevents the satu-
ration effects of the solid state detectors and electronics. The
time structure of such a measuring procedure is reported in
Fig. 3, as given from the timing control electronics of Fig. 1.
When the computer gives the start signal, the clectrons
switch is opened [Fig. 3(a)] and after a delay of about 2 ms
(to establish stationary electrostatic conditions)} the measur-
ing gate [Fig. 3(b)] enables the transmission of the SuperAco
clock signal [Fig. 3(c)]. The rise of the first clock transition
triggers the current pulse in the windings producing the mag-
netizing field. This allows to start the scquence of measuring
events with a well-defined delay with respect to the current
pulsc {with an incertitude smaller than one ns), i.e., to per-
form pump-probe type experiments. The ultimate time reso-
lution is defined by the SR pulse duration (500 ps). The
shape of the magnetic pulse, measured from the resistance R,
is shown in Fig. 3(d) in the case of a magnetic ficld reversal
produced by swilching the cument in the magnetic circuit
from —300 mA 10 3 A. Finally, the clectrons switch is closed
within 1 ms from the end of the acquisition and the trigger
transmission is disabled. The FIFO memory is restored by a
68070 microprocessor and the system is ready for a new
measuring process.

Sirotti et al. 1565
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FIG. 3. Timing control of the experiment: (a) Opcning of the electrons
swilch allowing the photoelectrons 10 be accelerated to the Mott detector;
(b) after 2 ms thc measuring gate enables the transmission of the trigger
signal. (c) Trigger signal. (d) The magnetizing pulse {~300 mA 10 3 A in
this cxample).

Iil. RESULTS

The presence of an external magnetic field applied to the
sample during the measurements affects the trajectories of
the photocjected electrons; this may resull in an additional,
undesired, asymmetry. Test experiments demonstrated that
the SP value obtained from a magnetically saturated surface
is stable even in presence of magnetic pulses exceeding the
saturation value, Figure 4 shows such a test for pulses of +3
A (saturation value <+50 mA). The effect of the applied
field on the scattered intensities in the left and right channels

4 v T T T T T
g Left + Right channels
8 PogaR
g 7 ;
a \
>
E olpm, Ak \N‘" wi Yoo fove,
=
240 _ 4
22}
S 2, A ;v\.'\f/\, \/\ ArAAL A
% ij \\ o' » \ " ;\’ v v '.
18}
16} l

d o0 1 2 3 4 5 6
t{ps)

FIG. 4. Test of SP measurement with large applicd ficlds. Top panel; varia-
tion of wotal count rate on detectors during H ficld pulses of ~9 Oc, Bottom
panel; the SP measurc is unaffected,
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FIG, 5. Ttme-tesolved SP measurcments showing the variations of magne-
tization induced from the extermnal magnetic ficld oscillations shown in the
bottom of the figure. The values of the magnet current are reported on the y
scale on the right. The sample was a 15 AFe layer grown on Vitrovac. Open
circles correspond to an SP value in a single bunch measurements, i.c., each
120 ns. The continuous line is the average on ten measurcments.

of the Mott detector is shown in the top curves of Fig. 4, and
the corresponding SP is shown in the lower parel. The 2.5%
variation in the intensities does not affect the SP, thus dem-
onstrating that the SP is a genuine measure of the sample
magnetization even in presence of an external field.

A. Real time measurements: Magnetization reversal
dynamics

Independent SP data are collected and stored after cach
SR pulse therefore allowing, with a sampling frequency of
1/120 ns=8.33 MHz to follow the reversal of the surface
magnetization after the application of a reversal magnetizing
ficld pulse. As an example of the reversal dynamics as a
function of applied field strength we report in Fig. 5 the SP
oscillations following the applicazion of an oscillating mag-
netizing ficld with damped magritude. The full line at the
bottom represents the current through the magnetic circuit.
The open symbols represent the single-pulse SP data and the
continuous thick line is the result of an average on 10 re-
peated measurement cycles. The SP measurement obtained
with a single SR pulse is sufficient to obtain the sample
magnetization. As the magnitude of the applied magnetic
field is reduced the corresponding SP reversal occurs with an
increasing delay. The magnetization reversal process has
been studied by the application of magnetic pulses with sym-
metric values (from + H to —H) to a 2 nm Fe film on Vit-
rovac at T=300 K. In Fig. 6 we show the surface sensitive
SP data {average of 300 repcated measurement cycles) com-
pared with bulk sensitive measurements obtained by an in-
duction scarch coil in identical experimental conditions. The
data show that the total time required for compleling the
reversal is of the order of some ps and strongly depends on
the value of the applied field. The data also show that the
magnetization reversal dynamics is different at the surface
(Fe overlayer) with respect to the substrate (Vitrovac). The
continuous lines through the data arc obtaincd as best fit of a

Sirotli ef al.
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FIG. 6. Time-resotved SP measurcments (average of 300 measurements)
showing the magnetization reversal of a thin Fe layer (20 A) deposited at RT
on a Vitrovac ribbon. Erom left to right, the curves correspond 1o decreasing
values (from 200 1o 75 mA) of the symmetric square A ficld pulses. The
magnetization value is reported as M(1)/ Mg, where M is the SP value in
stationary conditions, i.e., r=0. At time below zero the film is magnetically
saturated, i.e., in equilibdum condition. The continuous lines are the best fits
obtained following the mode! of Ref. 15.

scmicmpirical model of the magnetization reversal for con-
tinuous films afier Labrune ef al.'® This modcl, likewise
other similar rnodels,r"'13 describes the magnetization rever-
sal with parameters representing the probability of nucleating
a magnetic domain in the applied field direction, and the
speed of growth of magnetic domains. Although such class
of models with activation-barrier-like parameters brings only
limited insight in the reversal process, the good fit obtained
to our data allows to conclude that in this time domain of
excitation and dynamics the magnetization reversal of an
iron ATF is governed by domain processes. The dependence
of the effective coercivity on the magnitude of the applied
field is well obscrved in this time domain.'?

