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We report on the molecular beam epitaxial growth of single-crystalline, stoichiomety@, Red y-Fe,05
films on MgQ(100), using NG as the oxidizing agent. Mwsbauer spectroscopy SfFe probe layers is used
to determine accurately the stoichiometry of the films. It is found that also all intermediate nonstoichiometric
Fe;_ sO, phases can be obtained. The formation of the metastable compebe®; clearly demonstrates the
large oxidizing power of N@ Although the shape anisotropy dictates that the zero-field magnetization direc-
tion should lie entirely in the plane of the film, this is never observed. Stoichiometg®©,Fkas large
out-of-plane components and only in the case of highly oxidized k@, does the magnetization approach the
film plane. Upon further oxidation to stoichiometricFe, O3, however, it rotates back, and finally becomes
almost completely perpendicular to the plane of the film. Furthermore, in the cdsea® stoichiometric
Fe;0,4, the magnetizations of th& andB sublattices are not completely coupled antiparallel. On average, the
magnetization of th® site ions is 4° closer to the film plane than the magnetization ofAthiee ions. All the
as-grown films exhibit a {(2x \2)R45° surface reconstruction, independent of the stoichiometry. Using
simple electrostatic considerations, we propose three possible surface terminations: a h#fiélled aB
layer with oxygen vacancies andBalayer with hydroxyl groups. Upon annealing, thg2(x \2)R45° recon-
struction irreversibly transforms to ax3L reconstruction, caused by Mg outdiffusion from the substrate.
Strong reflection high-energy electron diffraction intensity oscillations give direct, unambiguous evidence that
Fe;0, has a two-dimensional layer-by-layer growth mode over the entire temperature range studied, i.e., from
273 to 723 K, guaranteeing atomically flat surfaces and interfaces in multilayer structures. The largest oscil-
lations are obtained ormex situ cleaved, UHV-annealed Mg@00 substrates, or orin situ annealed
Fe;0,/MgO(100) films. Deposition above 700 K is accompanied by rapid Mg outdiffusion.
[S0163-18209)01539-9

I. INTRODUCTION between the F& and F€" ions in these octahedral strings.
When cooling down through the Verwey transition tempera-
Of all known iron oxides, magnetite, §@,, exhibits by  ture T,, being about 120 K in bulk crystals, the electron
far the most interesting properties. This is due to the preshopping freezes out, leading to an ordered array éf Fend
ence of Fe cations in two valence states: as ferrod$ Bed  Fe** jons with static charges. Despite extensive research
ferric FE™ ions, distributed over tetrahedral and octahe- over the last 50 years, this transition is still not fully
dral B sites. FgO, crystallizes in the inverse spinel structure, understood. Furthermore, Fg0, is a ferrimagnet with a Cu-
which has a slightly distorted cubic close packed lattice ofrie temperaturd ¢ of 858 K2 The magnetism arises from the
0% anions as its basis. The lattice constant is 0.83963 nmiocalized magnetic moments of the Fe ions. Thend B
From an ionic point of view, magnetite can be written assublattices couple antiferromagnetically via superexchange,
Fe'[Fe€F& 103, indicating that half of the Fé ions  giving a net magnetic moment of4 wg per formula unit
occupy one eigth of the available tetrahedral sites, wherease;O,. This is the magnetic momeng ftgS with S=2) of
the other ferric ions, together with an equal amount of'Fe the B site FE" ion, since the 5ug moments of the F&
ions, occupy half of the octahedral sites. The octahedral sitéens in A andB sites are opposite and cancel each other out.
containing the Fe ions are connected in strings running in all  With the advances in thin film growth techniques over the
(110 directions. last two decades, it has become possible to deposit epitaxial
One well-known property of F©, is the high conductiv- films of this interesting material on single-crystalline sub-
ity at room temperature, caused by a rapid electron hoppingtrates, and to study a variety of novel properties in artificial
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multilayer structures, such as magnetic interlayer cougling, A second key aspect of our work is that nitrogen dioxide,
exchange biasifgand the possibility of a perpendicular NO,, is used as the oxidizing agent. The above studies by
magnetic surface anisotrofyRecent interest in R©®, films  Bandoet al. showed that, with molecular Qonly stoichio-
comes from the field of spin-polarized transpoAs an ex- metric FgO, and partially oxidized Fg ;0, with §<0.06
ample of an application, we mention the so-called “spin-can be obtained on Mg@00)." Since it is our aim to pre-
valve” devices® The spin-polarized conductivity in §@,, ~ Pare all iron oxide phases, a stronger oxidizing agent is
together with short-range hopping and the high-orderind’eeded- Some research groups have studied the use of acti-
temperature, gives this material intrinsic advantages over th¥ated folrms of @, such as ozone {(Ref. 20 or oxygen
presently employed metallic materials. plasma Here,l we use NQ This gas has already success-
So far, most thin film growth studies have been focusedUlly been applied in the growth of highy. superconducting

. . 22 . .
on FgO,, due to its magnetic and electrical properties, emoox'dfe 2f|Ims,d NIO, gofc.l)’ and C@%‘ glmosognml\/'lot:;(ﬂQO)
to a lesser extent on hematite;Fe,0;. However, besides (Ref. 23 and a-F&,0; films on a- Al,05(001): mayar,

- . . . ractical advantage is that the as-bought,N® directl
st0|ch|ometr|g Fg0,, there is a vvhole range of isostructural [r)eady for use; no%lasma or ozone gene%atgrs are nee){jed.
compounds, i.e., the nonstoichiometric sFg0, and sto- The studies by Peacet al?® showed that NQis a very
|ck|1|o.me|tr|c 7":‘3'203 dphﬁsei' Thesi pgas_es have rembi“negfficient oxidizing agent: only small doses are needed to
relatively unexplored. Maghemiteé;-F6,0;, is a metastable ¢, qyidize the metal deposits. Consequently, the back-
compound, and very closely related to the stable phase ma%'round pressure could be maintained in the near-UHV re-
netite. In fact, itis magnetite, but with all B¢ ions oxidized gion, i.e., 105-10°5 Pa. Normally, the metal is evaporated
to FE'. The lattice constant is 0.8352 nimlo maintain in a'hi.gr-l’ background p.ressure oé(D.Jp to ~10°2 Pa). In
charge_ neoutrallty, vacancies are introduced on Ifhsn_e contrast, we provide both the metal and the oxidizing agent
sublattice!® Thus, instead ofy-Fe,0; one may write

+ n o in the form of molecular beams. Therefore, not only the
Fe, 604, or F&'[F&5015160,, wherel indicates an oc- deposition, but also the oxidation process can abruptly be

tahegjral vacancy. The intermedia;egEng_ phases can be stopped. Using a background pressure of e samples
considered as homogeneous solid solutions of0geand i inevitably remain for some time in an oxidizing envi-
v-F&0O3, with the number of vacancies per formula urdif,  ronment after closing the Fe source. This can lead to post
varying continuously from zero for stoichiometricd&® up  oxidation. Furthermore, the ability to deposit thin films under
to one third for stoichiometrig-Fe,0;. Because of the ab- near-UHV conditions opens up the possibility to perform
sence Of_F@ ions, electron hopping is no longer possible in systematidn situ studies on freshly prepared, clean surfaces
maghemite making the material an insulator. On the otheyyith scanning tunneling microscog@TM), x-ray photoelec-
hand, it is still a ferrimagnet, with a magnetic moment of ron spectroscopyXPS), and other surface sensitive tech-
~2x5=3% ug per formula unit. Maghemite can be ob- niques.
tained by moderate annealing of J8% in air at ~575 K!!

