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Substrate preparation procedure dependence of the growth morphology and magnetic properties of 25 ML bcc-Fe(001) thin
films epitaxially grown on MgO(001) substrates in a wide range of growth temperature was investigated by means of scanning
tunneling microscopy (STM) and superconducting quantum interference device (SQUID). The growth morphology of Fe thin
films was uniform both on a polished and on an annealed substrate, but nonuniform on a cleaved substrate. It was very difficult
to obtain a flat Fe thin film on the cleaved substrate, and the film became discontinuous at or above a growth temperature of
493 K. At a growth temperature of 550 K, atomically defined terraces of Fe thin films were formed on the annealed substrate
but were not formed on the polished substrate. A continuous film grown on the annealed substrate at a temperature of 593 K
has a less magnetic anisotropy. The other continuous films have low coercivity of about 8 Oe and a biaxial magnetic anisotropy.
The dependency of the growth morphology and magnetic properties of Fe thin films upon substrate preparation procedures
concerning the presence of step-terraces on the substrate surface is discussed.
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of the mechanically polished substrate improved the surface,
resulting in well-defined steps with step height in the range of

An application of scanning tunneling microscopy (STM) unit cell height (0.421 nm) to 5 nanometér¥) There are
to detect the spin-polarized surface states of a magnetic saafew reports on uniform monolayer height (0.21 nm) steps
ple provides an exciting prospect of realizing a techniquen substrate$1? However, annealing above 1123K leads to
for imaging magnetic properties on the atomic scale. Tihe segregation of impurities, commonly calcium, to the MgO
demonstrate this possibility, a flat sample with a highly spirsurface®®11.12 This segregated Ca has been found to de-
polarized surface states is required. Since an Fe(001) sgrade the microstructures and superconductivity of DyBaCuO
face shows a highly spin-polarized surface statis sur- films.'? Furthermore, annealing for a long period of time also
face layer is expected to be suitable as a test sample for spilegrades the uniformity of growth morphology and increases
polarized tunneling experiments. the rms roughness of the Fe thin fild.

In order to prepare a high-quality Fe(001) magnetic sam- We report on an investigation of growth morphology and
ple, we investigated epitaxial growth of Fe thin films on magmagnetic properties of Fe thin films epitaxially grown on pol-
nesium oxide (MgO)(001) substrates. MgO has receivedished, annealed and cleaved MgO (001) substrates at a wide
considerable amount of attention as a substrate material fange of growth temperature$;j. We succeeded in prepar-
epitaxial growth of several metals, because it has a highg well-ordered, atomically flat MgO surfaces by employ-
melting point and can be easily obtained in large pieceig an annealing for a short period of time on polished sub-
The reasons for choosing MgO as a substrate for prepariagates. This annealed substrate is suitable for improving the
the Fe(001) surface are: (1) the lattice mismatch betweéi thin film properties. In this paper, the effects of the pres-
bce Fe @rebuk = 2.866 A) lattice and fcc MgOdugo =  ence of step-terraces on the surface of the substrate, which
4.213 A) sublattice is only 3.8%, and (2) an Fe monolayer ohave not been discussed in previous work;?Yis inves-
MgO(001) is predicted to have a high magnetic monfént.  tigated. We will discuss the growth morphology and mag-

In growth by molecular beam epitaxy (MBE), surface difnetic properties of the Fe thin films on an annealed substrate
fusion is the predominant mechanism for the transport of math uniform monolayer height steps and on a cleaved sub-
terial in ordering processes. Preparing a substrate with atrate with nonuniform height steps. The growth morphology
atomically flat step-terrace surface provides many advantageas characterized by scanning tunneling microscopy (STM),
for producing high-quality overlayer properties, because thend the magnetic properties were explored by superconduct-
monolayer height steps lead the atoms for diffusion alonigg quantum interference device (SQUID) measurements.
step edges. However, it is difficult to obtain such a surface i
on MgO(001) substrates. A cleaving procedure is the sinf: EXperiment
plest way to obtain well-ordered surfaces with step-terrace Commercial mechanically polished single crystal MgO
structures, but the step height and the terrace width have b€@01) substrates were divided into two batches for differ-
found to be nonuniform:* Mechanically polished substratesent preparation procedures. One batch was ultrasonically
exhibit a flat surface, but defined stepped surfaces could ndeaned in acetone, isopropanol and methanol, then exposed
be obtained because the surfaces were damaged by the polboiled acetone at 328 K and finally rinsed in isopropanol
ishing proceduré&.®) High-temperature annealing in oxygenand methanol. The other batch was annealed in oxygen en-
vironment at 1273 K for 30 min. after cleaning by the same
*E-mail address: agus@nano.eng.hokudai.ac.jp procedures described above. The annealing was performed
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in a period of time as short as possible to suppress the segse2 Growth morphology
gation of Ca to the MgO surface. Furthermore, we preparéd2.1 RHEED investigation
other substrates by cleaving in air. RHEED patterns revealed that all Fe thin films grown on

