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ABSTRACT

The surface magneto-optic Kerr effect (SMOKE) is used to explore the

magnetism of ultra-thin Fe films extending into the monolayer regime. Both

bcc a-Fe and fee Y-Fe single-crystalline, multilayer films are prepared on the

bulk-terminated (lxl) structures of Au(lOO) and Cu(lOO), respectively. The

characterizations of epitaxy and growth mode are performed using low energy

electron diffraction and Auger electron spectroscopy. Monolayer-range

Fe/Au(l00) is ferromagnetic with a lower Curie temperature than bulk

a-Fe. The controversial Y-Fe/Cu(l00) system exhibits a striking, metastable,

surface magnetic phase at temperatures above room temperature, but does not

exhibit bulk ferromagnetism.
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I. Introduction;

Interest in magnetic films epitaxially deposited on single-crystal

substrates stems from both the ability to model low-dimensional magnetic

systems , and from the potential importance of films in magnetic-information

technology. The films also serve as the basic building blocks of

superlattice, sandwich, and other novel structures. The ability to

stabilize, via epitaxy, phases that do not otherwise occur in nature, provides

rich research opportunities, as well. Fundamental interest in such films,

especially in the ferromagnetic monolayer regime, centers on questions

associated with the existence of magnetism, the nature of the magnetic order,

the magnitude of the magnetic moment, the description of the elementary

excitations at low temperatures, and of the critical magnetization and other

exponents near the ordering temperature. All of these properties can be

dramatically different than those that correspond to bulk phases.

Applications-oriented interest currently centers on films > 200A thick, and

tends to revolve around controlling the anisotropy and coercivity, as well as

the mechanical and wear properties. Finally, the field derives much of its

excitement from the possibilities for cross-pollination of ideas that arise

from its inherently interdisciplinary nature, involving surface science,

magnetism, computational physics, and thin-film research.

In the present work we highlight studies performed on Fe epitaxially

deposited on Au(lOO) » and Cu(lOO). The bulk-termination structures of

these two substrates provide square-net templates with nearest-neighbor, in-

plane spacings of 4.08AT = 2.88A and 3.61/>T = 2.55A, respectively. These

spacings correspond very closely to those of ordinary, bulk a-Fe of bcc



structure (with 2.87^ lattice constant), and Y- or fcc-Fe that exists above

900°C in the bulk phase diagram.

The characterization of the properties of Y-Fe has been of great recent

interest experimentally and computationally. Model systems have included

calculations for the pure bulk structure,' " experiments on Y-Fe precipitated

at the grain boundaries of bulk alloys, and both approaches directed toward

epitaxial overlayers on the three principal low-MiHer-index faces of

Cu. The results are, at first glance, confusing with reports of

ferromagnetism (F), antiferromagnetism (AF) and paramagnetism seemingly

competing with each other. Some clarity was shed on the situation when it was

realized that the magnetic properties of Y-Fe are extremely sensitive to the

precise value of the lattice spacing. The most recent work suggests that for

lattice constant such as are realized in precipitates (< 3.6A) a low-moment AF

phase results. Paramagnetism is expected for smaller lattice constants, and

ferromagnetism with large magnetic moments (up to 2.85^ ) is expected for

lattice constants 3.6A, such as might be realized via epitaxy on Cu.

Different binding interactions on the (100), (110), and (ill) faces of Cu

could affect the delicate energy balances, yielding different magnetic

properties. Independent of such adsorption effects, surface magnetic

properties can be different for different faces of a crystal and again

different from the bulk properties of the crystal. Finally, since the (100)

faces of both bcc and fee structures are square nets, at the monolayer level

the difference between Cu(l00) and Au(l00) becomes one of lattice spacings

(with substrate hybridization playing a role as well).

Given the richness of possibilities, the focus of the present work is

limited and two-fold: (i) To carefully prepare films and characterize to what

extent the geometrical arrangement of atoms is the same as for the ideal films



that are studied computationally, and (ii) to determine if the films are

ferromagnetic, using'an in-situ probe that is compatible with the vacuum

requirements necessary to preserve the films. The studies extend from the

multilayer to the submonolayer regime.