In this paper, we will show that we can prepare all these Il. EXPERIMENT
phases as epitaxial films, with an accurate control of the o
stoichiometry. We use molecular-beam epitdMBE), i.e., A. Thin-film growth
the evaporation of Fe onto a substrate in an ultrahigh vacuum All samples have been prepared in a standard UHV MBE
(UHV) environment, to prepare the films. By simultaneouslysystem, equipped with facilities for XPS , Auger electron
exposing the metal deposits to an oxidizing agent, oxidepectroscopyAES), reflection high-energy electron diffrac-
films are formed. One key aspect of our work is a precisgion (RHEED), and low-energy electron diffractioi. EED).
determination of the stoichiometry of the samples. To ourThe films have been grown on M@ID0) substrates. The
knowledge, the only studies entirely dedicated to determingattice constants of R®, and y-Fe,O; are nearly twice that
the stoichiometry of MBE-grown K@, layers are those by of MgO, 0.42112 nnt,resulting in small lattice mismatches
Fontijn et al’*** These authors used magneto-optical Kerrof —0.31 and—0.84 %, respectively. In our experiments, we
(MOKE) spectroscopy. Furthermore, Fugi al. have used have usedx situcleaved Mg@100 substrates. Since MgO
Mossbauer spectroscopy to verify the formation of stoichio-has an excellent cleavage along tfE0 planes, high-
metric FgO, films.!**> Here, we will augment the use of quality substrates can be obtained by simply cleaving plate-
Mdssbauer spectroscopy, and apply it¥Re probe layers to lets with typical dimensions of 2010X ~0.5 mn? from a
identify all possible phases. single-crystal block. As MgO is very sensitive to water vapor

The pioneering work on epitaxial MBE-grown &, in the air, the crystals were cleaved in a dry environment, as
films has been performed by Bando and co-workers, usinghortly as possible before using them. It is believed that wa-
molecular Q as the oxidizing agertf: ' They found that the ter reacts with MgO to form patches of Mg(Oj)leaving
nature of the iron oxide films was determined by the choiceMgO vacancies behin®. The substrates were glued on stain-
of substrate, i.e.,, MgQO00 for Fe0,(100) and less steel plates with Ag paint and fixed with Ta clamps.
a-Al,053(001) for a-Fe,05(001) or FgO,(111), and by the  After allowing the paint to dry for 1 day in an oven at 425 K,
relative amounts of chemisorbed, @nolecules and con- the samples were introduced into the UHV system via a load
densed Fe atoms; with the chemisorption ¢fi@turn being  lock. Subsequently, they were cleaned by annealing for 2 to
affected by the substrate temperatufe,,.*>° In general, 3 hours at 975 K in X 10 *Pa G. This procedure invari-
the most oxidized phases were obtained at the highgst Qably led to well-ordered and atomically clean surfaces, as
partial pressures and loweE{,, values. Similar results were determined by RHEED, LEEQsee Figs. &) and 6a)],
later obtained by other researchers; see Refs. 18 and 19. AES and XPS. Annealing at higher temperatures and/or for



PRB 60 NO,-ASSISTED MOLECULAR-BEAM EPITAXY CF. .. 11195

longer periods resulted in the segregation of Ca impuritie®xidation, but was Msesbauer inactive. Its thickness was 5.0
from the bulk of the MgO to the surface, in agreement withnm, which is large enough to protect the inméFe probe
observations by Gajdardziska-Josifovskaal 2 layer. Previous studies on §&,/MgO(100) films have in-

Oxide films were grown by depositing Fe from effusion dicated that post-oxidation only affects the outer few atomic
cells, with the simultaneous oxidation of the metal depositsnonolayers 0.5 nm)3 A layer, identical to the caplayer,
by a beam of NQ particles. The substrate temperature waswas inserted as a buffer between f{Ee probe layer and the
set at 525 K. As will be shown below, this temperature isMgO(100) substrate. The purpose of this buffer layer was to
high enough to ensure a good layer-by-layer growth modegliminate any effects of interdiffusion, even thoug,, was
while it is still safely below the onset of interdiffusion at the already low enough. Thus, all films had a total thickness of
MgO/Fe0, interface, i.e.~625-675 K2’ The gas delivery 30.0 nm. A series of 18 samples in total has been made with
system consists of a small buffer volume into which the oxi-NO,, wherebyPy,,; was varied from 0.75 to 10.00 mTorr.
dizing agent is fed via a leak valve. From the buffer volume,For comparison, one sample has been made with molecular
the gas is free to flow through a 35-cm long stainless steeD, as the oxidizing agentR,,s=10.00 mTorr, resulting in a
tube, with a diameter of 1 cm. The tube makes an angle dbackground pressure ofx110~* Pa). Finally, one sample
60° with the substrate surface normal, and the opening is avas subsequently annealed for 2 days at 575 K in a flow of 1
a distance of 10 cm from the sample. Although the exact flusatm O, in order to fully convert it to the maghemite
of oxidizing particles at the substrate surface can only bey-Fe,0; phasett
estimated, it is proportional to the buffer volume pressure
Puui- Therefore, this parameter was varied in order to obtain
oxides with different stoichiometrie?,,,; was measured
with a Baratron capacitance manometer; in units of mTorr. The composition of the samples was analyiresitu with
The variation inPy¢ during deposition was<1%. XPS and AES. A detailed analysis of the XPS Fe 2p core

The >Fe (enriched up to 95%was evaporated from a cell level and valence-band spectra has already been published in
with a source-substrate distance of 10 cm, while natural Fenis journal®! It was found that all F§O, to y-Fe,O; films
was evaporated from a cell at a distance of 23 cm. Fluxeare pure oxides, i.e., no nitrogen could be detected. Only
were measured by moving the quartz crystal microbalance ihen very low doses of NO(P,,=0.60 mTorr) are ap-
the position of the MgO substrate. Both fluxes were set aplied does nitrogen become incorporated into the crystal lat-
0.13 nm min'*, which required temperatures around 1450tice. Such oxy-nitrides have the rocksalt structure of wustite,
and 1575 K for the®’Fe and natural Fe cells, respectively. Fg_,03%734
Deposition onto the substrate could be started and stopped The Mosshauer spectra were measured in the conversion
abruptly by opening and closing a shutter over the openinglectron(CEMS) mode. Two setups were employed, i.e., a
of the crucible. RHEED was used to monitor the surfacenome-built high-vacuum system with channel plates, and a
evolution of the films(see Sec. Il ¢ Since MgO is a very simpler one using a standard acetone-filled gas detector. In
good insulator with a band gap of8 eV, the substrates both cases, the velocity scale of the spectra was calibrated
tended to charge. To overcome this problem, an auxiliaryith an «-Fe foil. The relative accuracy of the velocity cali-
floodgun was added to the settfpThis floodgun consisted bration, which is determined by the temperature dependence
of a filament at a distance 65 cm from the manipulator, of the magnetic field at the pick-up coil within the s&
which emitted low-energy electrons-(L0? eV). bauer drive system, is estimated-a40 3.