A variety of experiments can be performed by control-
ling the following parameters: sign, magnitude, raise time,
and duration of the applicd magnetic ficld, sample thickness,
coupling to the magnctic driver substrate, sample tempera-
ture, film continuity, etc. An example for asymmetric mag-
netic field pulses (different values for +H, and —H,) of
fixed magnitude, but variable time duration is shown in Fig.
7. In the figure the zero of the time scale indicates the field
inversion from + H, to — H,. The duration of the + H, ficld
pulse is seen as negative time extent of the positive magne-
tization state. With applied +H ficlds pulses of 0.12 us
duration the surface magnetization remains basically unper-
turbed, but starting from 0.24 us of + H, duration the mag-

PR, A U ¥ Y. )
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o —o— (1.24 psec
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FIG. 7. Results for asymmetric +H, and —H, field pulses (=15 Og;
H,=0.3 0c) as a function of different pulse duration. No magnetization
reversal is observed for a 0.12 us time. A complete magnetization reversal
is observed starting from a 0.24 us duration of applied magnetizing ficld.

netization of the surface is completely reversed. It is inter-
esting to observe that the dynamics of the reversal process
strongly depends on the duration of the high ficld +#,
pulse, i.e., of the previous history of the sample. These cx-
periments show the importance of surface magnetic after
cffects. ' %

B. Pump probe experiments: Fast magnetization
reversal

Introducing a delay between the SR clock and the mag-
netic field pulses, as explained above, pump-probe experi-
ments can be performed and the time resolution can be
pushed to its limit, i.e., the SR light pulsewidth {~500 ps at
SuperAco). The delay between pump (H field pulse) and
probe (light pulse from the synchrotron) can be changed be-
tween each data acquisition producing reliable data sets with
1 ns resolution. The faster magnetization reversal that we
could observe for a 2-nm-thick Fe film on Vitrovac was
completed in a time 7==40 ns (see Fig. 8) which corresponds
to 25 MHz reversal rate. In this case the magnetization re-
versal time is shorter then the time needed to establish a
steady current state within the applied field circuit, i.e., the
magnetization change is driven by a changing applied ficld.
In particular, for a magnetizing pulse of H/H = 140 like that
in Fig. 8, the complete reversal is obtained when the Beld has
reached 60% of the final value. The pump-probe experiments
with high time derivative of the applicd magnetizing ficld H
must be understood by carefully considering the actual dy-
namics of the H field pulse, i.c., the exact value of dH/d!t
across the time interval of the magnetization reversal
process.”!

IV. CONCLUSIONS AND OUTLOOK

We have here presented a new approach 1o the swudy of
the dynamics of magnetization at surfaces based on the com-
bination of SP mcasurements and time structure of SR. The
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FIG. 8. M(1)/M, as a function of time, where M, is the SP valuc in
stationary conditions, for a pump-probe cxperiment, Two kinds of magne-
tizing ficld pulses are shown: one with asymptotic values of HiH=40
{open circles) and with gradicnt of 51 MOcs™!. The second with an
asymptotic value of H/H.=140 (filled squares) and a gradient of
145 MOc s, The sample was a 2 nm Fe layer on Vitrovac at room tem-
perature.

time resolution of the method is entirely sct by the duration
of the SR light pulse for pump-probe experiments and by the
repetition rate of the SR pulses in real time experiments. In
this last case the actual limiting rate of independent measure-
ments is sct by the dead time in between independently re-
cordable signals which fact limits our current setup 10 a
maximum real-time measurement rate of 12-15 MHz. The
important aspect of our experimental setup is the intrinsic
surface sensitivity of the SP measurcment, which makes it
the first synchrotron radiation-based time-resolved surface
magnetometer. The whole domain of surfacc magnetic dy-
namics at the relevant time scales can be cxplored with the
above-described experiments, including nonstationary states
of a surface undergoing structural phase transitions. The few
experimental results selected for this presentation all indicate
that domain processes delcrmine the surface magnetization
reversal dynamics at ~10 MHz rate.
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ABSTRACT

A practical atom specific surface magnetometry can be based on the measure of magnetic
dichroism in the angular distribution of core photoelectrons using linearly polarized syn-
chrotron radiation. The magnetic dichroism effect on the photoemission intensity of 3p core
levels of the ferromagnetic transition elements is as large as 46% in the case of Fe(100). The
most efficient scheme for measuring the magnetic dichroism in photoemission requires two
mirror experiments in chiral geometry, i.e. only two times more experiments than standard
core level photoemission for surface chemical analysis. We describe the dichroism magne-
tometry and show examples for Fe, Co, Ni and Cr surfaces and interfaces, including the
measurement of the temperature dependence of the Fe(100) surface magnetization and of
the effect of S-segregation on the surface magnetic moment of iron.

INTRODUCTION

The understanding of the magnetic properties of surfaces and low dimensional solids
requires accurate measurements of all the structural, chemical, and magnetic parameters of
the surface atoms.

The field of surface magnetism has been opened when the measurement of the magnetiza-
tion of surface and near-surface atoms became practical by the application of spin-polarimetry
to the photoelectrons and secondary electrons ejected from surfaces.! The measure of spin
polarization (SP) of secondaries is intrinsically surface sensitive due to the short escape depth
for low energy photoelectrons in ferromagnets, and can be understood semi-quantitatively,
but gives an average magnetization values, i.e. does not resolve contributions from individual
atomic species constituting the magnetic surface. On the other hand the basic surface science
spectroscopies, Auger electron spectroscopy and photoelectron spectroscopy, which allow a
full chemical characterization and sensitivity to local order in the diffraction of the ejected
electrons, are not directly sensitive to magnetism. To gain magnetic sensitivity AES and
PES have been measured in the spin-resolved mode, i.e. by measuring the number of Auger
electrons or core photoelectrons with their spins aligned or counteraligned to a macroscopic
magnetization direction.?* These are close to ideal tools for surface magnetism, but suffer
for a great technical handicap: the low efficiency of spin-detection which is only some 1073
and severely reduces the applications of these techniques. An alternative is to exploit the
fact that polarized atoms, like the atoms in a magnetically ordered ferromagnetic material,
can be recognized by their directional anisotropies in the photoionization matrix elements.

