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Growth, structure, electronic, and magnetic properties of MgQFe(001) bilayers
and FgMgO/Fe(001) trilayers
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Single-crystal epitaxial MgO thin films were grown directly onto high-quality Fe single crystal and Fe
whisker substrates and covered with Fe/Au layers. Reflection high-energy electron diffraction and low-energy
electron diffraction patterns and scanning tunneling microscopy images showed that the growth of MgO
proceeded pseudomorphically in a nearly layer-by-layer mode up to six monolayers. A misfit dislocation
network is formed for MgO layers thicker than six monolayers. The thin MgO films were characterized
electrically by scanning tunneling spectroscopy. The tunneling barrier in MgO was found to depend on the
MgO layer thickness, starting from 2.5 eV at two monolayer thickness to the expected full barrier of MgO of
3.6 eV at six monolayers. A small fraction of the scanned area showed randomly placed spikes in the tunneling
conductance. TunnelingV curves at the defects showed a lower tunneling barrier than that in the majority of
the MgO film. The total tunneling current integrated over areas oIl nnf, however, was not dominated
by spikes of higher conductance. These local defects in the MgO barrier were neither related to atomic steps on
the Fe substrates nor to individual misfit dislocations. Magnetic anisotropies and exchange coupling in Fe/
MgO(001) and Fe/MgO/F&01) structures were studied using ferromagnetic resonance and Brillouin light
scattering.
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I. INTRODUCTION In this paper we show that one is able to grow nearly
perfect crystalline Mg@031) films on high-quality single
Studies of spin-dependent tunneling in structures consistrystals of Fe. Thé-V characteristics of these structures are
ing of two metallic ferromagnetiG=M) films separated by an dominated by the intrinsic properties of the Fe/MgQFd)
insulating spacer are currently of high interest in the researchtructure, allowing one, in principle, to test the wealth of
field of magnetic nanostructures. Magnetic tunnel junctiongredictions based on first-principles calculations. This paper
(MTJ’s) play a significant role in the development of non- will be limited to the structural, magnetic, and electron trans-
volatile magnetic random access memoli@RAM's). The  port studies in zero applied field only. Our present scanning
MTJ's used so far mostly rely on amorphous,®} oxide as  tunneling microscopySTM) system did not allow us, up to
the insulating barrier. The electron tunneling in such amornow, to investigate magnetoresistance, i.e., tunneling con-
phous barriers is complex; it consists of random hoppingductance as a function of an applied field.
between oxide resonant states which are created by a number
of poorly understood dgfects. Thg lateral compqnent of thg, suBsTRATE PREPARATION, GROWTH OF MgO, AND
electron momentunk, is randomized by scattering in the Fe FILMS
barrier, such that the tunneling current is not only determined
by the intrinsic band structrure of the electrons and the oxide For the extensive study of the growth of MgO on(@@i)
barrier but is significantly affected by lattice disorder in theand of Fe/MgO/F@01) trilayers two different types of Fe
barrier. The total randomization &f results in averaging of substrate crystals were used:(®@l) whiskers and single-
the tunnel magnetoresistanEMR) over the Fermi surface crystal F€00D) disks. Fe whiskers were prepared by chemi-
of the s and p valence electronsAs a result of this, spin- cal vapor transport using the reduction of Fe@ a H,
dependent tunneling through amorphous barriers has suétmosphere. The whiskers are long rectangular bars with
cessfully been described by only one parameter: the effectivi001} facets. The whiskers are usually 3—10 mm long and
spin polarization of the ferromagnetic fillighe recent the- 100-300 um wide. F€001) crystal disks of 10 mm diam-
oretical calculations of intrinsic electron tunneling transporteter and 3 mm thickness were oriented using x-ray diffrac-
by the Landauer formalism using fully spin-dependent election and mechanically polished with less than 0.2° deviation
tron band structure provide challenging predictions. The tunfrom the (001) plane and annealed at 1170 K in, for 14
neling conductance in Fe/MgO/f@®1) is governed by the days. The final preparation of Fe whiskers and disk sub-
majority spin electrons. The tunneling resistance for the parstrates was carried out in UHV using 2 kV Ar ion bombard-
allel orientation of the magnetic moments is estimated to benent first at 300 K and then subsequently at 500 K3fd in
100 times smaller than that for the antiparallel orientation oforder to remove interstitial carbon. The substrates were
the magnetic momentsiue to the absence of scattering in brought rapidly to 870 K, and sputtering was switched off
the barrier. after 5 min. A 6 min annealing at 870 &vithout sputtering