The ’Fe magnetite probe layer had a thickness of 20.0 The structural quality of the films has been assessed pre-
nm. Thicknesses were calibrated by monitoring the RHEEDviously with XRD and Rutherford backscattering
intensity oscillations during depositioisee Sec. IlID. We  (RBS).?%3?~*RBS measurements on &, (see Fig. 1and
used the assumption that each oscillation corresponded to theFe, O, thin films typically show minimum yields in the
formation of one new atomic monolayéviL), with a thick-  main low-index channeling directions of 5 to 10 %. These
ness of 0.21 nmione fourth of the unit cell height Film  values are slightly higher than the minimum yields measured
thicknesses were also measured independently with x-rayn bare Mg@100) substrates, i.e., 25 to 3%. This indicates a
diffraction (XRD). The thicknesses thus obtained were inhigh-structural quality of the films, although there are some
good agreement with our RHEED estimations, justifying thedefects. Probably, these defects are associated with antiphase
assumptiort>*° Furthermore, the formation time of 1 ML of boundaries between crystallographic domains. The latter are
iron oxide was also in agreement with the vallie,, as  an inherent consequence of the nucleation prot®ggpart
measured with the quartz crystal microbalance. A flux offrom these defects, the films are single crystalline: XRD
0.13 nm min?! corresponds to 1810' Fe particles measurements show diffraction peaks that are as narrow as
m~2 s%, and since 1 ML of F§0,(100) contains 8.5 those of the substrate. All films groWl00-oriented on
X 10'® Fe particles m?, one would expect a ML formation MgO(100), with their (100) axes aligned parallel to those of
time of 46 s. This was in good agreement with the observethe substrate. Furthermore, they grow fully coherertty
RHEED intensity oscillation periods. pseudomorphically The in-plane lattice constants of the

Since the Mssbauer measurements were perforregd films are slightly expanded to match that of the MgO sub-
situ, the samples had to be transported through air aftestrate, resulting in small tetragonal film distortions. The ob-
preparation. To avoid any post-oxidation of tRéFe probe served high-structural quality is in complete agreement with
layer at this stage, a cap layer was grown for protection. Thisvork from other group$>*¢~8|t is a reflection of the very
cap layer consisted of magnetite, grown with the same NOsimilar fcc oxygen sublattices in the rocksalt and spinel
flux and with natural Fe. Therefore, it had the same degree dtructures, making MgO an almost ideal template for the

B. Characterization



11 196 F. C. VOOGTet al. PRB 60

2 2
i O, annealed
* 8 :3 A A HE
§ ffmz -J: ‘L
o ° . s
o 0 ° - 10.00 2

A .;"::ls.oo A
JUCAN UL

3 i 250
JU\/\/\J{LJL

. B 25 G

H

00000000 o

-

Normalized intensity (arb. units)

0 200 400 600 800
Backscattering energy (keV)

FIG. 1. RBS spectra of 1 MeV He ions scattered from a 30.0 nm
thick magnetite F¢O, film deposited on MgQ@L.00) at 523 K. Two
incident ion beam directions were used: a direction parallel to the
[117] crystal axis(squarel and a direction with the beam tilted
away from this axis. The small surface peaks indicates that the latter
direction was not ideally random. Vertical lines indicate the pos-
tions of the edges of the three elements involved. The minimum
channeling yield for Fe in the subsurface region is B%.
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epitaxial growth of FgO, to y-Fe,05 thin films. The oxygen -‘ i
anion sublattice is continuous over the substrate/film inter- 24 a4 100
face; the MgO and the spinel lattices only differ in the occu- _jVU'”‘\ A A
pation of the cation sites. , 3
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Ill. RESULTS AND DISCUSSION __J'“\J&"\_J‘L./\__J,LJ,\_
A. Mossbauer spectra \ ! g;;. 0,
The stoichiometry determination with Msbauer spec- - |"'\|'J':|.' l ['I A ‘\.I-J'.I\'ZT_

troscopy is based upon the rapid electron hopping process at
room temperature. Since this hopping process is much faster
than the lifetime of the excited’Fe nucleus, th® site ions

appear as one average ﬁf—%”-hke component?’g Ther_e' FIG. 2. Room temperature CEMS spectra of epitaxial
fore, a room-temperature Msbauer spectrum of 5@, will e 0, /MgO(100) films, grown with N@ as the oxidizing agent,
contain only two components: one originating from fsite 45 a function of the buffer volume pressig,;. This pressuréin
Fe** ions, and the other from thB site F&>" ions. Each  mTor is indicated above each spectrum. For comparison, also a
component is split into a sextet, due to hyperfine interactionsample grown with 10 mTorr O(bottom spectruand a sample
between the nuclear magnetic dipole moment and the intekwhich has been annealed for 2 days in 1 atmad 573 K (top
nal magnetic field caused by the ferrimagnetically orderedpectrun have been included.
electron spins.

Upon oxidation, magnetite becomes nonstoichiometricFe}[Fel* , F&, Fel5[1,]s05 , since every vacancy
i.e., cation vacancies are created on Ehsites'® They have traps five F&" ions. Including hopping, we finally obtain
a drastic influence on the electron hopping. Since every vare [ F& St Fell [,;]502 . So, 8 is given by
cancy acts like an impurity with a minus 2.5 charge, five
Fe'" ions become trapped on surrounding octahedral sites, :1+55
to screen its charg®. These ions are isolated from the hop- 2—-66’
ping process. In the Mesbauer spectrum, their intensity \nich leads to
contributes to the component of the®feions on the tetra-
hedral sites, since without an external magnetic field the hy- 5= 2p-1
perfine fieldB and isomer shiftS of octahedral and tetrahe- 68+5"
dral F€* ions are nearly indistinguishable. So, the net effectin principle, one should make a correction for the difference
is an intensity transfer from the ¥& component to the in the recoil-free fractions of the A andB sites. However, it
Fe’" component. Therefore, the intensity rati® s not clear if there is any difference at all. Whereas Sa-
=1(3+)/1(2.5+) of these two components is a very sensi-watzky et al. reported a ratiofg/f,=0.94%! later studies
tive measure of the stoichiometty.It is equal to 1/2 for indicated that the recoil-free fractions are virtually

-10-8 6 4 -2 0 2 4 6 8 10
Velocity (mm/s)

stoichiometric FgO,, and goes to infinity fory-Fe,0s. identical?? In our analysis, we have assumed a ratio of 1.
The value ofs can be calculated frons in the following In Fig. 2, a selection of room-temperature CEMS spectra

way. Considering charge neutrality, we can write nonstois shown, measured with the gas detector setup, as a function

ichiometric Fg_s0, as F&'[F& ;& 3,05180; ,  of Poys. For comparison, spectra of the 10.00 mTopradd

where [0 stands for a vacancy. This leads to the O,-annealed samples are also included. To find the value
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of B, and therewiths, the spectra were fitted with two sextet 35 i
components. To start with the spectrum of the 10.00 mTorr w 0,30 s .