Angular photoemission experiments on core levels about the magnetization direction (vec-
tor) show dichroism and therefore allow to probe magnetism in a highly efficient way. A large
magnetic dichroism effect is shown in figure 1 for the Fe 3p core levels from Fe(100). The
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dichroism is obtained as the differences of two photoelectron spectra of the exchange split-
ted Fe 3p magnetic sublevels, measured in the mirror chiral geometries which are shown in
the inset of the figure 1, using linearly polarized synchrotron radiation at soft X-ray ener-
gies. This effect was observed first by Roth and coworkers.® The special case of magnetic
dichroism in photoemission which is measured as a difference in the angular distribution of
photoelectrons between two mirror experiments, is called linear magnetic dichroism in the
angular distribution of photoelectrons (LMDAD).™!! We show below that a practical surface
magnetometry can be based on the LMDAD effect, combining all the power of photoelectron
spectroscopy with magnetometric information at a total cost of doubling the experimental
effort of a standard core level photoemission surface analysis.

— 1 ' 1 ' '

 Fel100 DRSS | _
L. T=150K

..
[ 120eV 12.5%
[ Difference

A\

| AE =1.06x£.02 eV

- mj:3l2

. . . Y 22%,
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Binding Energy (eV)

Fig.1: Fe 3p photoemission mirror experiments done in the chiral geometries shown at the top,

and the LMDAD dichroism curve for Fe(100). The dichroism is fitted by a sextuplet of magnetic

sublevels which are weighted by the angular matrix elements.[ref. 8] The extrema of the LMDAD
curvve coincide with the mj=-+-3/2 sublevels.

Photoelectron Intensity (arbitrary units)

PRINCIPLES

In a core level photoemission experiment of a ferromagnetic material the photoexcited
core hole state of total angular momentum J is split by the spin orbit and exchange interac-
tions with the spin polarized valence electrons into sublevels with a given projection m; on
the magnetic quantization axis. Exchange dominates over orbital interaction and J =L+ 8§
is not a good quantum number so that the ordering of the m; sublevels is different with
respect to the Zeeman effect. By disregarding altogether the manybody processes involved
in the photoemission from atoms and from solids, as well as the possible splitting of the high
energy final states, one expects each m; sublevel to contribute intensity with a character-
istic angular distribution.’? Within this one-electron atomic picture the intensity and the
angular distribution of the photoemission spectrum is completely determined by the core
hole multiplet. The angular dependence of photoionization of a particular m; core sublevel
can be measured if the energy splitting of the core hole is at least of comparable size with
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respect to the intrinsic width of the core hole. The relative variations of lineshape measured
in the miror experiments of figure 1 represent the relative variations of intensity from a
grid of effective m; sublevels for the Fe 3p core hole.®!! The experimental variations can be
compared with calculated photoionization cross sections.12:13:10

LMDAD experiments on Fe, Co, Ni and Cr 3p photoemission.

The experimental LMDAD spectra for the ferromagnetic transition metals and for chromium
(layered antiferromagnet) measured at 150 K are collected in figure 2. The top curves in each
panel represent the as measured spectra at the indicated photon energies. Up full triangles
indicate the spectra measured with the external magnetic field direction in the up-vertical
direction, and open down-oriented triangle indicate the experimental points measured after
reversal of the surface magnetization, by the external field directed in the down-vertical di-
rection. The chiral geometry is the same for all the experiments but the angular acceptance
of the analyzer is different in the case of Fe at 170 eV. The second panel represents the
spectra after background substraction (integral background plus exponential decay of sec-
ondaries). This procedure allows to estimate the amount of photoemission intensity at final
state energies lower than the main 3p peak, i.e. the deviation from the simple one-electron
reference model.! Finally the bottom panels show the experimental difference curves i.e.
the LMDAD spectra. The photoemission magnetic asymmetry is defined as A= iﬁﬁfﬁ,
where I,p (down) are the photoelectron spectral intensities obtained with the magnetization in

the upward (up) or downward (down) directions.

o
| Fe-3p
[ hv=170eV

. Ni-3p

hv =170V
| T=150K
3p5d10

Photoemission Intensity (arb.units)

Difference

I

05 55 TOGTOSTIONS 70 75 80 85 90 05 75 80 85 90 95100 65 70 75
Photoelectron Kinetic Energy (eV)
Fig.2: 3p LMDAD spectra of Fe, Co, and N polycrystalline layers, and of the Cr(100) surface.

The maximum LMDAD asymmetry was 46% of the Fe 3p intensity (corresponding to a
29% variation of the total photoemission including background) measured at 140K end for

hv = 120eV for a clean Fe(100) surface.
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The three ferromagnetic 3d metals all show similar dichroism curves under the main
peak, with the magnitude of the asymmetry scaling with the element and with the photon
energy. The LMDAD ssymmetry result are related to the magnetic moment of the metals,
but in a complex way. By inspecting the spectra one finds that the photoemission intensity
is basically all concentrated under the main peak in the case of Fe 3p, but it: shows tails and
well resolved satellites in the cases of Co and Ni. This is a consequence of the increasing
correlation of the d-bands with d-filling, which implies a higher probability of multiplet final
state configurations. The Ni 3p peak and satellites correspond to 3p®d'®, 3p°d® and 3p°d®
final state configurations respectively. The photoemission intensity of the satellites amounts
to 20% of the total intensity in nickel. Since every configuration is different, it will display in
principle a different magnetic dichroism. Such result was previously suggested by a circular
dichroism experiment on Ni.¢ In the 4th panel we see the Cr 3p photoemission spectra from
an epitaxial overlayer on Fe(100). The ferromagnetic order of the Cr surface can be seen
by the presence of a LMDAD curve. Its orientation with respect to the substrate Fe can
be directly observed from the sign of the LMDAD curve (reversed in this case indicating
antiferromagnetic coupling of the Cr surface to the substrate).