II. Experimental Results and Discussion;

A. LEED-Auger Characterizations;

The samples are grown in an ultra-high vacuum (UHV) system (base pressure

•-11 ^ S

7x10 Torr) using evaporators, as described elsewhere. ' The samples are

characterized via low-energy electron diffraction (LEED) and Auger electron

spectroscopy. The LEED results confirm that single-crystal epitaxial films

can be realized in the laboratory. Clean Au(lOO) reconstructs to a (5x20)

structure, but ~0.2 monolayer Fe deposition causes the surface to revert to

the (lxl) bulk-termination structure. The optimal substrate temperature

during growth was determined by visual monitoring of the LEED pattern. The

sharpest diffraction spots and weakest background intensity were obtained for

deposition at substrate temperatures T of ~150 to 250°C. These elevated

s

temperatures are sufficient to promote the necessary surface diffusion to

achieve ordering, but are low compared to the temperature-time parameters

associated with bulk diffusion. The onset of significant bulk diffusion was

monitored by observing that above ~300°C the Auger signals of the Fe and

substrate are time dependent on the scale of a few minutes.

Auger electron spectroscopy was used to monitor the surface cleanliness,

and the film growth rates and mechanisms. Figures 1 and 2 show typical data

for the increase in the Fe Auger signals and the decrease in substrate Auger

signals as the evaporation progresses for Cu(100) and Au(lOO) substrates,

respectively. The continuous curves are calculated growth rates that utilize



the universal mean-free-path-curve information for the appropriate election

energy. Figure 1 shows that the growth of fcc-Fe on Cu(100) is near ideal.

The curve that most closely agrees with the data assumes a modest excursion

from ideal growth, in that the (i+l)th layer is assumed to be 15% completed by

the time the i layer growth is complete. The uncertainty in mean free path

could just as well bring the 15% value back to zero by judicious

parameterization. The point is that the growth is essentially near-ideal

layer-by-layer, or what is known as Frank-van de Merwe growth.

In contrast to the simple growth characteristics for Fe/Cu(lOO), the

Fe/Au(lO0) data requires more discussion. The modeling in Fig. 2 shows better

agreement with a bilayer growth mechanism than with a monolayer growth

mechanism, although t*at agreement is imperfect, as well. Also, at higher Fe

dosages than shown in Fig. 2, the Au signal is found to exist at a constant

20
level, and corresponds to a monolayer. This led to the idea that the Au

segregates to the surface to lower the surface free energy. To test this idea

and rule out the possibility of gross alloying, a simple sputtering experiment

was performed, as outlined in Fig. 3(a)-(b>. A film consisting of ~20 layers

of Fe was grown, as shown in Fig. 3(a). A gentle Ar-ion sputter totally

removed the Au monolayer signal [Fig. 3(b)]. The sputtering had to proceed

for ~10 times as long before any Au signal returned (emanating now from the

substrate). In addition to confirming that surface segregation is the driving

force, the experiment also provides a convenient way of obtaining the Auger

line shape for monolayer Au species, via subtraction of Fig. 3(b) from 3(a),

as shown in 3(c). The remaining spectra in Fig. 3 illustrate how to obtain Fe

monolayer Auger line shapes via subtraction techniques, and also illustrate

the subtle difference in Au line shape due to geometric structural changes.



The next subsection will include a study of the effect of the Au overlayer on

the magnetic properties of Fe.

B. SMOKE: Fe-Au(lOO):

To determine if the films are ferromagnetic, we use the surface magneto-

optic Kerr effect (SMOKE), the standard bulk technique (100-200A penetration)

3 5applied into the monolayer regime. * Figure 4 outlines the approach. SMOKE

is a form of ellipsometry, detecting the rotation, due to the magneto-optic

interaction, of linearly polarized light upon reflection. At the monolayer

level the rotation is small (~ 10 seconds), so intensity changes are monitored

at the detector as the magnetic field is swept, without mechanical adjustment

of the polarizer-analyzer. The Kerr intensity I K e r r is shown for the

multilayer and submonolayer Fe-Au(lOO) system in Fig. 5. To obtain the data,

the detector output is digitized and signal averaged in multiple scans over a

1-2 minute period using a laboratory computer. The results of Fig. 5(b) and

(c) indicate the presence of ferromagneti&m, even at the submonolayer coverage

level. The squareness of the hysteresis loops is indicative of high-quality

samples. The height of the loop is proportional to the magnetization, but the

technique does not serve as an absolute magnetometer, due to the importance of

the spin-orbit interaction strength, scattering geometry, photon energy

dependence, etc. on the signal. The width of the loops provides a measure of

the coercivity H_. Figure 6 summarizes results for four different Fe

dosages. The lowest dosage film is observed to have a Curie temperature T of

~150°C. A trend can be discerned, especially in the Hc data, of the T

increasing as the Fe dosage increases. The lowest T observed is

~0.4 Tc (bulk), in rough accord with simple mean-field predictions based on

the number of nrarest neighbors at the surface being half that in the bulk.