0163-1829/2001/64.3)/1344118)/$20.00 64 134411-1 ©2001 The American Physical Society



M. KLAUA et al. PHYSICAL REVIEW B 64 134411

;;T
o)
R
2
w
FIG. 1. STM topographical imagesa) Clean F€001) whisker g
(tunneling conditions:+0.6 V, 0.6 nA, 2002000 nn?). (b) a
Clean F€001) bulk crystal (tunneling conditions+0.54 V, 0.66 ha
nA, 500<500 nnf).
was followed by final rapid cooling to 300 K. Auger electron . L \ L . L .
spectroscopyAES) analysis revealed less than 1% of C and 0 200 400 600 800 1000 1200 1400
N impurities on the surface. Low-energy electron diffraction (a) time (sec)
(LEED) and reflection high-energy electron diffraction -

(RHEED) patterns showed very sharp sp@iee below. Fig-
ure 1(@) shows the STM image of an F®1) whisker after 2.895
preparation in UHV. The dark regions are monoatomic ex-

tended holes (1-2um wide) in an otherwise flat and step- ’é\ 2.890
free surface. Figure () is a typical STM image of an g 2.885
Fe(001) disk sample showing atomic steps with a mean sepa- 2,
ration of 100 nm. This corresponds ¢00.1° deviation from él 2:800
a (001 surface plane. ~ 5875
MgO layers were deposited at 295 K using electron beam %0
evaporation from a 3-mm-diam MgO rod of 99.8% purity. ‘g 287
Results of a comparative study using pulsed laser deposition 2« ; ggs5
(PLD) of MgO will be presented elsewheteThe back-
ground pressure of low IT3° mbar rose to a value high in 2860
the 10°° mbar range during deposition. The growth mode —— . s . . ! . .
was monitoredn situ using RHEED intensity measurements. 0 200 400 60O 800 1000 1200 1400
The surface crystallography and the epitaxial growth mecha- (b) time (sec)

nism were further characterized by means of LEED. The ) . . o
purity and stoichiometry of the MgO grown on Fe was FIG. 2. (a) _RHEED diffracted beam intensity oscillations vs
checked with AES and ultraviolet photoemission spectrosfime for deposition of MgO on RE01). Inset shows the RHEED
copy (UPS. The MgO Auger line shapes were Consistentpattem before depositiorib) Measured lateral spacing of grown
with those listed for magnesium monoxitiéndicating the V9O lavers.
correct stoichiometry. No impurities were found within the ) i .
sensitivity of our AES setup. UPS spectra of five monolayerdence angle of 0.7°—0.8first anti-Bragg conditionand an
(5 ML) MgO on Fe revealed an energy difference of 4.2 evazimuthal direction near thgl00] Fe axis. The Fe crystal
between the upper Mgsland O 2 valence-band edge and Was erated by 1.5° from the exddt00] |n-_plane crystgllo-
the Fermi level of Fe. Taking the band gap of MgO as 7.ggraphic dlrectlo_n in order to make the line connecting the
eV this results in a tunneling barrier height of 3.6 eV for SPecular and diffracted beams parallel to the shadow edge.
electrons at the Fermi energy of Fe tunneling through thd/nder these conc_jmons strong RHEED_lntensny o§C|IIat|ons
MgO. The surface topography of the MgO films was studiedVere found see Fig. 2a)] and the intensities of_the_ diffracted
using STM. Scanning tunneling spectroscdByS was ap- and the specula(moF shOV\_n) beams were oscnllatlng nearly
plied to characterize the electron transport through the Mg®Ut of phase. The intensity maxima of the diffracted beam
films. correspond to the best surface filling of the MgO films as has
The top Fe layer was deposited at 295 K either by meanBen checked with STMsee below. RHEED oscillations
of a thermal source at a growth rate of ab@UML)/min or &€ @ strong |nQ|cat|on ofa Iaye_r-by-layer growth of MgO on
by means of PLD(248 nm wavelength, 30 ns pulgedhe Fe001) which is thermodynamically favored pecause qf the
samples were protected in ambient by a 20-ML-thick/ow surface energy of MgO g1-16 _J?m(R_ef. 7 in compari-
Au(001) capping layer. son to that of F_e (2.9 JmMB The intensity drops dramau—
cally after the sixth ML of MgO. This is correlated with an
observed increase in the lateral spacing of the MgO lattice,
as depicted in Fig. ®). The lateral lattice spacing was de-
The growth of MgO was monitored by means of RHEED. termined from the measurement of the peak intensity profiles
The inset of Fig. Pa) shows the RHEED pattern for an inci- through the specular and diffracted beams. MgO grows