LMDAD as a Kerr-like diagnostic tool

A direct application of LMDAD is to probe the magnetic order at surfaces in a similar
qualitative way as the magneto-optic Kerr effect probes the bulk magnetic order, but with
the important advantage of chemical sensitivity.

Fe(100) - 3p Core level - T=300K 3 Ml Cr/Fe(100) .
hv=120eV E, =62.15eV _ hv=170eV
e,

L\ T =T

Fe/Cr/Fe(100) |
(4M Fe)/(5MI Cr)!

59 60 61 62 63

Photoemission Intensity (arb. units)

Photoemission Intensity (arb. Units)

Kinetic Energy (eV!
1510 05 0.0 05 10 15 20 105 108 111 114 117 120 123
Magnet Current (A) Kinetic Energy (eV)

Fig.3: Magnetic hysteresis loop measured with Fig.4: LMDAD spectra for the Cr/Fe(100)
LMDAD on Fe(100). interface and Fe/Cr/Fe(100) trilayer.

Figure 3 shows the LMDAD spectra at two stages during the growth of a Fe/Cr /Fe trilayer
structure. The top panel shows that the ferromagnetic order of the Fe(100) substrate is not
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disturbed by the epitaxial growth of 3 ML of Cr. The Cr 3p also shows LMDAD indicating
ferromagnetic order in plane. Cr is known to grow along the [100] direction as a layered
antiferromagnet,!® the measured Cr 3p LMDAD is due to the uncompensated signal from
the surface layer. The lower panel shows the completion of the trilayer structure by epitaxial
overgrowth of Fe on a 5 ML thick Cr interlayer. The LMDAD signal shows that the top
Fe film is antiferromagnetically coupled to the substrate iron across the 5 monolayers of
chromium,

The LMDAD asymmetry can be measured at the optimum final state energy (i.e. where
the asymmetry is maximum) while varying the external magnetic field to obtain magnetic
hysteresis curves for the selected atoms. A LMDAD magnetic hysteresis curve for Fe(100) is
shown in figure 3. There is a practical limitation of photoemission hysteresis curves which is
due to the quite small value of external field that can be present during the photoemission
measurement.

' 1-kCT? | Eos .
A = _ 12.0
: B=0.381>"%
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Fig.5: Thermal decrease of the relative sur- Fig.6: LMDAD (circles) and Kerr rotation
face magnetization as measured by Fe 3p LM- (diamonds) as afunction of reduced temper-
DAD asymmetry. aturein the near Tc region..

Testing the Temperature Dependence of LMDAD in The Spin Wave Regime and
Near TCurie'

The temperature dependence of the surface magnetization in the spin wave regime has
been measured for Fe-Ni-B and for Fe layers and interfaces in SP experiments. The results
indicate that the exchange interaction within the surface and along a path perpendicular
to the surface are different from the bulk exchange, and can be obtained by fitting model
calculations to the slope of the Mg(T') curve.

A crucial test for the LMDAD photoemission magnetometry is the dependence of the
LMDAD asymmetry on temperature for a clean Fe(100) surface, and to compare the results
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with spin polarization (SP) measurements. The temperature dependent results of the Fe
3p LMDAD asymmetry, SP of the secondary electrons as measured with a 100KV Mott-
scattering experiment, and of bulk magnetization sensitive Kerr rotation data are shown in
figures 4 and 5.1°

For T < 4T , the thermal decrease of the relative surface magnetization AMs(T")/Ms (0)
of atomically clean Fe(100) is consistently measured by LMDAD and by SF. The results are
described by the law M(T)/M(0) = 1 — kCT®/? of spin-wave theory.!” The Kerr data mea-
sure the bulk thermal decrease of relative magnetization with & = 1 which determines the
bulk constant C. A surface enhancement factor k =~ 2.5 is obtained by fitting the LMDAD
and SP data to the T%2 law: it represents the reduction of the exchange interaction of the
Fe(100) surface atoms along & path perpendicular to the surface.’® In the critical region
(figure 3) the Kerr-rotation and LMDAD signals vanish with, respectively, bulk and surface
critical exponents according to Mp e (1 — T/Tgp)?® and Ms o (1 - T/Tcg)?s.*® The Fe
3p LMDAD results for Fe(100) are described by a surface critical exponent Gg = 0.81 +0.01,
to be compared with 85 = 0.38 £ 0.01 from Kerr rotation. The LMDAD results agree with
previous SP measurements of energy selected secondary electrons on Fe (110),% and with
spin-dependent elastic electron scattering results for Ni(100) and Ni(110) surfaces,?! and are
consistent with a ferromagnetic surface weakly coupled to the bulk. These results provide di-
rect experimental proofs that the measure of photoemission magnetic dichroism gives directly
the order parameter of magnetization for the Fe surface atoms < Mg >.

Fe 3p Fine Structure: Exchange and Spin-Orbit Parameters, Magnetochemical
Shifts

From the fine structure of the 3p core levels one can evaluate the exchange splitting of the
core hole. The width of the J = 3/2 multiplet is found here to be 1.06:£.02¢V for Fe 3p. The
spin orbit splitting of the 3p core holes in Fe is known from silicide data?? to be 1.05 4 .05eV
. The splitting between adjacent m; sublevels corresponds to a value of exchange field of 3.5
107Gauss for the 3p core hole in bec-Fe. This analysis is rather direct in the case of Fe 3p
since the extrema of the asymmetry curve coincide with the mj = £3/2 sublevels, which are
pure spin-orbit states and display the largest magnetic asymmetry. The "width” of the Fe
3p dichroism spectrum is therefore a direct measure of the atomic exchange interaction for
the 3p core hole.

