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5. TWO MAGNETICALLY-DIFFERENT CLOSELY LYING STATES OF Fec IRON GROWN

ON COPPER (100)

{Quarterly Reporr October 16, 1986 - January 15, 1987)
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ABSTRACT

Two closely lying (in energy) states of foo iron grown on copper (100)
have been identified by m@ew—optic and photoemission experimenta. The
as-grown state at 460K exhibits in-plane surface ferrcoegnetism in magneto-
optic measurements. Ferromagnetism parallel to the piu:e is not observed
for the roco-temperature slate; its absence iz supported by a comparison of
our calculated and measured work functions and by the photoemission results.
LEED shows expanded interplanar spacing at the surface. The tesperature
behavior and effect of fresh iron deposition indicate that the thermal

transition betseen the two states is {irst-order.
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Understanding the mechanisms that select the crystal structures of the
'eleuean is one of the firdamental ‘q;mticns of selid state physica. This
is especially interesting for iron because of the question of the “competi-
tion” between bec and foo structures and the role of magnetism in this

1‘2

ccopetition. The ability to prepare foo iron films by epitaxiai growth

on copper has provided the opportunity to study directly the electronic

structure of foc im.3-5 Interestingly, quite conflicting conclusions have

been reached as to the magnetic state of foc iron grown on OuliOOl.3'4

We have identified and characterized two closely lying (in energy)
states of foc iron grown on copper (100). One state (State L) has no
ferromagnetism parallel to the surface and occurs at rcom temperature. The
documentation for the nature of state L consists of the -obsemtiqxs that
the surface magneto-optic Kerr effects {SMKE) gives vanighing intensity
{no hysteresis characteristic of ferrcmagnetiso parallel to the surface),
and 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 foc iron relative to Cu or boc Fe
or magnetically-ordered foc Fe. The secornd state (State H) is ferromag-
netic and occurs vhen the sample is kept at its growth temperature (420-
460K); however, the experimental behavior iydicates that the ferrcmmgnetism
is confined to the surface layer. This is consistent with our spin-
polarized electronic structire calculations indicating the existence of a
magnetically-ordered state with ferromgnetism at the surface, but antifer-
romagnetism in the interior. The documentation for the ferrocmagnetic
nature of State H consista (a) of a significant SMOKE inten=sity
(hysteresis) identifying ferrcmagnetism parallel to the surface at 460K,
(b) a decreased work function compared to State L, consistent with the

calculated trend predicted for mmgnetically-ordered as campared to paramag-



=102~
netic, foeo iron, (c) an ind.icati.pn of the presence of exchange splitting

shovn in the UFS behavior at 460K, . Below we give a detailed description
of this study and relate our results to those of other workers.

The absence of ferromagnetism paraliel to the gsurface at room
temperature was definitively recognized by the absence of any SMOHE inten-—
sity throughout the thickness range of about twenty layers where the iron
grew in the foco structure. {The SMOKE gecmetry used detects ferromag-
netiso paralle]l to the sizface.) At greater iron thicknesses, when the
structure reverts to boc, we detect the presence of ferrcmagnetisa through
the oocourrence of SMOKE intensity. Furthermore, the absence of detectable
exchange splitting in the energy distribution curves (EDC’s) in angular
integrated ultraviolet photoemission (UPS) measurements is consistent with
the absence of any magnetic ordering. The UPS results .(using Hel radia-
tion, 21.2 V) at roca texperature sre shown in Figure 1 as a function of
iron cnrvera.ze.s

We have carried cut fully-varped all-electron gelf-consistent Film
Linearized Muffin-Tin Orbital (FLMIO) electronic structure calculations’
for five layers of (100} foc iron using the Cu lmttice constant. The
calculations are for both parasmagnetic and spin-polarized states using 28
k-points in the irreducible 1/8 of the Brillouin Zone. The calculated
density of states (DOS) in the different layers of the five-layer paramag-
netic (100)foc iron slab (solid curves), as well as for a five-layer slab
of paramagnetic boc iron (dashed curve=), are shosm in Fig. 2.