Ill. STRUCTURE AND DEFECTS OF MgO ON Fe (001
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clean Fe(100) 5 ML MgO

9 ML MgO 12 ML MgO

FIG. 3. LEED patterns for a clean @91) whisker and after
deposition of 5 ML, 9 ML, and 12 ML of MgO. The LEED patterns
were taken at energies as indicated.

pseudomorphically on F@01) up to 6 ML with an epitaxial G4 s hic imaging of | .
relationship FEI01[110)/MgO(001[100] and a 3.8% com-  _FIG: 4. STM topographic imaging of MO layers on(6@1) in

; . 910 . : dependence on bias voltagds) 1.9 ML MgO, rms roughness:
pression of the MgO lattice’® After 6 ML a partial lattice 0.063 nm (3 V. 0.66 nA, 300<300 nn?). (b) 1.9 ML MgO
relaxation sets in, resulting in an increased lateral lattice "o ' : ’ g

. . L2 . +4 V, 0.66 nA, 300300 nnt). 3.6 ML MgO, -
spacing. The resulting misfit dislocation network near thg . nm). () g0, rms rough

. . ness: 0.074 nm<4 V, 0.8 nA, 150<150 nnf). Inset shows plot
Fe/MgO interface 'Ieads to Increased. surfaqa roughness any topographical height vs position along a horizontal lif®. 3.6
by this to a reductlpn 'of the RHEED intensities. ML MgO (+2 V, 0.3 nA, 150150 nnf).

The most convincing indication of the pseudomorphic
growth and the subsequent sharp onset of misfit dislocationsV. Assuming that the Fermi level of MgO lies somewhere in
can be seen in the LEED patter(fSg. 3). The LEED spots the midgap one would expect that the bias voltage should be
are very sharp on a clean bcc(B@1) whisker, indicating a close to+3.9 V in agreement with our UPS results.
superb surface quality. Similar sharp spots from the In Fig. 4, STM topographic images of MgO layers of 1.9
MgO(001) surface were observed after growth of up to 6 ML ML and 3.6 ML thickness are shown as a function of the bias
MgO. For thicknesses greater than 7 ML of MgO the LEEDvoltage. A nearly completely filled second atomic layer of
patterns showed four additional satellite spots around eacMgO in Fig. 4a) was obtained by stopping the MgO depo-
main MgO diffraction spot. The four lines connecting any sition at the second maximum of the diffracted RHEED
given set of satellite spots and their central diffraction spobeam intensitysee Fig. 2 The thickness of 3.6 ML in Fig.
are directed along equivale(t00) in-plane crystallographic 4(c) was obtained by stopping the deposition at the minimum
directions of the MgO lattice. The splitting between the sat-of the RHEED oscillations following the third maximum
ellite and main diffraction spots decreases with increasingsee Fig. 2 Figure 4a) was taken with+3 V sample bias
thickness of MgO; see Fig. 3. The LEED patterns show thavoltage. It gives a clear topographic image of a nearly perfect
the splitting increases proportionally with the electron beantwo-dimensional growth of MgO on @01 with clearly
energy. This behavior can be explained by a model whiclvisible atomic steps of the Fe template. The rms roughness of
includes edge dislocation formatithat the Fe/MgO inter-  this mainly two atomic level growth amounts to 0.063 nm.
face. The MgO lattice warps in a narrow region above theThe gray level corresponds to 2 ML of MgO, the black con-
misfit dislocation lines. The warped surface creates tiltedrast are holes of 1-ML-thick MgO, and finally the white
reciprocal-space rods which satisfy the fourfold in-planespots correspond to small islands of 3 ML of MgO. Hence,
symmetry of the F@01) template. The LEED satellite spots also STM shows that MgO grows in a nearly perfect layer-
are caused by the tilted reciprocal rods due to the network dby-layer mode as already concluded from the RHEED oscil-
dislocation lines. The effective tilt angle is 3.5° for 7 ML and lations. The STM image in Fig.(8) was taken with the
decreases to 1.5° for 15 ML thick MgO filnis. higher sample bias of 4 V. This results in a more complex