0O, sample, this yielded ahS value (relative to a-Fe) of 8 0.25] §gé b
0.2794) mm/s andB=48.69(3) for the first sextet, ar® § 0.20-] -

=0.643(3) andB=45.47(2) for the second. The error bars S 15 °*

in these values, i.e., the digits between brackets, are of sta- g 0100 Lt

tistical nature. Our fit parameters are in good agreement with g 1 3

literature reports for epitaxial E©,/MgO(100) thin g 0057 Loos°

films 1#1530%43The component with the largd and smaller 0001 ——
IS corresponds to the ge component. An attempt to in- 1 2 3 4 5 10
clude a quadrupole splitting in the fits was made, but this did NO, buifer volume pressure (mTorr)

not decrease the error sum very much, nor did it yield sig-

nificant values. In principle, a quadrupole splitting is ex- FIG. 3. The number of vacancigsper formula unit Fg_;0;,
pected, because the octahedral ions have trigonal instead f & function of the buffer volume pressiuPg,;. Open circles:
cubic site Symmetrﬁ? and because the film has an overall values derived from fits to_the CEMS spectfag. 2). Filled circles:
tetragonal distortion due to the lattice mismatch with thereSUItS from magneto-optical Kerr spectroscRef. 13.
substrate. However, earlier reports also indicated that thi
splitting is negligible’® From the areas under the sextets, we

find '8:.0'561)’ Which give; 520'014,3)' Therefore, this included in the graph. They agree well with the CEMS data.
sample is near-stoichiometric magnetite;Gg From the figure, we can conclude that with N@&s the oxi-

For low-Pp,; values(0.75-1.50 mTory, the spectra are  gjzing agent, it is possible to prepare all magnetite phases,
very.S|m|Iar to that of the 10+.00 mTorrGample. quever, i.e., not only stoichiometric R, and y-Fe,0,, but also all
for higher NG, fluxes, the F&" component starts to increase, yiermediate nonstoichiometric 5,0, phases. As men-
at the expense of the F& component. This indicates the (ioneqd earlier, with G, only FeO, and Fe_,0, with &
form5?tion of nonstoichiometric Ee§04. At 2.75 mTorr, _the <0.06 could be preparéd.Therefore, these data prove that
Fe**" component has nearly vanished. For these high-fluyo, is a much more efficient oxidizing agent, equivalent to
spectra, the F& intensity has to be fitted with two sextet oxygen plasm&! From the geometry of the MBE setup, it

. . + . . 1

components. This is because & andB of Fe'" ions 0N can be calculated that the oxidation process is largely kineti-
octahedral and tetrahedral sites are nearly, but not quite, tf@d"y controlled, i.e., theP,,; values needed to induce sto-

40 . .
same”’ Therefore, a one-Fé-component fit is an oversim- jchiometric FgO, correspond to a regime where the ratio of
plification for samples that are approachingFe,0;. Fi- NO, and Fe fluxes at the substrate surface /3.

nally, at 10.00 mTorr N, only these two F& components

are left over, indicating the formation of stoichiometric
v- F&,0;. This is supported by the fact that the spectrum is
nearly identical to that of the £Qannealed film. One intriguing aspect of the CEMS spectra is the varia-
Interestingly, in the spectra of the 2.75-5.00 mTorrtion in the relative intensities of the 6 lines in the sextets.
samples, there is a new component visible besides the domheoretically, they relate as 8:1:1:x:3, wherex depends
nant Fé" contribution. This small component, with an esti- on the angled between the incideng-rays and the direction
mated hyperfine field of-40 T, can best be seen betweenof the magnetic hyperfine fieldB,* i.e., x=4 sirfa/(1
the second and third peak from the left, as indicated by ther cos6). Therefore, the relative intensities directly reveal
arrow in Fig. 2. Unfortunately, it was not possible to fit it the average direction of the magnetization in the thin film: a
satisfactorily, not even with a quadrupole splitting. Probably value ofx=0 corresponds to a perpendicular magnetization
this component can only be resolved by applying an externadirection (¢=0°), andx=4 indicates an in-plane direction
field. To estimate a value @ for these spectra, the residual (#=90°). In Fig. 4, we have plotted as a function of the
intensity was integrated and attributed to*#e ions. How-  stoichiometry, i.e., the value af. For the low-flux samples,
ever, we point out that this might not be valid, which makesup to and including 2.50 mTorr, the value xfs an average
the results of our analysis for this kind of sample uncertainof the Fé€* and Fé&°" components; for the higher-flux
For example, if the electron hopping has completely ceasedamples, only the Bé component is taken into account.

Df 5 samples, the stoichiometry has also been determined by
MOKE spectroscopy’ For comparison, these data points are

B. Zero-field magnetization directions

the component could also be due to isolatei'Fiens, simi- For near-stoichiometric R®, films, x is close to 2, in
lar to spectra of Fg, below the Verweij transition®*®  agreement with results of Fujét al*'>3%43A value of 2
However, the ultimate disappearance of alf Feand Fé* indicates either a random direction of the magnetization, or a

components atP,,;=10.00 mTorr, combined with the magnetization parallel to thgl11) directions. At room tem-
change in the thin film magnetization directigeee Sec. perature, the 4 equivaleill) directions are the magnetic
[11B), enables an easy distinction between stoichiometri@asy axes in bulk R®,. They all make angles of 54.74°
v- F&05; and near-stoichiometric specimefesg., Fg_;0,  with the[001] film normal, i.e., the direction of incidence of
with §~0.3). This cannot be done with the same degree othe y rays. Thereforex will be 2, for all magnetic domain¥'
certainty if conventional techniques, such as XP&re used. At first sight, this seems to be a logical explanation, how-
Furthermore, XPS is only a surface-sensitive techniquegver, a closer examination shows that it is not. In the case of
whereas CEMS probes the entire film. thin films, the shape anisotropy is an order of magnitude
In Fig. 3, the value o® as a function ofP,; is plotted.  larger than the crystal and magnetoelastic anisotropy terms,
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in-plane

I never in single FgO, films. Apparently, the shape anisot-
ropy is overruled by an even more dominant anisotropy term,
§ HEN but at present, we do not know its nature. It is also very
% interesting that folnearjstoichiometric FgO,, x is always

b oo significantly larger for the Fe* component than for the
random or //<111> \ Fe** component. In stoichiometric F®,, the F&°" and

Fe** components directly correspond to octahedral and tet-
rahedral sites, respectively. Therefore, this result implies that
0 perpendicular in these thin films, the two cation sublattices are not coupled
T T completely antiparallel, in contrast to bulk crystals. On aver-
0.0 0.1 0.2 0.3 " oo o
Vacancy parameter 3 age, the magnetization of t_h?és'lte ions is .4 'closer tp the
film plane than the magnetization of tiesite ions. This is
FIG. 4. Variation of the intensity ratio 8:1:1:x:3 of the sextet  difficult to understand, because thesite FE™ ions, with
components in the CEMS specttRig. 2), as a function of the 3d® configuration, are supposed to have no orbital angular
stoichiometry, i.e., the number of vacanciésper formula unit ~momentum that could couple with the lattice.
Fe;_ 0, (Fig. 3). Plotted is the value of, the relative intensities of
the second and fifth lines. The solid line is a guide for the eye.