The atomic exchange depends upon the details of the spin-polarized electron states of
the valence band which is determined by crystal structure and chemistry at the surface. We
compare in figure 6 the 3p dichroism spectra of clean Fe(100) and S segregated Fe(100).
Sulfur segregation occurs at temperatures higher then 500 C and saturates when an ordered
¢(2x2) superstructure is completed (clearly observed in LEED) for annealing above 600 C.%
The 3p LMDAD dichroism spectra of Fe(100) and ¢(2x2)S/Fe(100) at 300K are shown in
figure 4. The narrowing of the Fe 3p dichroism spectrum for the sulfurated surface shows
that the m; = £3/2 splitting is reduced to .99 = .01eV. This indicates the at the magnetic
moment of the Fe atoms bonded to the S is reduced by a large amount. The photoemission
measurement averages the information of the top three layers of material , eo if the reduction
of magnetic moment is only occurring at Fe surface sites, this reduction is of the order
of 20%. From the inspection of the magnetization dependent spectra one observes a clear
" magnetochemical shift” of the peak dominated by the (minority spin) my = +3/2 sublevel
when sulfur is present at the surface. The reduced magnetic moment of the Fe(100) surface
and subsurface atoms when S atoms occupy the fourfold surface sites corresponding to the
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¢(2x2) superstructure can be attributed to hybridization of the Fe 3d bands with the S sp
valence electrons.2d This fact has implications on the valence configuration of the c(2x2) §
atoms. In figure 7 we show the LMDAD spectra for the S 2p core level for the segregated
¢(2x2)8 surface of Fe(100): the presence of dichroism shows that bonding with Fe implies a
transfer of magnetic moment on the sulfur. The my = £3/2 splitting of the S 2p 3/2 peak

is .45 + .03eV.
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Fig.7: Fe 3p LMDAD spectra for Fe(100) and
c(2x2)S/Fe(100) surface. The reduce width Fig.8: S 2p LMDAD spectra measured. The
of the dichroism spectrum reflects the reduced dichroism indicated that a magnetic moment

magnetic splitting of the core hole. is present on the S atoms.

A large magnetochemical shift can be measured in chromium at the interface with iron.
The first epitaxial layer of Cr on Fe(100) is ferromagnetically ordered and antiferromagnet-
ically coupled to the iron substrate. The LMDAD spectrum measured at 150 K for one
monolayer (identical spectra were measured for half monolayer) of Cr on Fe(100) is shown
in figure 8 and compared with the LMDAD spectrum measured from the surface of a thicker
epitaxial layer. The width of the interface LMDAD spectrum is 30% larger then the width
of the Cr(100) surface LMDAD for the epitaxial (100) film. The relationship between the
magnetic splitting of the Cr 3p core level in the two cases, shows the relative values of the
magnetic moment of chromium atoms at the interface with iron, or at the Cr(100) surface.

CONCLUSIONS AND OUTLOOK

LMDAD in chiral photoemission experiments on I > 0 initial states is a large effect.
The measure of LMDAD on core levels is a diagnostic of ferromagnetic order which cost
only a double effort with respect to the standard photoemission lineshape inspection. It
is clear that photoemission magnetic dichroism provides a powerful magnetometer. The
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measure of the order parameter < M > is directly obtained from the asymmetry. Relative
changes in the magnetic moment as & function of the atomic environment can be obtained
from the LMDAD spectral widths. All the advantages of surface sensitivity and chemical
sensitivity of the photoemission technique are transferred to the dichroism magnetometry.
The surface analysis of ferromagnetic alloys, heterostructures, impurity terminated surfaces
can be done with the full power of c.* 2 level spectroscopy and magnetic order sensitivity.
The fact that only two times more measurements are needed in photoemission LMDAD
experiments with respect to standard photoemission, implies that the technique does not
suffer for the intensity limitations which severely affects spin-resolved photoemission and
even circular polarization dichroism photoemission measurements.??® This implies that all
the high resolution implementation of the photoemission technique made possible by new
linearly polarized synchrotron radiation sources can be extended to LMDAD-magnetometry,
including high energy resclution, lateral resolution, time resolution.

1 ! 1 ¥ 1 !

Cr 3p hy = 120 eV

LMDAD
-

1 1 i i 1 1 L 1 1

71 72 73 74
Photoelectron Kinetic Energy (eV)

Fig.9: Cr 3p LMDAD for interface. Cr atoms on Fe(100), and for the surface of an epitaxial
Cr(100) film. '
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Magnetism of atomically thin fec Fe overlayers on an expanded fcc lattice: CugsAl;4(100)
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We present experimental data on the magnetic properties of atomically thin fec (y-phase) Fe films (1~6
atomic layer nominal thickness) epitaxially grown on Cug,Al¢(100) obtained by linear magnetic dichroism in
the angular distrbution of Fe 3p core photoelectrons excited by linearly polarized synchrotron radiation. The
sign and magnitude of the Fe 3p photoemission magnetic asymmetry indicates the onset of in-plane ferromag-
netism at 2.5(2) monolayer (ML) thickness of 4Fe. The Curie temperature is 288(2) K for 4 ML thickness.
The magnetic splitting of the Fe 3p mj core hole sublevels is 1.10(2) eV, i.c., the same value as measured for
a bee-Fe(100) surface where large surface and near-surface enhanced moments contribute. These results char-
acterize the epitaxial 9-Fe on CugaAl;4(100) as a high-spin ferromagnet for thickness up to 4 ML, with an
average magnetic moment per iron atom of 2.5(1)up . A phase transition occurs between 4 and 5 ML thick-
ness: the magnetic order of the pseudomorphic yFe film decreases consistently with the breaking into two
phases with the deeper layers in a low-spin and/or antiferromagnetic phase and surface restricted ferromag-
netism, similar to the case of yFe/Cu(100). [S0163-1829(98)09833-6]