The characterization of morphology and crystallographyimage with some additional features whose origin is not
by RHEED and LEED could reveal only spatially averagedknown yet. The STM image, Fig.(d), for a sample of 3.6
information. Direct imaging usingn situ STM is needed to ML thickness using a bias voltage af4 V gives again a
obtain more detailed information about the growth mode ofclear topographic contrast. In this case the MgO surface con-
the MgO films. STM imaging of ultrathin insulator films sists mainly of two atomic layers. The dark areas correspond
requires a proper choice of bias voltage. To obtain a topoto the third ML. The brighter islands correspond to the fourth
graphic image of the MgO surface one needs to establisatomic layer and are of square shape. Some small speckles of
tunneling from the occupied states of the STM tip into thethe fifth ML (white spot$ are also present. The inset shows a
conduction band of MgO. The bulk band gap of MgO is 7.8height profile along a horizontal line across the substrate
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642 0 2 4 tip structure.(a) Bias voltage+4 V, tunneling into the conduction
voltage (V) band of MgO through the vacuum barrié) Bias voltage—4 V,

tunneling from the valence band of MgO through the vacuum bar-
rier. (c) Negative-bias voltage, tunneling through additional defect
states midway between the valence and conduction bands of MgO.

FIG. 5. (a) Morphology of 3.8 ML MgO on F&01), rms rough-
ness: 0.075 nm+<{4.1 V, 0.66 nA, 10& 100 nn?). The inset
shows a RHEED pattern alond &10] crystallographic direction of
MgO. (b) Tunneling spectra for different thicknesses of MgO .
shown in(a). (c) Spectroscopic current image of local defects taken'"9 fr_om +4'5 V_ to —4.5 Vare shown_ f_or each exposed
at a bias voltage of 4 V (100 100 nnd). (d) Tunneling spectra atomic layer in Fig. 8). The curves exhibit a strongly pro-

of a defect free arefgray) and of different local defect@ark and ~ Nounced current asymmetry. The increase of the tunneling
blacK). current for potentials greater than2.5 V indicates tunnel-

ing from the Fermi edge of the Ptlr tip into the conduction

step. The height difference between the minima of the profildand of MgO. On the other hand, tunneling from the MgO
in the left side and the minima of the right side amounts tovalence band for negative potentials is negligible. Such ob-
0.14 nm which is the height of an @91) atomic step. The served tunneling asymmetry is expected for a perfect insula-
height of the two-dimensional islands is 0.2 nm which cor-tor.
responds to an MgO atomic step. As expected, under optimal In Fig. 6 sketches of energy diagrams of the(@ed)/
conditions for topographic imaging one obtains the correcMgO/vacuum/Ptlr tip structure for different biases are shown
heights for MgO islands and FED0 atomic steps. In Fig. with a work function of 4.6 eV for the F801) substrate, a
4(d) at a lower bias voltage of-2 V which is within the  band gap of 7.8 eV for the MgO batrrier, and a work function
MgO band gap the electrons tunnel directly from the tip toof 5.6 eV for the Ptlr tip, respectively. In Fig(® applying
the conducting substrate and the oxide layer acts only ta positive bias voltage of-4 V results in tunneling from
modulate the potential barrier as a function of position.the filled states of the tip through the vacuum barrier and the
Therefore the additional contrast in Figd# may be related conduction band of MgO into empty states of the Fe sub-
to inhomogeneities in the substrate-oxide interffc@he  strate. On the other hand, in Fig(bd a negative bias of
above results show that optimal conditions for STM imaging—4 V applied does not give rise to a noticeable tunneling
are fulfilled for positive-bias voltages which are close to halffrom the Fe substrate through the MgO barrier and the
of the MgO band gap energy. There is only a weak depenvacuum barrier. Tunneling from the Fermi energy of the Fe
dence of the optimal conditions on the film thickndsee substrate is suppressed by the large thickness of the effective
below). barrier and tunneling from the valence band of MgO is sup-