The UPS EDC’s (see Figure 1) show markedly different features from
ﬂ';oees of toc iron. The BDC's show penks at -1.1 and -3.2 eV for iron
coverages of 3 to 10 layers. The 3.2 eV peak is clearly due to Cu, and as
expected, diminishes and broadens with iron coverage. In marked contrast,
the feature at 1.1 eV below EF is seen to grow a.h».:-pll.;r with higher Fe
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coverages. This Teature is not duve to surface states; no significant
changes in peak intensity or position after 02 and CO exposures were
cbserved. This 1.1 eV peak is characteristic of for iron having approx-
imately t.he same lattice constant as foc Cu. Our calculated foc Fe sphere-
projected density of states (D0S) curves in Figure 2 show a sharp peak
locatedquitecloset.omesmmrgy.andfhiuuﬁpeakisshnrpestin
the center layer. Kubler's® calculated bulk foc Fe DOS has & pesk at a
slightly lower energy than our result, but we believe it is the same
feature., Neither the experi.mtals Ei:'s nor the cnlcula.ted7 DOS of boco
jiron shows sny sharp featwres sround 1.1 eV below EF. {The weak feature at
6 eV below El-‘ in Figure 1, cbserved for thicker films, is probably
associated with traces of oxygen on the murface.) )

The calculated work function for the paramagnetic foc iron slab of
Figure 2 is 5.3 e‘V. Our esrlier calculated mult.s7 for (100) parazagnetic
boc iron and for (100) foc copper were 4.8 and 4.9 eV respectively. We
have also calculated the electronic structure for a spin-polarized S-layer
for iron slab. The work function predicted for the magnetically ordered
state is lower, 5.1 eV. (Our calculated work finction for ferromgnetic
bxxs Fe(100) is 4.6 eV.)

Experimentally, an incresase in the rocam temperature work function
(determined from the width of the EDC's) of foc iren is observed as com—
pared to Cu(100}, consistent with the predictions of the calculations for
paramagnetic foc iron. We measure & work functicn of 5.5:0.1 eV for one
ponolayer of iron. (For Cu (100) the work function is between 4.6 and
4.7 eV). . The value for 0.5 monolayer of jron on Cu(100} is 5.3+0.1 eV;
while for more than a monolayer the value remains around 5.4 eV. Our
calculated electron-density maps help explain the work-function change when

an Fe monolayer is put on the Cu substrate. The Fe orbitals which are
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less spatially localirzed compared to Cu, and the stretched, near-surface Cu
orbitals strengthen the surface dipole barrier, giving rise to the increase
in the work function.

There is an indication of the presence of amal]l splitting of the d-
bands of about 0.5 eV at the as—deposited temperature 460K (inset in
Fig. 1), in contrast to the lack of such features at room talpemun-e-n
The splitting disappears on cooling to lower temperature (shown for cooling
to 320K in the inset to Fig. 1) and does not returh upon heating back to
460K. The appearance of this feature was observed reproducibly in mmerous
experimenta. {By itself it does pot provide canclusive evidence of ferro-
magnetism. Such conclusive evidence is provided by SMOKE peasurements. )
The work function at 460K for a fresahly growm 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 magnetically ordered state of foo iron: however,
one should bear in mind that the work function is, in any case, normally

expected to decrease with incressing temperature. The presence of ferro-

magnetism in the as-grown 460K foco iron-on-(100) copper was unequivecally
identified by SMOKF measurements as ghown in the upper and middle panels of
Fig. 3. There is well defined hysteresis'® at 460K as opposed to the
absence of hystereais at lowver temperatures such as 300K, as shown in the
lower pmél of Fig. 3. As the tegperature is lowered, say to 370K, the
SMOHE signal abruptly disappears and does not retumm when the sample is
reheatad to 460E. The Auger spectra before and after the runs at 480K do
not show any increase in contaminants during and after cooling to room
teoperature.

The interplanar spacing behavior as found by LEED is quite unusual.
The LEED measurements involve intensity vs energy (I-E) determination on 13

spots. Multiple relmation of the top three layers wms allowed. For five
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layers of Fe an Cuii00) at room tempersture we find an interplanar distance
of 1.81R for the top layer compared to 1.78% for foc iron withir the bulk,
j.e. a surface interplanar expansion of sbout I or 2X. At 460K, the
surface interplanar spacing further increases to 1.83R, an expansion of an
additional 1X. The intraplanar spacing remains equal to that of the Cu
substrate.