Narrow Au electrodes were deposited on two edges ofemach substrate showed a similar epitaxial relation between Fe
MgO substrate, and the substrate was mounted on a tantaltmm films and MgO(001) substrates. The patterns indicated
sample plate by mechanical clipping. Then the substrate was epitaxial growth of bcc-Fe(001) on MgO(001) with an epi-
immediately introduced into the ultra high vacuum (UHV)}axial relation of [110](001)Fe//[100](001)MgO.
system. The substrate was flashed up to 1100K over threeRHEED patterns also indicated an evolution of surface
times to remove carbon contamination. The surface structueughness of the Fe thin films with the increase of growth
and morphology of MgO were evaluated by atomic force mtemperature. The patterns became streaky as the growth tem-
croscopy (AFM) and reflection high energy electron diffracperature was increased up to 550 K. However, the patterns
tion (RHEED). became spotty again when the growth temperature was in-

Fe films were grown at a deposition rate of 0.5 monolayeareased from 550 K up to 633 K. These evolution patterns in-
(ML; 1ML = 0.143nm) min. up to 25ML in thickness. dicate that the surface structure of the Fe thin films strongly
Deposition was done at a growth temperature ranging frodepends on the growth temperature. The surface roughness
300K and 633 K. The pressure during evaporation never eaf the Fe thin films decreased with increasing growth temper-
ceeded D x 10~8 Pa. The surface structures and growth morature up to 550 K, but became rough with increasing growth
phology of the Fe films were characterized by RHEED antémperature to 633 K. This tendency did not depend on the
STM. substrate preparation procedures.

The magnetic properties were investigated by SQUID me8:2.2 Growth morphology on the polished substrate
surement. Prior to SQUID measurement, a 3 nm thick Au film Figure 2 shows STM images of the surface morphology of
was evaporated on the Fe thin film at room temperature in the thin film grown on polished substrates. All images have a
UHV system to prevent surface oxidation. SQUID measurescan size of 5& 25 nnt. The images show that growth mor-
ment was carried out at 300 K. A magnetic field was applieghology evolution depends on the growth temperature. In the
in the plane of the sample surface. growth temperature range from 300 K to 550 K, the island size

3. Results and Discussion

3.1 Surface morphology of substrate

Table | shows a summary of substrate preparation proce-
dures and surface morphology. The surface morphology was
determined by AFM in UHV before Fe deposition. The pol-
ished substrate exhibits a flat surface with average rms surface
roughness of about. 05 + 0.03nm. Although the polished
substrates exhibited a flat surface feature, we did not observe
a defined step-terrace surface structure.

Due to the annealing procedure on the mechanically pol-
ished substrate, the surface changed drastically into a step-
terrace structure surface, as shown in Fig. 1. This annealed
substrate exhibits a well-ordered surface with about 100 nm
to 200 nm wide terraces separated by one monolayer height
steps. The steps run along t@4.1) direction over 4 microns.

The cleaving procedure produced a step-terrace surface
structure with nonuniform terrace width and step height. This
cleaved substrate exhibits 10 nm to 400 nm wide terraces that ~ 1-20¢
are separated by straight steps running along(@d) di- n 10
rection over 5 microns. The steps mostly ranged between ! ;:z
0.21nm and 1nm in height, however high steps of about o.80F
5nm to 10 nm were also observed. Some rough regions that  o.70E.
show degradation of step-terrace features were also observed. 0 100 200 300 400

These must be caused by chemical interaction with atm'c:)_— 1 ARMI . lordered led MgO (001) surf |
. . ig. 1. image of a well-ordered annealed Mg surface. Image
spheric water vapor during preparat%n. scan size is 50& 500 nn?. Most of the terraces range between 100 to

200 nm in width and are separated by monolayer height steps. The steps
run along thg011) direction.

Table I. Summary of substrate preparation procedures and surface morphology.