The relationship between the MgO layer thickness andgressed due to the large active barrier height of over 7 eV.
electron transport through the MgO layers was obtained byut if defect states exist within the band gap of MgO, as in
taking STM topographic images and acquiring tunneling  Fig. 6(c), then the tunneling probability via these defect
curves simultaneously. Loc&V curves in every point and states is largely enhanced.
spectroscopic current images at any applied scan voltage The |-V characteristics in Fig. (6) give no hint of the
could be displayed afterwards. The total recording time wagpresence of any defects in the MgO layer. At negative volt-
10-20 min per image. Figure(& shows the topographic ages, we found a vanishing tunneling current in the spectra in
image of a 3.8 ML MgO film grown on K801). Three con- agreement with the previous considerations. At positive volt-
trast levels correspond to the complete third lagdack), ages, the tunneling current sets in arouh@ V when the
the incomplete fourth layefgray), and some islands of the energy of the tunneling electrons approaches the conduction
fifth layer (bright), indicating a nearly ideal layer-by-layer band of MgO. The spectroscopic current image-at V in
growth. Averaged-V tunneling spectra for potentials rang- Fig. 5c), however, shows some localized regiofigack
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spotg of increased tunneling current from the Fe substrateg
through the MgO barrier into the tip. Most of the scanned
area shows a gray contrast wittV curves corresponding to =%
a perfect insulating barrier. The averaged spectrum for thes g
regions is shown as the asymmetric solid curve in Fi{d).5 ’
The local darker spots in Fig(& correspond to the dashed
curve in Fig. %d) and exhibit an enhanced tunneling current
for a potential beyond-3 V. Finally, the black spots in Fig.
5(c) correspond to the dotted curve in Figdbwith an ob-
servable tunneling current starting already-a2.5 V. The
local defects have dimensions of a few nm. They are not _
correlated with the surface topography, as one can concludg_":(é) ' - ’)._' i 041 ( d)

1)y ..

from comparing Figs. &) and 5c). The tunneling from the

Fe substrate through the valence band of MgO requires ¢
sufficient negative bias to overcome the MgO barrier and the .
vacuum barriefsee Fig. )], leading to a strong asymme- =~ ™ - - e
try in the tunneling current. The-V curves for a positve . . T ~ - = <~ '
bias on the defect regions in Fig(d are nearly identical to = <=~ i .

those measured on the good regions of the sample. Howeve ~ o L P
there is a noticeable rise in tunneling current for the defects - <™~ R 4 6 4 2 0 2 4
for negative bias; see Fig(d. This means that the defects votiage ()

have additional energy levels inside the MgO band gap that FiG. 7. (a) Morphology of 7 ML MgO on Fé001) exhibiting
allow a noticeable tunneling current for negative bias; segjisiocation tracegarrows, rms roughness: 0.092 nm-@ V, 0.29
Fig. 6(c). Since the increase in tunneling current in defectsnA, 100100 nnf). (b) Tunneling spectra for different thicknesses
occurs at negative voltages which are close in their absolutef MgO shown in(a). (c) Spectroscopic current image of local
value to the positive potentiat 2.5 V (allowing tunneling  defects at a bias of 8 V(100100 nnf). (d) Tunneling spectra
into the conduction-band edge of the MgO fjlrit is reason-  from defect free areasolid) and from local defectédasheglshown
able to assume that the defect energy levels in the MgO gaip (©).
are midway between the valence and conduction bands. The
origin of these defects is not yet known. They are most likelyinterface nor with the dislocation lines in the MgO film.
caused by structural defects, which create localized resonaiherefore we assume that the observed defects are intrinsic
tunneling states in the MgO band g&p. to the MgO layer due to the agglomeration of atomic defects,
Surprisingly, no defectlike curves were found in lot&f  the nature of which is not yet known. The preparation of
curves near the positions of misfit dislocation lines. The deMgO tunnel barriers does not have to be restricted to a thick-
fect analyses using STM and STS were carried out for aess of pseudomorphic growth, i.e., thickness less than 6
7-ML-thick MgO film. The RHEED and LEED pattern ML, but can be carried out for thicker MgO films without
analyses showed the presence of edge misfit dislocationsncountering degradation of their tunneling properties.
The topographic image of Fig.(d shows several features: The rapid onset of the tunneling current from the Ptlir tip
(i) three-level contrast of the growing MgO filrtij) an area  into the conduction band of MgO for positive bias was used
corresponding to an atomic step in the Fe subsfisge the to determine the thickness dependence of the tunneling bar-
upper right corner of Fig. (8)], and (iii) narrow ribbonlike  rier height for positive biasefsee Fig. #)]. The barrier
lines (see arrows which cross each other at right angles. height was taken as that voltage for which tunneling currents
These lines outline the warped regions of the surface alongf 0.01 nA were observed. In Fig. 8 the measured barrier
the buried misfit dislocations. Along a misfit dislocation line height is plotted half logarithmically versus the MgO thick-
which is assumed to be incorporated near the substrate-oxigeess. These experimentally measured barrier heights show a
interface the MgO lattice shows a displacement field whichcontinuous increase with thickness starting with 2.5 eV at 2
produces a surface step as well aslie tilting along the ML to the full 3.6 eV barrier at 6 ML coverage. Assuming
MgO surface’* STM detects the sloped regions along thethat the Fermi level lies in the midgap, then the band gap is
buried dislocations as ribbonlike lines and allows one to detwice the height of the measured barrier. Thus the band gap
termine their width(about 3 nm and the mean dislocation in MgO films seems to be thickness dependent. The band gap
separation(about 30 nm The measured separation and theincreases from 5.0 to 7.6 eV as the MgO film thickness var-
width are in agreement with model calculatidfisThe tun-  ies from 2 to 6 ML. The increase of the barrier height can be
neling spectra in Fig. (b) from different thickness levels interpreted as a size effect not yet addressed theoretically to
show essentially the same behavior as those in Fl. Bhe  our knowledge. But there is another contribution to the thick-
spectroscopic current image fer8 V in Fig. 7(d) reveals ness dependence in our special case. Using the saffelre
again localized defect regions with tunneling spectra analoerystal and MgO evaporator under similar deposition condi-
gous to those shown in Fig(d). The most interesting point tions it was shown by a glancing x-ray diffraction study that
to stress here is that the defects shown in Fig) @re cor- a substoichiometric epitaxial FeO layer is formed at the Fe/
related neither with the substrate step of the MgQUB&) MgO interface!® Because of the lower band gap of 2.4 eV of