There is strong evidence that the ferromagnetism at 460K is confined
to the surface fcc iron layer. When the SMOKE intensity disappears with
time,10 the SYOKE signal can be restored by fresh deposit of s single layer
of iron. PFurthermore, the SMOKE intensity does not vary with foc iron
thicknees and corresponds to a ponolayer-type signal level when compared to
previous boc Fe—on-Au SMOKE masumt:s.s

It is interesting to consider this evidence for surface-only ferrcemg-
netism in relationship to the results of oo spin-polarized self-consistent
LMTO calculations for a five-layer slab of foc iron. The spin-polarized
foc iron salculation wes started using the self-consistent paramagnetic
potential with an artificial spin polarization favoring ferromagnetic
coupling between all lsyers. However the final self-consistent result
shows ferromagnetic alignwent between the surface (Z.TSpB) and subsurface
(2.30;:Bl mements, but the center layer moment (1.6&431 ia aligned anti-
ferromagnetically to the subsurface mcment. This would indicate surface
ferromagnetism coupled to bulk antiferromagnetisa. The total energy for
the magnetically-ordered state is about 0.100 Ry below that for the
paramagnetic state {out of some 12,705 Ry).

In conclusion, the results reported above show that foc iron as grown
on (100) copper "chooses™ between two states that lie close in energy. Both
states show an unusual interplanar expansion at the ‘surface. The work

function increase relative to copper observed for the lower-energy state
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(State L} and the photoemission evidence for decreased or vanishing
exchange splitting suggests that state L is paramgnetic, rather than
ferromagnetic with alignment perpendicular to the surface. If this is s0,
either there is a transition at lowver temperature to the theoretically-
predictad magnetically-ordered ground state, or having such a paramegnetic
state as the experimental ground state would contradict the results of our
zero temperature total energy calculations (besed on the local spin-density
approximation). While the present calculations are for uniform interplanar

spacing, one would expect expanded surface spacing to favor the magnetically

-ordered state even m!'e.lz'la

The surface layer in the higher-energy state
(State H} is ferrcmegnetic parallel to the surface. There is strong
evidence that the thermal transition from state H to state L ig first-order.
This is shown by the abrupt disappearance of the SMOKE signal on cooling,
the failure to restore the ferrcoegnetism after cooling by cycling back up
in temperature, and the ability to restore the ferromagnetism by deposition
of iron at elevated temperature. The time decay'® of the SMOKE intensity
and of the exchange gplitting provides evidence that state H, which is
observed under as-grown conditions at 460K, is petastable with respect to
state L at that temperature. This could be characteristic of a metastable
situation created by growth conditions, e.g. by growth-induced strains which
relax in time. For bulk ferremmgnetic foc irom, theory has predictedl? 34 o
low moment to high moment transition with increasing volume. Moruzzil® has
enmphasized that the scment cannot show a grachml decrease to zerc moment
with decreasing volume. This would be consistent with great magnetic
sensitivity to growth-induced strains, which say be strungly modifying the
surface magnetic moment in magnitude and/or preferred alignment direction.

-
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Figure Captions
Fig. 1. Electron distribution curves (EDC's) showing relative number of
electrons emitted (in arbitrary units, A.U.) as a function of
energy {in eV}, relative to the Fermi energy, for iron on copper
(100). The numbers indicate the number of monolayers (ML) of iron on
copper (100). (Inset) Energy distribution curves (EDC's) for §
lavers of fec iren on Cu(l00) at 460K {(top) and after cooling

to 320K (bottom).

Fig. 2. Cooparison of sphere-projected density of states (H:é} for para~
magnetic foc (solid curves) and boe (dashed curves) iron: (solid
curves) Sphere-projected density of states (XXS) for a system
consisting of s five~-layer (100) slab of paramagnetic foc Fe. The
lattice constant has been taken as that of Cu. These curves have
been smoothed by a Caussian of full width at half meximam {FWHM)
of 0.3 eV. The calculated work function for this system is
5.3 ¢V. (dashed curves) I;:B of a five-layer (100) slab of

paramagnetic btec Fe. The calculated work function for this aystem
inm 4.8 eV.