Clearly the surface anisotropy is strong enough to keep these films

ferromagnetic. The lack of superparamagnetism is also supporting evidence

that the films grow in layers, and not in isolated islands. Lastly, it is

also of interest (see Fig. 4) that the magnetization is in the plane of the

film, along a [100] easy axis, as for bulk a-Fe. This is in contrast to the

vertical-anisotropy results inferred from recent u-Fe/Ag(l00) spin-polarized

photoemission experiments and free-standing Fe(100) monolayer

calculations. This is a challenging area for future work.

In the previous subsection it was pointed out that the Fe-Au(lOO) system

takes on an Au/Fe/Au(l00) sandwich geometry, with.the Au overlayer being one

monolayer thick. The insets of Fig. 7 explore the ramifications of this on

the magnetic properties. The Fig. 7(c) inset is a hysteresis loop of the

"equilibrium", surface-segregated sandwich structure, while insets (a) and (b)

have the Au overlayer sputtered away, with and without annealing,

respectively, to remove sputter damage. The figure also shows the LEED spot

profiles associated with the latter two insets, and the reduction of ordering

due to sputter damage. The sputter damage clearly alters the hysteresis loop,

as expected. However, the presence or absence of the Au overlayer, for the

ordered structures, is of no consequence as far as the hysteresis loops are

concerned. This observation is broadly consistent with results of electronic

structural calculations for related sandwich and overlayer structures, which

show only a very modest decrease in the moment of the top ferromagnetic layer

when a noble-metal adlayer covers the free surface. * This example, however,

does provide a humbling commentary on claims that "man-made" and "artificial"

structures can be produced at will. The artificial structure desired was the

Fe/Au over'layer, while nature provided, instead, an Au/Fe/Au sandwich

configuration!



C. SMOKE: Fe-Cu(lOO):

The epitaxy and growth-mode Information indicate that 7-Fe on Cu(lOO) is

an exemplary system. SMOKE experiments at room temperature, however, fail to

detect ferromagnetism, either at the monolayer, submonolayer, or thin or thick

multilayer growth stage. Ferromagnetism _is_ detected if the film is kept at

its growth temperature (~190°C) and the SMOKE experiment is performed within

~1 hr. of growth. If any of the samples are cooled, the SMOKE signal

disappears and does not, in general, return upon reheating, as is shown in

Fig. 8 for a 3-layer Fe film. The height of the hysteresis curve is

independent of the amount of Fe deposited, and corresponds to ~1 monolayer

when compared to the a-Fe-Au(l00) studies. The question remains whether this

magnetically active layer is stabilized at the free surface or at the Cu

interface. The free surface is favored, based on the observation that after

the magnetic signal is removed by temperature cycling it can be restored by

additional deposition of Fe to the film.

It is suggested that the appearance and disappearance of the magnetism of

the top layer of Fe is associated with the sensitivity to lattice spacing

changes, as outlined in the Introduction. The idea is that the outermost Fe

layer sits in a double potential well. The outer minimum, or expanded

interlayer spacing, is associated with the ferromagnetic state, while the more

stable, contracted spacing does not support ferromagnetism. Freshly

evaporated Fe positions itself initially at the expanded spacing, but when

perturbed, collapses into the non-ferromagnetic state. These ideas are

supported by unpublished measurements performed at West Virginia University by

P. Montano's group. From dynamical scattering analyses of LEED intensity-

voltage profiles interlayer spacings of 1.85 and 1.81^ are deduced for the

200°C-ferromagnetic and room temperature-non-ferromagnetic states,



respectively. These values for the outer layer relaxation indicate a flrst-

12order phase transition, as discussed for the bulk by Moruzzi, and are too

large to be associated with ordinary thermal dilation. It is puzzling that

the ferromagnetic state generally was not populated when the film was grown at

room temperature. This may be due to the film growth mechanism changing at

reduced temperatures, as was discussed in Ref. 3 for the Fe-Au(lOO) system.

The results are suggestive of the complexity of the challenge presented by the

Y-Fe-on-Cu system. Other recent studies based on angle-resolved

photoemission, » and not directly spin- or magnetism sensitive, conflict on

the existence of ferromagnetism for Fe/Cu(lOO). A recent electron capture

experiment, which is surface spin sensitive, did detect ferromagnetism for

Fe/Cu(lll). Clearly, this system will be the subject of many future

investigations.