o P

g

€ 044 ! —— white
g L - - -black
3
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FIG. 8. Measured barrier height vs thickness of MgO for
slightly different positive-bias voltages. The symbols correspond to S
the following biases] (+4.09 V), O (+4.01 V), A (+3.55 V), g Bt o B e e TP T TR
V (+3.21 V), and¢ (+3.08 V). voltage (V)

. . . . FIG. 9. (a) Morphology of the top iron surface of the trilayer
FeO, the measured barrier height is reduced additionally tq,e| junc'iiczn of g ML gz on 2 MI_I:,IQO on K601), rms rough)i

the thickness dependence of the MgO barrier. ness: 0.158 nm £3.0 V, 0.1 nA, 15150 nnf). The inset

shows the RHEED pattern with primary electron beam along the

IV. STRUCTURE AND DEFECTS OF Fe/MgO /Fe(001) [110] direction of bcc Fe(b) Tunneling spectra for different thick-
' g nesses of Fe shown {@). (c) Spectroscopic current image at a bias

TRILAYERS voltage of—3 V (150X 150 nnf). (d) Tunneling spectra from the

A complete tunnel junction was prepared by adding 5 MLdefect-free areasolid) and defect spotedashed shown in(c).
of Fe on top of a 2 ML MgO on R@01) structure using PLD
at 300 K. Fe grows epitaxially on Mg@Ref. 9 with the placed black spots in Fig.(® indicate enhanced localized
same relationship given above for MgO on(Fe0), but due  tunneling currents at 3 V which correspond to the dashed
to the lower surface energy of MgO (1.16 JjntRef. 7 in  curve in Fig. 9d). These black spots do not show any corre-
comparison to that of Fe (2.9 J#f the growth proceeds in lation to the topography in Fig.(8). This means they are
a typical three-dimensional pattern. PLD creates an enhancedlated to intrinsic defects in the oxide barrier similar to
density of nuclei, allowing one to get a continuous Fe film atthose obtained from bare MgO layers in Figs. 5 and 7.
the early stages of the growth in spite of the formation of The ability to locally see different tunneling spectra on the
three-dimensional islands which is thermodynamically fa-conducting Fe top layer grown on the insulator film and the
vored. almost identical shape of the spectra in comparison to those