INTRODUCTION

Achieving an understanding of the properties and behav-
ior of artificial nanostructures obtained by epitaxial growth
and other new techniques in the search for unusual properties
of materials is one of the dominant trends in physics and
materials science nowadays. For magnetic materials, the
search for comelation between structure and magnetic prop-
ertics of metastable phases of transition metals and other
nonconventional materials is particularly interesting. Among
these metastable phases, fcc Fe (y-Fe) has attracted much
attention from theoretical and experimental groups. The rel-
evance of this fact lies in the possibility of studying the
magnetic properties of iron in metastable phases where it is
expected that magnetovolume effects determine the ground-
state conﬁguration.” Theoretical calculations of the
ground-state of bulk y-Fe predict a nonmagnetic phase, an
antiferromagnetic phase, and two feromagnetic phases, one
with a small magnetic moment of 1.1up, and one with a
high magnetic moment of 2.5up per atom.' The lattice
parametet, i.e., the volume available for the iron atoms, de-
termines the ground state of yFe and a2 magnetovolume in-
stability is predicted at 3.66 A lattice spacing {or 12.25 A
volume) inducing a first-order phase transition from the an-
tiferromagnetic and low-spin phases to the ferromagnetic
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high-spin state.!3 Moreover, within the low-spin and in the
high-spin states, the fcc Fe magnetic moment is predicted to
increase monotonically with increasing lattice spacing.'
Experimentally, bulk fcc Fe is stable only at elevated tem-
peratures (=910 °C) as a paramagnetic metal and can be
stabilized at lower temperatures as coherent precipitates in
Cu and CuAl matrixes™® or by epitaxy onto suitable fcc
substrates.” !’ Cu has a lattice parameter of 3.61 A and
therefore a volume per atom of 11.76 A3 that would corre-
spond to a y-Fe antiferromagnetic or Jow-spin phase.! Ferro-
magnetic order of yFe was observed first for films grown by
electrolytic methods on Cu(110) (Ref. 8) and for ultrathin
films grown by molecular-beam epitaxy (MBE) methods on
Cu(111). The experimental evidence of the stabilization of
the high-spin phase, with a measured moment of 2.6u5, was
obtained for 9Fe as grown on CuAu substrates.’! The
growth of y-Fe on Cu(100) is in fact pseudomorphic: an
expansion of the lattice perpendicular to the surface can lead
the system to the magnetovolume instability. The complexity
of the experimental results obtained on Fe/Cu(100) is under-
stood as a consequence of the exact structure taken by the
v-Fe as a function of thickness, deposition temperature, and
interdiffusion with the substrate. A complex correspondence
of magnetism and structure has been recently
established.’®~28 Nondistorted fcc Fe/Cu{100) shows antifer-

11534 ©1998 The American Physical Society
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romagnetic order, while an expansion of the Fe lattice per-
pendicular to the surface can lead to ““fcc-like’’ Fe in the
ferromagnetic state.!?26

In this paper we present surface sensitive magnetometric
results obtained on epilaxial ultrathin Fe films grown on
CugsAl (100), a fcc substrate chosen in order to favor the
stabilization of the *“high spin’ phase of y-Fe since it has a
Jattice parameter 1% larger than pure fce-Cu and therefore a

12.15 A? volume, tuned to that predicted for the high-spin
fcc Fe. The magnetism of the fcc iron epitaxial layers has
been probed by linear magnetic dichroism in the angular
distribution of photoelectron intensity (LMDAD) of the Fe
3p core levels, This novel method?~>? allows us to analyze,
in a fairly independent way, > the magnetic order of the
fce iron surfaces via the magnitude of the LMDAD asymme-
try, and the relative changes of the local magnetic moment of
the Fe atoms via the changes of the energy splitting of the
magnetic sublevels of the Fe 3pcore hole. This is a photo-
electron spectroscopy experiment: the magnetic information
that is derived is an average of the contributions of the top
layers, weighted by the photoelectron escape depth.

EXPERIMENT

Epitaxial Fe overlayers (1 to 6 ML thick) were grown
under MBE conditions by e-beam evaporation of a high-
purity Fe wire (5N) onto a clean surface of a CugsAli6(100)
single crysial that presents a lattice parameter of 3.65 A, as
determined by x-ray diffraction. Both growth and measure-
ments were performed in an ultrahigh vacuum sysiem with a
base pressure of 1107 10 ybar connected to the SU7 undu-
lator beam line at the SuperAco storage ring at Orsay. The
energy of the linearly polarized undulator radiation was se-
lected at 170 eV in order to obtain Fe 3p photoelectrons with
kinctic energies such to give a minimum probing depth
A=5(1) A. This means that about 30% of the photoemission
intensity originates from the surface and that the subsurface
contributions are weighted by e 9™ where d is the distance
of the decper layer from the vacuum interface. The
CugsAlj6(100) surface was cleaned by cycles of Ar* sputter-
ing and annealing. Reproducible results were obtained for 30
min Ar* sputtering at 1.5 kV at room temperature (RT) fol-
Jowed by 20 min annealing at 650 K: sharp p(1X1) low-
energy electron diffraction (LEED) pattems for 75 eV pri-
mary electrons were obtained. No traces of C were
measured, but a small oxide signal on the Al 2p core level
photoemission peak indicated the presence of some oxidized
aluminum at the surface. The Fe evaporation rate was 0.3
A/min, as determined by a calibrated quartz oscillator, and
the residual gas pressure during the Fe evaporation was al-
ways better than 8§X10° 0 mBar. Two growth conditions
were explored: the CuggAljq substrate was held at RT and at
150 K during iron deposition. The magnetic measurements
were done by LMDAD using the same experimental setup
and chiral geometry as described elsewhere.”

We have measured the Fe 3p core level from the Fe
monolayers and mirror experiments were achieved by
aligning the in-plane magnetization of the Fe surface
via an external field up or down along the vertical direc-
tion, perpendicular to the scatlering plane. The
magnetic (LMDAD) asymmeuy is defined as Apmpan
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FIG. 1. SR-PES valence band spectra as a function of the Fe
coverage, for the Fe/CugAlj¢(100) system. Inset: valence band in-
tensity decay. The result of the fitting in the inset indicates a layer-
by-layer growth of the Fe films.

=[(Iup—ldawnll,,p+ldam,)], where I,,(14,wn) were the photo-
electron spectral intensities obtained with the sample magne-
tization in the upward (up) or downward (down) directions.
In this geometry A ppap is nonzero only if the surface mag-
netization has a sizable in-plane component. The sample po-
sition and the photon energy were kegt fixed in order to
avoid photoelectron diffraction effects.’