Intensity ratio 3:x:1 in sextet
n

C. Surface reconstructions

and therefore, the magnetization should lie entirely in-plane  When magnetite films are deposited on M@Qa0), the
(x=4) 5% As the magnetite is oxidized to Fe;O,, the RHEED and LEED patterns differ from those expected for a
spins indeed turn towards the film plane, although nevebulk-terminated surface. Figure 5 shows RHEED patterns of
completely. Anomalous out-of-plane components have als@a) a clean Mg@100) substrate, an¢tb) an FgO,(100) film.
been reported by Marguliest al*® However, a direct com- Because the growth is fully coherent, the in-plane dimen-
parison with their measurements is not possible, because gfons of the spinel unit cell of F®, are exactly twice those
differences in sample preparation. Especially, we point out t@f the rocksalt unit cell of MgO. Therefore, one expects a set
the very high substrate temperature of 773 K used in theiof diffraction rods with half the spacing of the substrate, i.e.,
experiments, which must have led to extensive interdiffusiorthe number of lines in the pattern will double. When we
at the MgO/FgO, interface(see Secs. llIC and IIID For  study the evolution of the RHEED pattern as a function of
example, whereas the films of Marguliesal. could not be  deposition time, we indeed observe the development of these
saturated in magnetic fields even as high as as®¥plure  extra, half order diffraction rods in the zeroth Laue zone.
Fe;0, films prepared by our method or with,@ssisted This happens after the formation of approximately 1 ML.
MBE are easily saturated in fields 6f0.5 T5713 When the deposition process is continued, however, a new
Considering the dominant shape anisotropy for thin filmsset of diffraction rods appears upon formation of the second
it is remarkable that for stoichiometrig-Fe,O5, the magne- ML. These rods are positioned exactly in between the half-
tization becomes almost perpendicular to the film planeorder rods. This can only be seen when the beam is incident
Such a perpendicular magnetization direction has been fourelong a[100] direction. With the beam incident aloh10],
before in CoO/CgFe,_,0, and CoO/FgO, bilayers? but  the extra quarter-order rods do not show up. These observa-

FIG. 5. RHEED patterns, recorded at an electron energy of 15 keV with the beam incident fl@jdirection.(a) An ex situcleaved
and UHV-annealed MgQ@00) substrate(b) An epitaxial Fg_ ;0,(100) film with a (y2X \2)R45° reconstruction. This pattern is inde-
pendent of the value of, i.e., it is also observed for the stoichiometric maghemjte,O; phase.(c) A 3X1 reconstructed
Fe;0,/MgO(100) film.
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to a (2 2)R45 ° reconstruction with respect to the small-
est unit cell of a bulk-terminated E®, (100 surface. Con-
fusingly, this reconstruction was originally labeled as
p(1x1) by Tarrachet al.*’ indicating that it constituted a
symmetry change from face-centered cubic to primitive cu-
bic at the surface. However, this is not a valid label within
the conventional framework of the Wood’s notation.

The (2% \2)R45° reconstruction was first observed on
natural single crystals, after Arsputtering and annealing, by
Tarrachet al#” and subsequently on MBE-grown epitaxial
Fe,O, films by Voogtet al,*® being later confirmed by other
MBE growth studies®2"3"4%n two earlier thin film growth
studies, only X1 RHEED patterns had been observed, cor-
responding to unreconstructed surfate® An examination
of these studies shows that the reconstruction is independent
of the oxidizing agent, i.e., it is observed irrespective of the
use of NG, molecular Q, or oxygen plasma. As a matter of
fact, the (/2X \2)R45° reconstruction of the F®,(100)
surface is very universal. We observe it not only afterwards
under UHV conditions, but also during deposition of the
films, at all substrate temperatures above 273 K. It is inde-
pendent of the stoichiometry; all our f®&,, y-Fe,O3, and
intermediate Fg ;O, samples exhibit it. This indicates that
the (y2x \2)R45 ° reconstruction is an intrinsic property of
the (100 surfaces.

So far, this reconstruction has only been interpreted in
terms of an electron counting mod&&"*’ However, the
driving force can also be understood from simple electro-
static considerations, as demonstrated by Barlaesl. for
the FgO,(111) surfacé® According to Taske?! a surface
of an ionic or partly ionic crystal falls into one of three
categories. The first, type 1, has atomic planes parallel to the
surface that contain both anions and cations. The net charge
per plane is zero. Examples are {1€0 and(110 planes of
rocksalt oxides, such as MgO, NiO, etc. The type-2 surface
has charged planes parallel to the surface, but the stacking is
in such a symmetric way that the repeat unit does not have a
dipole moment perpendicular to the surface. An example is
the ¢ or (001) plane in the corundum structure afAl,O4
and a-Fe,0;. The last surface, type 3, also has charged
planes. However, the stacking sequence lacks the symmetry
of the type-2 surface, and the result is a dipole moment in the
repeat unit, perpendicular to the surface. Examples are the
(111 surfaces in the rocksalt structure. These surfaces are
called polar. The consequence of a dipole moment perpen-
dicular to the surface is that the surface energy diverges.

FIG. 6. LEED patterns, corresponding to the RHEED patternsTherefore, such polar surfaces cannot exist as simple bulk

displayed in Fig. 5(a) anex situcleaved and annealed Mg@O0)
substrate,(b) a (y2x 2)R45° reconstructed £E©,/MgO(100)

surface, andc) a 3X1 reconstructed R®,/MgO(100) surface.

terminations: they have to be stabilized by reconstructions
and/or adsorption ofcharged foreign species.
When viewed along thg001] axis, the FgO,(100) sur-

The patterns were recorded at electron beam energies of 119, 10Gce consists of an alternating stack of planes containing only

and 156 eV, respectively.

tetrahedral F& cations, and planes containing botf O
anions and octahedral £ cations. The charges in these

tions are also confirmed by LEED; see Fig. 6. Along theandB planes per unit cell are6 and—6, respectively. Thus,
(110 directions, the number of spots merely doubles,the FgO,(100) surface is a polar type-3 one, amas there-

whereas along thé100) directions, it becomes fourfold.
The LEED diffraction spots of the &, film form a

fore to reconstruct. Note that the polarity of the
Fe;_ 50,(100) surface does not depend on the stoichiometry;

square mesh, that is rotated over 45° with respect to thell phases are equally polar. The charge per unit cell B a
MgO pattern. Its dimensions relative to those of the MgOlayer is given by 8& + (4—26) X FE€5" + 106X F€**; this
mesh are\/2:1. Therefore, the observed patterns corresponds a constant value of 6, as in stoichiometric R®,. There-
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FIG. 7. Three possible surface structures for thi@ X \2)R45° reconstructed E©,(100) surface, in top viewa A termination at a
half-filled A layer of Fé™ ions.(b) A termination at &B layer of oxygen anions and octahedrafEeions. There is one oxygen vacancy per
unit cell, accompanied by the oxidation of two?Pé ions to Fé*. The remaining Fe>" ions are trapped by the oxygen vacancies, resulting
in charge ordering(c) An alternative termination at B layer. Here, the surface does not contain oxygen vacancies, but one hydroxyl group
per unit cell. Furthermore, the surface is fully oxidized, containing onf/ Fens. Large open circles: oxygen anions; small open circles:
missing Fé* ions; black filled circles: F& ions; large gray filled circles: B&" ions; small gray filled circles: hydrogen. In each case, the
bulk unit cell is outlined.

fore, a reconstruction is expected for all magnetite phase$p one half. This transforms the type-3 surface into a type-2
including y-Fe&0s. one, with a new three-plane repeat unit with no dipole mo-