The STM image of a 5-ML-thick Fe layer on 2 ML MgO of bare MgO films points at a high fraction of ballistic elec-
on F€00)) in Fig. 9a) shows a high island density with an trons. If the transport of the electrons that tunnel into the top
enhanced rms roughness of 0.158 nm. The RHEED patterRe film were entirely diffusive, the tunneling spectra should
shown in the inset of Fig. (8 exhibits a clear three- resemble that of simple tunneling between two metals; i.e.,
dimensional-like appearance but the entire Fe layer has cryshey should not show the features that are characteristic for
talline structure. Tunneling spectra of the complete tunnetunneling through an insulator film. In the case of diffusive
junction in Fig. 9b) are nearly the same as those obtainedransport the tunneling probability and, by this, the tunneling
using bare MgO layers on F#01); compare Fig. &), Fig.  current would be determined only by the tunneling between
7(b), and Fig. 9b). This indicates that the thin Fe film is the tip and the top electrode. The electrons that tunnel from
basically transparent for electrons that tunnel and that diffuséhe tip into the top Fe film would diffuse away and tunnel at
transport in the Fe film does not play an important f8le. an arbitrary position from the top Fe film through the MgO
The local spectra for the tunneling structure terminated by @nto the substrate. In this case, also no variation of the local
conducting layer of Fe show also very similar features. Theunneling spectrum should be observed. If, however, there is
small differences in the tunneling currelttghite, gray, black an additional ballistic channel for the electrons to cross the
curves at positive bias shown in Fig.(§) are not correlated top Fe electrode, the properties of the MgO film underneath
to the topography of the Fe capping layer in Figa)9 Dif- the tip also determine the total tunneling current. When the
ferences in the local tunneling were obtained again by @&pectra are also determined by the second tunneling barrier
spectroscopic current image at3 V; see Fig. &). The through the oxide, also lateral variations of the tunneling
majority of the area of gray contrast shows a perfect tunnespectra are observed due to variations in the second barrier.
barrier of very low tunneling current which corresponds toWhen the energy of the electrons is close to the local barrier
the asymmetric solid curve in Fig.(@. Only randomly height of the buried MgO film, the hot electrons reaching the
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FIG. 11. Frequencies vs applied magnetic field for the compos-

FIG. 10. Frequencies vs applied magnetic field for the compos;, specimen Fe-whisker/4 ML MgO/25 ML Fe/24 ML £601). TF,

ite specimen Fe-whisker/5 ML MgO/9 ML Fe/12 ML Ni/20 ML thin-film frequencies:O, upshifted frequenciesx, downshifted

gu(gob. :]—'; (;hfin-film frequgr,:;iebs;f(,_ upshif;ed freq(;;er;cies; frequencies. SM, iron whisker surface mode frequencies. Edge-bulk
» downshitted Trequencies. , DUIK ITon surtace mode Tequeny o, manifold edge frequencies, respectively. The solid lines were
cies. X, upshifted bulk iron manifold edge frequencies; —,

c_iownshifted bulk iron manifold edge frequen_cies. _The solid(cf)lcﬁﬁ]?:]egl:ﬁr Z?TrOMesgg?ﬁfekg?lépig%glslggerlg)élr?;\il::rsjgl]a?igs?;::rs.
!lnes were calculate_d fpr zero exchange coupling using fOHOW'anisotropyKS: 1.65 erglcrd, in-plane anisotropy parametét;
ing parameterstl) Thin film: 47 Ms=13.3 kG,g=2.12, perpen-  _, 5, 16 erg/cnt, and thicknessl=3.58 nm.(2) Bulk iron: 4
dicular surface anisotropis=1.64 erg/crﬁ, in-plane anisotropy M =21.4 kG,g=2.b9, exchange stiffnegs=2.03<10° erg/cm,
paramgterK1:4.76>< 10° erglent, and thicknessd=3 nm. 2 perpendicular surface anisotroly=1.0 erg/cm, and in-plane an-
Bulk iron: 47w M =20.4 kG, g=2.09, exchange stiffness isotropy parameteK ,=4.76<10° erg/cri.
A=2.03x10"% erg/cm, and in-plane anisotropy parametég .
=4.76x10° erglcny. . .