RESULTS AND DISCUSSION

The epitaxial growth of ultrathin Fe layers on the
Cug,Al;6(100) surface at RT and 150 K was confirmed by
LEED. The LEED patterns from the Fe films showed a sharp
p(1X1) structure for RT growth and the same pattern with
somewhat broadened spots for growth at 150 K with the
same spacing as the fcc substrate. Samples grown at RT
exhibited Al diffusion from the substrate through the Fe
overlayers. These samples did not show magnetic dichroism
either at RT or after cooling down to 150 K. The low-
temperature grown films were magnetically ordered and no
interdiffusion was observed within the time of the experi-
ments. We restrict the analysis and discussion to the mag-
netic y-Fe layers grown at 150 K.

Figure 1 presents the valence-band spectra taken at 170
eV photon energy for the clean CugsAl;5(100) substrate and
for different Fe coverages, deposited and measured at 150K’
The spectrum of the clean substrate is dominated by the
Cu 3d band between 5 and 2.5 eV below the Fermi level. In
the spectra of the overlayers, the intensity within 1.5 eV
from the Fermi level is mostly due to the 34 band of iron.
The inset shows the intensity decay of the Cu 3d band of
the substrate as a function of the Fe coverage. The exponen-
tial decay indicates that the y-Fe films cover the substrate
uniformly.

Figure 2 shows the Fe 3p LMDAD for 4 and 5 ML yFe
on CugAly(100), prepared and measured at 150 K with
lincarly polarized, monochromatic synchrotron radiation of
170 eV. The LMDAD spectra indicate in-plane ferromag-
netism at these coverages. Figure 3 shows the evolution of
A, ypap With Fe thickness on CuggAli6(100). Up to 2 ML,
no magnetic order is observed in the direction specified by
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FIG. 2. Fe 3p LMDAD spectra for 4 and 5 ML fcc
Fe/CugAl ¢{ 100) prepared and measured at 150 K. The existence
of magnetic asymmetries indicates in-plane ferromagnetism for the
4 and 5 ML-thick y-Fe fitms. Up (down) triangles refer to upward
{downward) direction of the sample magnetization with respect to
the photoemission plane. Empty {full) symbols refer to the 4 (5 ML)
thick iron layer.

the external applied field (in-plane and perpendicular to the
photoemission plane). In-plane ferromagnetism appears at
2.5 ML and A ypap reaches a maximum value for 3—-4 ML.
Assuming that below 2.5 ML our Fe films present perpen-
dicular anisotropy, this result would indicate a lower thick-
ness threshold for the reorentation transition of the ferro-
magnetic easy axis than reported in the case of a Cu(100)
substrate. 2022537

The Curie temperature of the in-plane magnetized ultra-
thin y-Fe phase has been determined for 4 ML thickness by
measuring Ay pap as 2 function of temperature, as shown in
Fig. 4. The experiment was performed by varying the tem-
perature of the 150 K deposited sample between 150 and 300
K. The data are fitted by a function describing the power-law
dependence of the order parameter of ferromagnetism in the
neighborhood of the Curie temperature Tc.?® The fit is ob-
tained by maximizing the function log[1— (T'T¢)] in the re-
gion where log(LMDAD) vs log[1— (T/T)] is lincar. This
procedure yields an exponent B=0.212(5) for the power law
[1- (T/Tc)]? and a Curie temperature T'c=288(5) K.

ot T 1
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E‘ 8r '\: i
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Z 4l Fe [ Cu AL (100) |
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g Fe 3p
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FIG. 3. Fe 3p LMDAD asymmetry for increasing Fe coverage
on CugAl;¢(100), indicating the onset of in-plane magnetization at
2 5 ML Fe and the phase transition between 4 and 5 ML, with 35%

raduntinn nf maconetization.
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FIG. 4. Temperature dependence of the Fe 3p LMDAD for 4
ML fce Fe on CugAl ¢(100). The data are fitted by the power law
[1- (T/Tc)]P. The inset shows the LMDAD asymmetries at 150 K
{empty circles) and 300 K {dots). The second pancl shows the fit-
ting procedure based on the power-law hypothesis, according to
Diirr et al. (Ref. 40},

Similar T values have been reported for Fe/Cu(100) (Refs.
26 and 15) and Fe/CuAu(111)."! Our B value agrees well
with that predicted by the two-dimensional XY model”® and
with values measured on Fe/Au(100) (Ref. 40) and on
Fe/W(100).*! This extrapolation method for T¢ allows for
the existence of a deviation from the power law above a
certain ttz-mperaturc.'w'42 The deviation is connected to the
low dimensionality of the system: in quasi-two-dimensional
systems the spin fluctuations related to the phase transition
are very important and affect a larger temperature range ncar
Tc than in bulk ferromagnetism. By recaching T from be-
low, the magnetization may not vanish because of the forma-
ton of short-range ordered spin clusters that can show dif-
ferent T values, depending on their size.” The spread of the
measured A;ypap values near T¢ provides evidence for a
limited coherence length that is connected to the high density
of defects in the low-temperature grown layer. The possibic
onset of interdiffusion at the interface, when annealing at
room temperature, may have a direct consequence on the
deviation from the power-law behavior.