At this point, we want to address a recent controversiament. Such a reconstruction does not include contamination.
issue. Namely, our results are at odds with those reported b§o far, the (/2% \2)R45° reconstruction has only been ex-
Chambers and co-workers. Using oxygen plasma-assistgglained with a termination at a half-filled layer!®?”3" as
MBE, they find that the(100 surface ofy-Fe,O; is not  suggested originally by Tarracht al*’ Here, every second
reconstructed? Most likely, the opposite nature of this ob- Fe** ion has been removed in a regular way; see Fig).7
servation is a reflection of the different preparation condi-Such a layer has a charge 8 per unit cell instead of-6,
tions used. To explain their results, Chambetral. assume a thereby making a stable surface. However, our point is that
termination at a fullA layer, with one octahedral Fe vacancy the surface might equally well be terminated & &yer. In
per unit cell in theB layer below. Using the electron count- this case, the charge per unit cell could be reduced frefn
ing approach, they claim that this is an autocompensatedp —3 by, for example, creating one?O vacancy and oxi-
stable surface. However, we have reason to believe that theilizing two F&°>" ions to Fé™, see Fig. ). There are many
analysis is wrong. In the bully-Fe,O; structure, each B variations on this theme, for example, the creation of two
layer has two thirds of an Fe vacancy per unit cell, comparedxygen vacancies, accompanied by the reduction of two
to FeOy. In their analysis, Chambert al. correctly assign  Fe**" ions to Fé*, or the creation of 3 oxygen vacancies
half of an electron from & site Fe ion to an octahedral per two unit cells without Fe valency change, have the same
covalent bond(in the FgO, structure, the Fe ions donate effect. Such &B layer, with a constant stoichiometry, could
only 5/12 electrons By doing so, the vacancies in the bulk be present on all ke ;0, films, irrespective of the stoichi-
are implicitly taken into account. In the structural model un-ometry of the interior. In fact, probe layer Msbauer spec-
der question, the surfad® layer has 1 vacancy, i.e., one- troscopy has suggested a surface termination Btlayer,
third more than in the bulk. The point is that only this extrawith a higher F&" content than in the bul®®
one- third of a vacancy should be considered, not the entire This kind of surface might have interesting consequences.
vacancy. Then, the analysis yields a nonautocompensate@p speculate, an ordered array of oxygen vacanciesBn a
unstable surface. The same conclusion can be drawn by afayer could induce an ordering of the charges on the neigh-
plying the electrostatic approach: in the proposed structurehoring Fe ions. As discussed above, an Fe vacancy on an
the charges per unit cell in the surface and subsurface layetgtahedral site acts like an impurity with a charge of minus
are +6 and —7, respectively, therewith creating an even2.5, and repells conduction electrons from neighboring
more polar surface. Note that a discrepancy in the outcomsites?® Similarly, an oxygen vacancy acts like a-2mpu-
of the two approaches is impossible, as Pashley has demority, and could trap conduction electrons on neighboring cat-
strated that the electron counting and electrostatic models aien B sites. This has been illustrated in FigbY, for the case
equivalent? Similarly, it has also been suggested that anof one vacancy per unit cell. Here, we assumed that the
auto-compensated FeO layer might form the surface of Fe&°' ions are trapped at the oxygen vacancy sites. The
Fe;0,.3" However, such a wustite layer, with zero charge,resulting charge ordering looks very similar to that observed
cannot eliminate the polarity of the surface either. with spin-sensitive STM on natural single crystals.

Coming back to the electrostatic model, type-3 surfaces As a third possibility, we mention the case oBasurface
can be stabilized by reducing the charge in the surface plariayer that does not contain oxygen vacancies, but hydroxyl
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it is questionable if these STM images represent an as-grown
(V2% \2)R45° FgO,(100) surface, because of the sputter-
@ ing and annealing treatments that were needed to cleaxthe
situ grown samples. Furthermore, it should be kept in mind
— that with STM one does not observe atoms, but merely a
density of stategsempty or filled. Therefore, the unidentified
(b) objects in a (/2x 2)R45° lattice might be surface states
that are associated with hydroxyl groups, oxygen vacancies
N and/or ordered Fe charges. As a matter of fact, the claim that
© only Fe atoms can be imaged with STM, has recently been
contradicted by studies of an FeO monolayer ofi P1).>
The (y2x\2)R45° reconstruction is very persistent.
Only after prolonged annealing at high temperatures does it
disappear. Figure(6) shows a LEED pattern of a 5.0 nm-
(d) thick F&0O,(100) film, that has been annealed foh at 875
K in an O, pressure of X 10~ * Pa. The pattern corresponds
in essence to unreconstructeck 1 FeO,. However, the
i e B e L B number of diffraction spots has tripled along #EL0) di-
0 200 400 600 800 1000 1200 rections, indicating an 81 reconstruction, with respect to
the bulk spinel unit cell. The reconstruction consists of two
domains; the long axis of the surface unit cell is either in the

FIG. 8. RHEED intensity oscillations of the specularly reflected[110] or in the[ 110] direction. The absence of extra diffrac-
electron beam, observed during deposition of@eon (a) polished  tion spots in other directions eliminates the possibility of a
and annealed MgQ00), (b) in situ cleaved MgQ100), (c) ex situ 3% 3 reconstruction. This is confirmed by the RHEED pat-
cleaved and annealed M@0, and (d) an annealed ey from this sampléFig. 5(c)]. We find that the change

Fe;0,/MgO(100) film. In each case, the electron beam was inci- o L oo .
dent along 4100] direction, with a primary energy of 15 keV, at an from (\/EX ‘/E) R45° to 3x1 s Ireversible; further anneal

angle of 0.68° corresponding to the first anti-Bragg position of "d: EIther in vacuum or in § cannot restore the
Fey0,. (\2x\2)R45° or 1x 1 patterns.

XPS core level spectrénot shown of the Fe » edge
groups. With XPS, the presence of hydrogen can 0n|y bélfter annealing indicate the formation of an OXide, Containing
inferred indirectly, namely if it is present as hydroxyl, B ~ mostly Fé™ ions. The spectra are similar to those of the
groups. Then, a second O 1s peak will appear, shifted by-F&03 and y-Fe,0; phases, with a binding energy of the
~1.5 eV to the higher binding-energy sitfeSuch a peak main peak of 710.9 eV, and a strong>Fesatellite at 719
was not observetf If, however, the hydrogen fraction is eV.2*3! Furthermore, the signal from the MigLL Auger
relatively small, it will only cause an asymmetry in the peakedge strongly increases with annealing. This indicates exten-
shape of the main Oslline. Considering the resolution of sive compound formation at the MgO/f&®, interface. Stud-
our XPS instrument, i.e5-1.0 eV, we cannot fully exclude jes have indicated that the onset of interdiffusion is at tem-
or confirm the presence of hydroxyl groups. One possibilityperatures around 625-675 K2 Therefore, it is most likely

is a fully oxidizedB layer, in which one & ion per unit cell  that the entire Fg0, film has been converted into Mg ferrite,
has been replaced by an ®Hgroup, i.e., a composition of MgFe,0,.