surface, in-plane anisotropy parameterK,=4.76
MgO are transmitted with a relatively high probability. By X 10° .ergs/crﬁ, and the Fe film thickness=3 nm for the
this, small variations in the electronic structure of the MgoFe-whisker/5 ML MgO/9 ML Fe/12 ML Ni/20 ML A@001) -
lead to strong variations in the local tunneling current. Thissample. The valug=2.12 was calculated for the composite
mechanism allows the characterization of the completd€/Ni(00D) fllmlgusmg the scaling calculation described by
MTJ's with thin top electrodé$ and allows one in principle Heinrich etal™™ The scaling calculations yielded M

to study the role of defects in tunnel magnetoresistance. =16.5 kG, a value somewhat larger than that required by
the BLS data. The surface uniaxial anisotragy was ob-

tained from our ferromagnetic resonanéMR) studies us-
ing FE001) films grown on single-crystal Mg@01) sub-
The quality of the Fe top electrode and the strength of thestrates and covered by A201). The uniaxial perpendicular
magnetic coupling between this electrode and the bulk whisanisotropy was found to be inversely proportional to the Fe
ker were assessed using Brillouin light scatteriBgS). The  film thickness, indicating that the uniaxial anisotropy origi-
BLS measurements were carried out using fully crystallinenates at the interfacé8.The thin-film BLS frequencies de-
Fe-whisker/5 ML MgO/9 ML Fe/12 ML Ni/20 ML A@001) pend upon the in-plane magnetocrystalline anisotropies
and Fe-whisker/4 ML MgO/25 ML Fe/24 ML AQ0YD) struc-  through an effective field R;/Mg. For the Fe/Ni film we
tures. The peaks corresponding to light scattered from thasedK,;=4.76x10° ergs/crd, the value for bulk iron, for
spin waves in the thin-film Fe/l001) and F€001) elec- lack of data on the in-plane anisotropy for our Fe&00il)
trodes were strong and narrow; the frequency width was duBlm. This uncertainty results in an uncertainty of the order
to the instrumental resolution, approximately 1 GHz. This0.5 kG in the thin-film magnetization.
suggests that the Fe/Ni and Fe electrodes were either weakly The BLS resonant spectra for the Fe-whisker/4 ML
coupled or uncoupled to the bulk whisker substrate. The deMgO/25 ML Fe/24 ML AU001) sample(see Fig. 11 were
pendence of the spin-wave frequency on applied magnetiwell fit using the following parameters: a negligible ex-
field was fitted using micromagnetic calculations for thechange coupling between the Fe film and Fe whisker,
magnetic thin-film structures grown on bulk substrateBhe ~ =1.65 ergs/crhfor the Fe film(determined from FMR a
measured BLS data can be fitted very wedke Fig. 10  fourfold in-plane anisotropydetermined from FMRnearly
using zero coupling to the whisker substratezM, equal to that of bulk FeK;=4x10° ergs/cmi, and a
=13.3 kG, the spectroscopic splitting factge=2.12, and uniaxial anisotropyK,=1.0 ergs/crh for the Fe whisker/
the perpendicular uniaxial anisotropy parametéd; MgO interface. The total uniaxial anisotropy for the Fe film
=1.64 ergs/criwith the easy axis perpendicular to the film is given by the sum of the Fe/MdQ@01) and Fe/A001)

V. MAGNETIC PROPERTIES
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interface anisotropies. The interface anisotropy for the Fedf misfit dislocations. STM topographic imaging confirmed
Au(001) interface is 0.47 ergs/cht® Therefore the interface the two-dimensional nature of the growth and the formation
anisotropy for the Fe/Mg@®O01) interface is 1.640.47  of misfit dislocations. Tunneling spectroscopy was used to
=1.18 ergs/crh The interface anisotropy at the Fe/MgO show that the MgO films were of high quality and that the
interface is large compared to metallic interfaces. The interMgO tunnel barrier was homogeneous but with a low density
face anisotropies for Fe/Au (0.47 ergsfomFe/Ag (0.81),  of local defects correlated neither to substrate steps nor to
Fe/Pd(0.17), Fe/Cr (0.5, and Fe/C(0.62 are lower than misfit dislocations. The measured barrier heights suggest a
that for Fe/MgO. The interface anisotropies at th¢0Bd)/  thickness-dependent band gap in MgO layers. The magnetic
vacuum and Fe/GaAB0l) interfaces are 0.96 and properties of Fe films grown on MgO01) substrates show a
1.1 ergs/crh, respectively®?° The strength of the uniaxial large uniaxial anisotropyK,=1.1 ergs/crh with the easy
anisotropy Fe/Mg@01) is comparable to those observed for axis perpendicular to the film surface. The BLS spectra show
the Fe/vacuum and Fe/GaAs interfaces. no evidence of exchange coupling between the Fe film and
the Fe-whisker substrate.

VI. CONCLUSIONS
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