The analysis of the energy splitting of the Fe 3p core
level can give insight on the local magnetic moment of the
iron atoms in the epitaxial films. In Fig. 5 we compare the Fe
3p LMDAD splitting of 3 ML fce-Fe on CuggAl(100)
[AE=1.10(2) eV] of a standard bee-Fe(100) surface. The
energy width of the dichroism spectrum represents the en-
ergy splitting of the J =2 multiplet due to the exchange in-
teraction for the 3p core hole and the spin-polarized valence
band. The splitting reflects therefore the value of the mag-
netic moment of the excited atom, i.e., a local proparty.m'32
Recent experiments on Fe-Co and Fe-Ni surface alloys™
have demonstrated that the width of the 3p core level
LMDAD spectra is proportional to the local magnetic mo-
ment. This means that sizable changes of the iron local mag-
netic moment are reflected in changes of the splitting encrgy
of the core hole magnetic sublevel, and conscquently on the
width of the LMDAD spectrum., Roughly speaking, the
width of the LMDAD spectrum for the predicted low-spin
ferromagnetic phase with 1.1y should be reduced to onc-



—— 3 ML fcc Fe/ Cu, Al (100)
* clean bee Fe (100)

=]
3
H 2
<
hv=170eV
Fe 3p
-56 -55 l -54 I 53 -52 I -51
Binding Energy (eV)

FIG. 5. Fe 3p LMDAD for 4 ML fcc Fe on CugyAl;4(100) (open
circles) and for bee-Fe(100) (filled circles). The bee-Fe(100) spec-
trum represents the average of a surface enhanced moment of
~3 pp and subsurface and bulk contributions of ~2.2ug . Accord-
ing 10 an escape depth A=5(1) A, ~30% of the photoemission
intensity otiginates from the surface and the LMDAD lineshape of
bee-Fe(100) is equivalent to that of a homogeneous Fe film with
~25ug.

half of the width of the LMDAD spectrum for bulk bee Fe
(2.244g). From Fig. 5 we observe that the width of the LM-
DAD spectrum of 3 ML y-Fe/Cug,Al 4(100) and that for the
a-Fe{100) are identical within experimental accuracy. A dis-
cussion of the LMDAD signal of bec-Fe is needed at this
stage: the reported LMDAD spectra were obtained in highly
surface sensitive conditions, which implies that the measured
LMDAD line shapes represent the average of surface, sub-
surface, and substrate contributions.* The width of the ref-
erence bee Fe(100) surface spectrum is determined by the
surface enhanced moment, the subsurface, and the bulk mo-
ments averaged with relative weights set by the surface sen-
sitivity of the measurement. A numerical simulation of the
Fe(100) LMDAD spectrum, based on the hypothesis of lin-
ear dependence of the LMDAD width upon the magnetic
moment and on an escape depth of A=35 A, gives an average
value of the magnetic moment of the sampled bee iron layers
of 2.5(1}pg. The enhanced values of the magnetic moment
at the bee Fe(100) surface and subsurface layers have been
taken from theory (2.97up for the surface).* It appears
from Fig. 5 that the magnetic moment of the iron atoms in 3
ML y-Fe/CugsAl 4(100) is of the same value. If we make
the hypothesis that the magnetic moment of the 3 ML-thick
vFe film is uniform through the layer, then our data are
consistent with the formation of the theoretical high-spin fer-
romagnetic phase characterized by a magnetic moment of
2.5(1) g, and with the experimental value from Gradmann
and Isbert!! larger than in bulk a-Fe. In the high-spin state of
the y-phase, iron is a strong ferromagnet, with an almost full
majority 34 band. In these conditions, the surface enhance-
ment of the magnetic moment should be limited to a 10%
effect at most, likewise in the case of hep or bee cobalt.
Above 4 ML, the LMDAD asymmetry is reduced by
35%, as can be seen in Fig. 2. We could not check structural
changes on our samples grown on CugAl 6(100), but the
reduction of the LMDAD asymmetry signal is consistent
with a picture known from (RT grown) Fe/Cu(100): by in-
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creasing the Fe thickness, the deeper Fe layers undergo a
transformation from a distorted fec structure towards a more
compact undistorted one.'®*#%27 If the top layers remain in
the perpendicularly expanded, large volume structure, then a
magnetovolume instability in the vertical direction may ex-
plain the reduction of LMDAD asymmetry (fewer layers in
the high spin state} as well as the permanence of a high
magnetic moment near the surface. The dense deep layers
could be in the antiferromagnetic state at sufficiently low
temperature {paramagnetic at 150 K) while the surface/near-
surface layers would remain in the high-spin ferromagnetic
state with magnetic moments of 2.5(1)up. For
Fel/CugyAl;5(100), the formation of an antiferromagnetically
ordered phase in the deep layers for samples thicker than 4
ML is compatible with the LMDAD results, since it would
add a nondichroic spectral contribution with a reduced total
photoemission peak width (due to the reduced magnetic mo-
ment of Fe atoms in the antiferromagnetic phase) to the sur-
face (ferromagnetic) dominated LMDAD spectrum. This
contribution cannot severely modify the line shape of the
surface sensitive Fe 3p spectra, but can certainly reduce the
Armpap. On the other hand, if the observed reduction of
magnetization for thicknesses larger than 4 ML was due to a
transition of the whole ¥Fe film to a low-spin ferromagnetic

phase, as suggested by Durrand et al. for Fe/Cu(111),* then
a large reduction of the LMDAD splitting should be ob-
served, which is not the case.

CONCLUSIONS

In conclusion, we have observed in-plane ferromagnetism
in ultrathin fcc-Fe(100) layers on CugyAly¢(100) for thick-
ness between 2.5 and 6 ML, which were prepared and mea-
sured at 150 K. The magnetization is oriented in plane at
lower coverage than reported in the studies of Fe/Cu(100),
perhaps as a consequence of the laterally expanded
CugsAl 4 100) lattice, which reduces the need of expanding
the interlayer distance perpendicularly in order to reach the
favorable atomic volume for the high-spin ferromagnetic
phase, and consequently reduces the perpendicular anisot-
ropy. The ferromagnetic focc-Fe(100)/CugyAlj(100) phase
has an average magnetic moment of the order of 2.5u5, as
deduced by comparison with the data from a clean a-Fe(100)
surface, and has a Curie temperature close to room tempera-
ture for 4 ML thickness. A phase transition is observed be-
tween 4 and 5 ML: the order parameter is suddenly reduced
but the magnetic splitting of the top layers remains basically
unchanged. This can be understood by analogy with the be-
havior established for y-Fe/Cu(100) films of similar thick-
ness that exhibit antifcrromagnetically ordered (or paramag-
netic) deep layers and surface restricted ferromagnetism.
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