Normalized intensity (arb. units)

Deposition time (s)

Fe;"O7 OH'™ per unit cell. This is shown in Fig.(@). Such Apparently, some Mg ions diffuse all the way through the
a layer has a charge ef3 per unit cell, thus also creating a film to the surface. Having reached the surface, they form
nonpolar, stable surface. structures parallel or normal to the rowsBEite cations. To

Interestingly, a termination at B layer, either with va-  explain the threefold superstructure, it must be assumed that
cancies or hydroxyl groups, would invalidate all previousonly every third row is decorated, i.e., rows that are 1.8 nm
interpretations of STM images of the/2x y2)R45° recon-  apart. Recently, such a structure has indeed been observed
structed FgO,(100) surfacé/*"**These STM images re- with STM.5® Then, the two-domain structure in the recon-
vealed objects in a \(2x\2)R45° lattice, which were struction originates from a rotation of the octahedBasite
slightly protruded above the surface. In all of these studies, ications over 90°. This rotation occurs when going up or
was claimed that only Fe atoms were imaged. Therefore, it idown between terraces that are separated by a step with a
tempting to ascribe these objects td Féons, corresponding height of .n+1 monolayers, or when there are stacking
with a surface terminated at a half-filles layer. However, faults in the film’ 837
these objects have so far not been identified satisfactorily. The 3X1 reconstruction has also been observed by
Furthermore, they changed their appearance with the samp@aineset al®® Furthermore, Andersoet al. reported a very
bias voltage. Only recently, Gaines al. have been able to akin 4x 1, which was also induced by Mg segregatféit is
resolve the objects into two single, spherical featdres. not clear what causes the division into three- and fourfold
These were ascribed to pairs of tetrahedrai'Fens, i.e., a  reconstructions. Andersoet al. used much thicker films
distorted, but fullA layer. This is in contradiction with both (~1 wm), which probably led to structures less rich in Mg
the electrostatic and the electron counting models. Howeveagt the surface.
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FIG. 9. AFM images of various MgQO00 substrates corre-
sponding to the RHEED oscillations displayed in Fi¢p)88(c): (a)
polished and anneale@can size %5 un?), (b) in situ cleaved
(5X5 wm?), and(c) ex situcleaved and annealed (%88 um?).

Normalized intensity (arb. units)
|
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Y]
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0 10 20 30 40
Film thickness (ML)

FIG. 10. RHEED intensity oscillations, observed during deposi-
tion of FgO, on annealed R©®,/MgO(100) films, as a function of
the substrate temperature. The electron beam was incident along a
[100] direction, in the first anti-Bragg position (0.68°), at an energy
of 15 keV.

D. RHEED intensity oscillations

During deposition of the films, we observe oscillations in
the intensity of the specularly reflected beam. Figute) 8
displays a typical curve, measured during deposition on an
ex situcleaved and annealed M@0 substratgwith T,
= 523 K). These oscillations are indicative of a two-
dimensional(2D) layer-by-layer, or Frank—van der Merwe,
growth mode’’~**The period of the oscillations corresponds
to the formation time of 1 ML. For R®, to y-Fe,03, such
a monolayer has a thickness of 0.21 nm, and consists of a
(100)-oriented slab of oxygen anions, together with the ap-
propriate amount of cations to maintain charge neutrality.

To study the influence of substrate preparation, we com-
pared theex situcleaved and UHV-annealed substrates with
commercially available polished Md@00 [Fig. 8a)], in
situ cleaved Mg@100) [Fig. 8b)], and an annealed
Fe;0,/MgO(100) film [Fig. 8(d)]. The polished MgO was
cleaned by annealing in an identical way as #e situ
cleaved substrate, the situ cleaved Mg®@100) surface was
prepared by breaking a crystal inside the UHV system, with-
out further heat treatment, and the;8g(100) film was pre-
pared by annealing fal h at 875 K in 1X10 ¢ Pa Q. All
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oscillation curves in Fig. 8 were recorded with the electron Considering these initial morphologies, the differences in
beam incident along EL0Q] direction, at an incidence angle the RHEED intensity oscillations can be interpreted in terms
of 0.68°, and an electron energy of 15 keV. of step density. In the cases of smoeth situcleaved and
There are some clear differences between the four sutannealed MgO and annealed;Pg/MgO films, the variation
strates: going from polished, via situ cleaved, to thex situ  in the step density due to layer-by-layer growth will be rela-
cleaved Mg@100), the number and amplitude of the oscil- tively large, with respect to the mean step density. Hence,
lations  both  strongly increase. The  annealedalso the specular spot intensity will show large variations. In
Fe;0,/MgO(100) film behaves similar to thex situcleaved  contrast, the polished MgO surface has a very high initial
MgO(100. This trend reflects the behavior that was ob-step-density, and the variations due to layer-by-layer growth
served earlier for NiO and CoO growth on M0 will be relatively small with respect to the mean step density.
At present, there is consensus that these oscillations rezonsequently, also the intensity oscillations will be hardly
flect periodic changes in surface morphology, associategliscernible. Then situ cleaved MgO seems to represent an
with 2D layer-by-layer growtfi’ In the simplest of pictures, intermediate case.
they are caused by destructive interference of electrons, scat- rigyre 10 shows a compilation of RHEED intensity pro-

tered from terraces that are seperated by a step with a heighfes as a function of the substrate temperaflyg,. For this

of 1 ML. Thus, oscillations should only be observable whenStudy FeO,/MgO(100) films annealed fol h at 875 K in

the angle of incidence of the electron beam fulfills the 1xld‘6 P;Q were chosen as substrates, because they

;rt]itgr?srac‘:gagn Eznggg:\'/eﬂof\g re\é?r:é'rtv';h\:\;g;gm?lgp gtogqs_cn- yielded the most reproducible results. However, we point out
' éhat similar trends were observed for deposition cencsitu

bined STM and RHEED studies on GaAs homoepitaxy hav .
indicated that also diffuse scattering at step edges should bc(jfeaved and ann'ealed'MgIDO') sgbstra'tes.. F'.rSt of all, we
ways observe intensity oscillations, indicating that@e

taken into accourft! In this model, the step-density, defined a ;
as the step-length per unit area, plays an important rold!@s @ 2D layer-by-layer growth mode over the entire tem-

Again, this parameter oscillates during the formation of aPerature range studied, from 273 to 723 K. From the RHEED
new monolayer. patterns, at 273 K we seem to approach the lower limit for
To study the origin of our RHEED oscillations in more layer-by-layer — growth. At this temperature, the
detail, we examined the morphology of the substrates. Figuréy2Xx 2)R45° reconstruction, which is characteristic for

9 shows atomic force microscogpFM) images of(a) pol-  flat, well-ordered Fg0,(100) surfacegsee Sec. Il is
ished and annealed M@0, (b) ex situ cleaved replaced by a 3D transmission pattern. Nevertheless, the pe-
MgO(100), and(c) ex situcleaved and annealed M¢g®O0). riod of the oscillations is constant for all substrate tempera-
The images were measured in air, with a NanoScope-Il AFMures, indicating that even at room temperature,, N€ca-
operated in contact mode. Thex situcleaved MgO[Fig.  pable of inducing stoichiometric E®,. This is remarkable
9(b)] exhibits large macrosteps, separating large terracegecause usually-475 K is reported as the lower limit to
These steps have heights 6f150 nm, and run approxi- optain epitaxial and monophasic filns'%2! Another in-

mately normal to the direction of cleavage. On the largeyigying feature is that, at 323 K, there is a phase shift be-
terraces, a second “patchwork” structure is visible, consist+,yeen the fifth and fifteenth oscillations.

ing of smaller steps. These steps run in (060 directions, When T, is increased, the number of oscillations in-

and have average heights 62 nm, i.e., a few unit cells of creases. They are most persistent between 423 and 473 K. At

MgO. Upon annealing, the morphology changes markedl| : : : )
[Fig. 90)]. The macrosteps remain, but the small steps ha\}(fehese temperatures, the damping of the amplitude with depo