III. Summary;

High-quality, single-crystalline Fe films were grown and studied in-situ

by means of LEED, Auger, and magneto-optic probes. Magnetism is observed on

Au(lOO) substrates even at the submonolayer coverage stage, but with a reduced

T compared to the bulk. For 7-Fe/Cu(l00) a metastable surface ferromagnetic

state was discovered at elevated temperature, and is believed to be associated

with an expanded interlayer spacing. It is interesting to note that the

growth studies indicate that the Y-Fe/Cu(lOO) is a simpler system to

understand than Fe-Au(lOO), while the magnetism results lead to the opposite

conclusion. Mention of the well-known surface phenomena of reconstruction,

relaxation and segregation was made where applicable. The systems have now

been characterized to the stage where they would serve as excellent candidates

for undulator-based, spin-polarized photoemission studies in the near future.



10

Acknowledgments;

The work was supported by the U.S. Department of Energy, BES-Materials

Sciences, under Contract W-31-109-ENG-38, and by a grant from Amoco. We thank

R. J. Friddle for technical assistance, P. Montano for the Cu(lOO) crystal and

for numerous discussions and suggestions, and G. Zajac, T. Fleisch, and

B. R. Cooper for their encouragement, support and interest. We also thank

V. L. Moruzzi and C. Rau for providing preprints.



11

References

1. U. Gradmann, Appl. Phys. _3_, 161 (1974) and J. Magn. Magn. Mat. j6_, 173

(1977).

2. R. M. White, Science, 229, 11 (1985); IEEE Spectrum, August; 1983,

p. 32; T. C. Arnoldussen and E.-M. Rossi, Ann. Rev. Mat. Sci. _15_, 379

(1985); and K. Roll, J. Vac. Sci. Technol* A4_, 14 (1986).

3. E. R. Moog and S. D. Bader, Superlattiees and Micros true tures, JL_, 543

(1985).

4. G. A. Prins, Phys. Rev. Lett. _54_, 1051 (1985).

5. S. D. Bader, E. R. Moog, and P. Grunberg, J. Magn. Magn. Mat. J53_, L295

(1986).

6. G. W. Fernando, Y. C. Lee, P. A. Montano, B. R. Cooper, E. R. Moog, H. M.

Naik and S. D. Bader, unpublished.

7. 0. K. Anderson, J. Madsen, U. K. Poulsen, 0. Jepsen and J. Kollar,

Physica (Amsterdam) J36-88B+C, 249-256 (1977). J. Madsen, 0. K. Anderson,

U. K. Poulsen, and 0. Jepsen, Proc. Conf. Magn. and Magn. Mat., 1975

(AIP, K.Y., 1975) p. 327.

8. J. Kubler, Phys. !.ett. 81A_, 81 (1981).

9. D. Bagayoko and J. Callaway, Phys. Rev. B. _28_, 5419 (1983).

10. F. J. Pinski, J. Staunton, B. L. Gyorffy, D. D. Johnson and G. M. Stocks,

Phys. Rev. Lett. _5£, 2096 (1986).

11. C. S. Wang, B. M. Klein and H. Krakauer, Phys. Rev. Lett. J>4_, 1852

(1985).

12. V. L. Moruzzi, Bull. Am. Phys. Soc. _31L, 561 (1986), and preprint; and

V. L. Moruzzi, P. M. Marcus, K. Schwartz and P. Mohn, preprint.



12

13. S. C. Abrahams, L. Guttman and J. S. Kasper, Phys. Rev. 127, 2052 (1962);

0. Gonser, C. J. Meechan, A. H. Muir, Jr., and H. Wiedersich, J. Appl.

Phys. _34_, 2373 (1963); L. Kaufman, E. V. Clougherty, and R. J. Weiss,

Acta Metall. JL1_, 323 (1963); R. J. Weiss, Proc. Phys. Soc. j$2_, 281

(1963); G. Johnanson, M. B. McGivr, and D. A. Wheeler, Phys. Rev. Bl_,

3208 (1970); U. Gonser, K. Krischel, and S. Nasu, J. Magn. Magn. Mat.

H'liL* l U 5 (1980); D. L. Williamson, W. Keune, and U. Gonser, Proc.

Internatl. Conf. Mag., Moscow, 1973, Vol. I, 1974, p. 246; and P.

Ehrhart, B. Schonfeld, H. H. Ectwig, and W. Pepperhoff, J. Magn. Magn.

Mat. 12j 79 (1980).

14. J. G. Wright, Phil. Mag. 2A_, 217 (1971).

15. W. Keune, R. Halbauer, U. Gonser, J. Lauer, and D. L. Williamson, J.

Appl. Phys. A8_, 2976 (1977); J. Magn. Magn. Mat. ±, 192 (1977); R.