Fig. 3. {a) SMXE ferrommgnetic hysteresis loop at 460K from 3 layers of
Fe-on-{100)Cu grown at 460K; {b) average of eleven hysteresis
loops on different runs from Fe filme 2 and 3 layers thick, grown
at 420K or 460K and measured at 3360C. As ghown in {c) the
ferromagnetism disappears :ere'vera:bly uypon cooling or
after about an hour. (¢) showa the eleven scanas averaged after
the ferrcmagnetism has disappeared.
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6. AN ELECTRON ENERGY LOSS STUDY OF THE EPITAXTAL GROWIH

OF IRON ON Cu(100)

(Quarterly Report January 16, 1987 - April 15, 1987)



.
- -

Abstract

Iror was deposited under ultrahigh vacuum conditiorns or a clear Cu(100)
surface followed by observation of the LEED patterns ard EELS measuremerts.
The LEED patterns showed a (1X1) structure with iron depositior irndicative of
epitaxial growth., Corsideradle charges irn electror erergy loss structures
were observed with iror coverage. For low Fe coverages (<3 ML) the electrorn
erergy loss peaks of Cu(100) are distinguishable although there may be dimiru-
tior ir intensities ard/or ircrease in peak widths, For higher Fe coverages,
rew loss features were observed., They can be assoclated with the f.c.c, Y-Fe
film. For a thick layer of Fe or Cu{100), the spectrum is very similar to

that observed for b.c¢c.c. G=Fe.
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1. INTRODUCTIONX

The epitaxial growth of ore metal or srother i3 of corsiderable impor-
tarce in understanding the electroric structure of bisetellic systems krown to
differ sigrificartly fros that of bulk materials. The differerce ir elec-
troric structure ard modificatior ir surface structure (e.g. f.c.c. iron or
Cu(100)) may affect the catalytic properties and have implicatiors in the
tailoring of rew catalysts ir the synthetic fuel industry.

In this paper we report the results of measuremerts of iror deposited on
Ccul100). LEED was used to characterize the surface geometiry for all deposited
iror. Auger spectroscopy was used to examire surface cleanlifiess ard deter-
mire the surface composition after iron deposition, Electron Energy Loss
Spectroscopy (EELS) ir the reflectior mode was used to obtain irformatior

about the electronie structure of the Cu(100)/Fe system,

2. EXPERIMENTAL

The experioents were perforoed ir 3 UHY system with 3 base pressure of
2!10-10 torr. The Systep was provided with a CMA, R-grid LEED opties, iror
deposition source (tartalum Krudsen cell with a graphite boat) ard a quadru-
pole mass spectrometer, In later rurs the graphite boat was replaced by ar
alumira boat since it was found that cleaner samples can be prepared vsirg
alumina. The CMA was used for both Auger and EELS measuremerts. The LEED
optics was used to observe the diffraction patterns for various lror
coverages,

For EELS measuremerts, the regative secornd derivative of the electror
distribution (-dzuldzzl was taker by the lock-in differentiatior techrique. A

modulatior voltage of 1 eV was applied to the outer cylinder of the CMA.

A high purity Cu(100) disc was used for the measuremerts. The crystal
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directior was verified by the vor Laue X-ray back diffrectior techrique.
Mecharicsl pelishirg followed by chemical etchirg produced a clear surface
with a bright mirror finish. The Cu(100) crystal was sourted or the sample
holder of the maripulator with 8 chromel-alumel thermocouple spotwelded to the
side of the sample. Ir vacuum, the crystal was cleared by alterrate cycles of
argor. for sputterirg and heatirg urtil no surface impurities were detected
with Auger spectroscopy (Figure 1a)., A firal arrealirg at 150°C for S mir
produced a clear surface with a sharp (1X1) LEED patterr,

Iror was deposited ir ircreasirg amourts or the Cu(100) surface while the
growth of the 651 eV iror Auger peak ard the dimirution of the 920 eV copper
Auger peak were morjtored with depositiorn time., Durirg the measuremerts, the
iror depositjor. source was left or to mairtalr a constact.deposition rate.
The aaméle was rotated to face the evaporator ard the CMA alterrately. The
iror source was interrupte& by a shutter wher ar Auger measuremer.i was made,
LEED ard EELS measuremerts were oade ir separate rurs for differert iror
coverages.

With depositior of iror, small amourts of carbor ard ocxyger cortamirarts

(0.1 ML) were observed (Figure 1b, c), especially after lorg depositior time,

3. RESULTS AND DISCUSSION

3.7. Auger irtersity versus depositior tise ard low erergy Auger spectra -

The variatior ir irtersity of the 651 eV iror Auger peak ard the 520 eV
copper Auger peak with depositior time is plotted in Figure 2. Iritlally the
irtersity of the iror Auger pealt increases rapidly with iror coverage; at
higher iror coverages, the.rate of ircrease is dinirished, The rate of de-
erease ol the copper Auger peak follows a similar trerd.

For a layer-by-layer growth, in a ecortiruum approximatlor, the irntersity

-

of the copper substrate peak, ICU' would decrease according to the equatior