. . aition time is sometimes so small, that up to several hundreds
disappeared. As a result, the surface now consists of broaof oscillations can be observed. For higher temperatures, the
flat surfaces, with widths of-1 um. We point out that in ' 9 P '

both images, the resolution is not high enough to resolvéntenSity profile.is (_:haracterized by an initiql burst of a few
atomic steps, with heights of only 0.21 nm or small multiplesV€"Y Strong oscillations. Furthermore, there is always a phase
thereof. Nevertheless, the AFM images are in qualitative>Nift Of ~0.25-0.3 periods, which manifests itself as an ini-
agreement with x-ray diffraction studies by Kienal®? who ~tial increase in intensity. A, approaches 723 K, the am-
show that annealing leads to a reduction in the number oflitude is more rapidly damped, and consequently the num-
minor steps, giving large, atomically flat terraces. ber of observable oscillations decreases. The damping of the
The in situ cleaved substrate is similar to thex situ  oscillations does not necessarily imply a transition to a more
cleaved Mg®100 before annealing, having macrosteps ofroughened surface with a growth front that is distributed over
up to~225 nm and minor steps on the terraces-df.5 nm.  several layers—it only indicates a situation where the step
In contrast, the polished MgO has a very rough surface. Aldensity has reached a steady state, without net variations in
though this kind of substrate appears very flat, i.e., it hagn area corresponding to the coherence lepftyth®!
mirror-like surfaces for the naked eyro macrosteps the As Tg,p increases, the mobility of the diffusing species
AFM image[Fig. Aa)] shows terraces that are full of three- will also increase. Therefore, it seems likely that there is a
dimensional(3D) islands. In contrast, two STM studies on gradual transition from 2D island nucleation to step-flow
Fe;0,/MgO(100) films by other authors revealed a mor-growth® In step flow, the diffusion length of the atoms is
phology consisting of very largéypical dimensions 10 to large enough to reach the step edges of neighboring terraces.
100 nm), atomically flat surface$.®’ Thus, these surfaces Consequently, new 2D islands will not be formed anymore,
are comparable in smoothness to e situ cleaved and and the step density does not increase. However, the surface
annealed MgO. still grows in a layer-by-layer like mode. This is in agree-
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ment with the RHEED patterns, which show sharp streakshat all 2D islands are removed by annealing. The resulting
and clear (/2x \2)R45° reconstructions, indicative of flat surface has large, flat terraces, corresponding to the situation
and well-ordered surfaces. after a completed layér:®’

Surprisingly, this situation is reversed wh&g,, is fur-
ther raised. For temperatures aboev@00 K, there is a return
to persistent oscillations, with a very large amplitude and IV. CONCLUSIONS
small damping. We attribute this behavior to Mg outdiffu-
sion. Probably at 723 K this outdiffusion is so rapid that Mg ~We have successfully grown single-crystalline, stoichio-
is constantly appearing at the surface during deposition ofetric FgO, and y-F&,O; films on MgQ(100), using NG
new monolayers. Consequently, the film will not be stoichio-as the oxidizing agent. Using Mebauer spectra of’Fe
metric FgO, anymore, but MgFe;_,O,. The monolayer Probe layers, it was possible to determine accurately the sto-
formation time, however, will not change, because for everyjchiometry of the films. It is found that all cubic spinel
Mg ion that diffuses to the surface, one Fe ion has to diffusd®hases can be obtained, i.e., also all intermediate non-
to the MgO substrate. We indeed find the same period as fditoichiometric Fg_ sO, phases. The formation of the meta-
other temperatures. The change from step flow to 2D islangtable compoundy-Fe,O; clearly demonstrates the large
nucleation suggests that the diffusion lengths of the migratoxidizing power of NQ. RHEED and LEED patterns show
ing species are drastically reduced by the Mg. that the films grow(100-oriented on Mg@100), with their

Finally, oscillations can be observed for any valuedpf cubic (100) axes aligned parallel to those of the substrate.
i.e., not only in the anti-Bragg position (0.68°), but also in RBS and XRD measurements reveal a fully coherent or
random positions, and even in the Bragg position (1.36 °)pseudomorphic epitaxial growth; the in-plane lattice con-
similarly to the case of GaAs homoepita¥yHowever, the stants have fully adjusted to the lattice constant of MgO.
amplitude, mean intensity, and time needed to reach the fir§éonsequently, there are small tetragonal distortions of the
maximum all do depend of. These effects depend critically unit cells.
on the diffraction conditiongazimuthal and polar angle of ~ Although the shape anisotropy dictates that the magneti-
the electron beajmand can only be explained quantitatively zation should lie entirely in the plane of the film, this is never
using dynamical scattering theoty.°>%4 Qualitatively, we  Observed. Stoichiometric 8, has large out-of-plane com-
report the following trends: The amplitude of the oscilla- ponents, and only in the case of highly oxidized; F§O,
tions, with respect to the initial intensity of the specular spotdoes the magnetization approach the film plane. However,
before deposition, increases with decreasing angle of incidpon further oxidation to stoichiometrig-F&,Os, it rotates
dence. As mentioned above, oscillations are due to variatior8ack, and finally becomes nearly perpendicular to the plane
in the step density, defined as the step length per unit are@f the film. Furthermore, in the case @fear) stoichiometric
Therefore, this result seems to indicate that the effective step&;O,, the magnetizations of th& andB sublattices are not
density is larger for smaller angles of incidence. This can b&ompletely coupled antiparallel. On average, the magnetiza-
understood if one realizes that the substrate area seen by ttien of the B site ions is 4° closer to the film plane than the
electron beam is proportional to ginSecondly, the specular magnetization of thé\ site ions.
intensity is larger for MgO surfaces than forJ8s. Conse- Oscillations in the intensity of the specularly reflected
quently, when FgO, is deposited onto MgO, the mean in- beam in RHEED give direct, unambiguous evidence that
tensity decreases, and vice versa. Foy@z¢MgO multilay-  F&04 has a 2D layer-by-layer growth mode over the entire
ers, this leads to “block wave’-like profiles of alternating temperature range studied, i.e., from 273 to 723 K. The larg-
high and low intensitie&®>® Finally, the time needed to est oscillations are obtained @x situcleaved and annealed
reach the first maximurdoes notusually correspond to the MgO(100 substrates, or on annealed ;8g/MgO(100)
period of the subsequent oscillations, i.e., there is a phagdms. Deposition above~700 K is accompanied by rapid
shift. This effect can best be seen during;®Bg growth on Mg outdiffusion.
Fe;0,; see, for example, curv@) in Fig. 8. Here, the inten- RHEED and LEED diffraction patterns of epitaxially
sity first increases, to reach a maximum afted.4 of a full  grown FgO, and y-F&0; films reveal a (2% 2)R45°
period. Also for NiO and CoO growth on Mg@00), a delay ~ reconstruction of th¢100) surface, independent of the sto-
in the first few oscillations has been obser¢g&uch phase ichiometry. An analysis, based upon electrostatic consider-
shifts, and also the phenomenon of frequency doubling of thations, indicates three possible surface structures. The first is
oscillations?® cannot be explained by interference only. Onea termination with a half-filledA layer, consisting of one
might argue that, in the case of annealed@zgfilms, the Fe** ion per unit cell. The other two are terminations at an
deposition in the previous experiment was terminated beforexidized B layer, either with oxygen vacancies or hydroxyl
the last monolayer had been completed. Then, the initial ingroups. Prolonged annealing at high temperatures irrevers-
crease in specular intensity in the next experiment wouldbly transforms the (2x \2)R45° reconstruction into a
correspond to the completion of this layer. However, as men3X 1 reconstruction. XPS spectra indicate that this recon-
tioned above, STM images of kg, films have indicated struction is caused by Mg out diffusion from the substrate.
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