Halbauer and U. Gonser, J. Magn. Magn. Mat. 2$j> 55 (1983); and W. Becker,

H. D. Pfannes, W. Keune, J. Magn. Magn. Mat. _35_, 53 (1983). ;

16. W. Kummerle and U. Gradmann, Solid State Commun. _2_4_, 33 (1977); Phys.

Stat. Sol. (a) JJ5_, 171 (1978); U. Gradmann and P. Tillmanns, Phys. Stat.

Solid, (a) Jj4, 539 (1977); U. Gradmann, W. Kumraerle, and P. Tillmanns,

Thin Solid Films, _34_, 249 (1976); and U. Gradraann and H. 0. Isbert, J.

Magn. Magn. Mat. JJJ.-JJL* H ° 9 (1980).

17. A. Amiri Hezaveh, G. Jennings, D. Pescia, R. F. Willis, K. Prince,

M. Surman, and A. Bradshaw, Solid State Commun. _5_7_, 329 (1986).

18. M. F. Onellion, C. L. Fu, M. A. Thompson, J. L. Erskine, and A. J.

Freeman, Phys. Rev. B _33_, 7322 (1986). f̂

19. C. Rau, C. Schneider, G. Xing, and K. Jamison, preprint.

20. S. D. Bader, E. R. Moog, and P. Grunberg, in Magnetic Properties of Low

Dimensional Systems, (Springer, Berlin, 1986) in press.



13

21. B. T. Jonker, K.-H. Walker, E. Kisker, G. A. Prinz, and C. Carbone, Phys.

Rev. Lett. _57_, 142 (1986).

22. J. G. Gay and R. Richter, Phys. Rev. Lett. J>6_, 2728 (1986).

23. U. Gradmann, J. Korecki, and G. Waller, Appl. Phys. A39_, 101 (1986); and

0. Gradmann, J. Magn. Magn. Mat. J>4-_57̂  733 (1986).

24. C. L. Fu, A. J. Freeman, and T. Oguchi, Phys. Rev. Lett. J54_, 2700 (1986).



14

Figure Captions

Figure 1 Auger monitoring of film growth for (lxl) Fe/Cu(lOO) for

Ts~150°C. Plotted are peak-to-peak intensities for the indicated

transitions, normalized to the pure-substrate signal. The curves

are calculated for ideal layer-by-layer growth, and imperfect

growth (heavier lines), as described in the text.

Figure 2 Auger monitoring of film growth for (lxl) Fe-Au(lOO) system for

Ts~230°C, as in Fig. 1. The symbols are for different films. The

calculated curves are for models identified in the legend and in

the text.

Figure 3 Auger spectrt for the Fe-Au(lOO) system. Spectra (a) and (b) are

for ~20 layers of Fe before and after a gentle sputter,

respectively, that removes the segregated Au overlayer. Spectrum

(c) shows the (lxl) Au(lOO) monolayer line shape, as determined by

; subtraction of (b) from (a). Spectrum (d) is for pure,

reconstructed Au(lOO). Note the subtle Au Auger line-shape

difference for the two structures. Spectrum (e) is for a (lxl) Fe

monolayer film, as enhanced in (f) by subtraction using spectra

(c) and (d).
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Figure 4 SMOKE apparatus schematic showing the He-Ne polarized-laser source

(S); the sample-electromagnet system arranged inside UHV window

(W) with [100] easy-axis, in-plane magnetization; and polarizing

analyzer (A) and photodiode detector (D).

Figure 5 Representative SMOKE hysteresis loops for the (lxl) Fe/Au(100)

system under indicated conditions, as described in the text, where

ML is a monolayer.

Figure 6 Kerr intensity in remanence is plotted in (a), and the coercivity

in (b) vs. temperature for for (lxl) Fe-Au(lOO) films of indicated

Fe dosage in the monolayer range. The 1^ values for each film

have been normalized by a constant I and then offset for

clarity. The curves serve merely as guides to the eye. Note that

for the lowest Fe dosage, Tc~150°C and that Tc increases with the

Fe dosage, as can be best inferred from panel (b).

Figure 7 SMOKE hysteresis loops are shown for ~20 layer thick, annealed

(lxl) Fe-Au(lOO) films with and without a monolayer of Au

segregated to the surface, in insets (c) and (a) respectively.

Inset (b) shows data with the Au adlayer sputtered off, but before

annealing out the sputter damage. LEED beam angular profiles show

the differences in the crystalline order corresponding to the

indicated films.



Figure 8 SMOKE signals are shown for multilayer (lxl) Fe/Cu(lOO). The

ferromagnetic signal in panel (a), for a film grown and measured

at 186°C, corresponds to that from a monolayer, based on the

Fe-Au(lOO)-film calibration. The subsequent panels show that the

signal disappears on cooling and does not reappear upon reheating.
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