Substrate Preparation procedures Surface structure
polished mechanically polished does not exhibit defined step-terrace structure
annealed annealing of mechanically polished exhibits defined step-terrace structure with uniform monolayer height steps

cleaved cleaving in air exhibits defined step-terrace structure with nonuniform step height and terrace width
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Fig. 2. STM image of 25 ML Fe thin films epitaxially grown on polished
MgO (001) substrates for growth at (a) 300K, (b) 383K, (c) 493K and (d)
550 K. Scan size of all images is 5025 nn?. The average island size is
(a) 4.82nm, (b) 5.37nm, (c) 6.68nm and (d) 10.05 nm, respectively. The
rms roughness is (a) 0.28 nm, (b) 0.26 nm, (c) 0.25nm and (d) 0.23 nm,
respectively.

increased, the rms roughness decreased and the island shrgpes. STM images of 25 ML Fe thin films epitaxially grown on annealed

became squarer and formed a flat surface, as growth tempeMgO (001) substrates for growth at (a) 300K, (b) 383 E? (c) 493K, (d)
: : : . 550K and (e) 593 K. Scan size of all images is 6@5nnt. Average
ature increased, as shown in Figs. 2(a) to 2(d). The Fe thlnIsland size is (a) 4.90 nm, (b) 5.47 nm, (c) 6.70 nm. (d) 10.02 nm and ()

films became discontinuous at or above a growth temperature sg nm, respectively. The rms roughness is (a) 0.26 nm, (b) 0.25 nm, (c)
of 593 K. 0.23nm, (d) 0.22nm and (e) 0.23 nm, respectively.
The Fe thin film grown at 300K, as shown in Fig. 2(a),
shows round islands. This round shape becomes square as
the growth temperature is increased to 383K, as shown fare to produce flat terraces of 5nm thick Fe thin fifthwe
Fig. 2(b). The island edges are aligned along the Fe[10€jund that increasing the growth temperature to 593 K causes
direction. Streaky RHEED patterns appeared at this growtbrmation of discontinuous films. This is most likely caused
temperature, 383 K, revealing formation of a flat surface. by the difference of the film thickness. In our work, the film
Increasing the growth temperature from 383 K to 493 K inwas only 25 ML (about 3.58 nm), which is thinner than their
creased the island size and decreased the rms roughness ofithreof 5 nm. thick.
Fe thin film, as shown in Fig. 2(c). As shown in Fig. 2(d), the8.2.3 Growth morphology on the annealed substrate
flat terraces are formed with increasing growth temperature Figure 3 shows the STM images of Fe thin films grown on
from 493 K to 550 K. The steps, if observed, were found to bannealed substrates. The images reveal that the dependency
of monolayer height and aligned along the Fe[100] directioraf growth morphology evolution of Fe thin films on growth
In these terraces, small rounded islands are observed withémperature is similar to that of films on polished substrates.
the terraces. However, the island size was typically bigger and the rms sur-
A decrease of rms surface roughness, increase in islafate roughness was smaller than the films grown on the pol-
size, and formation of square shape islands and terraces mieed substrates.
consequences of the increased mobility of the atoms to diffuseThe effects of the substrate annealing procedure on the
along step edges. This growth morphology evolution dependsowth morphology of Fe thin films were marked for the Fe
on the growth temperature, which is consistent with previousin films grown at or above a growth temperature of 493 K.
studies® 13 At a growth temperature of 493K, steps appeared on the is-
Jordanet al. reported that 595K is the optimum temperaiands. At 550K, terraces with a more clearly defined squarer
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shape and defined straight steps were formed. The width
of terraces typically ranged between 5nm and 10nm. At a
growth temperature of 593K, the Fe thin film was continu-
ous.

These advantage points revealed that substrates annealed
for a short period of time available to improve the surface
properties of Fe thin flms more markedly than polished
substrates. Considering the presence of uniform monolayer
height steps on the annealed substrates, these steps should
play an important role of improving the mobility of the atoms
to diffuse along step edges at the first monolayer films, which
then leads to formation of flat terraces films.

The Fe thin film grown at the maximum growth tempera-
ture at which continuous films are produced, 593K, formed
rough, disordered and rounded islands, as shown in Fig. 3(e).
This is inconsistent with a previous study that reported for-
mation of flat terrace film&® Since the higher temperature,
633K, produced a discontinuous film, we concluded that a
growth temperature of 593 K is the optimum temperature for
producing continuous films but is not the optimum tempera-
ture for producing flat terraces films. We predicted that 593 K
is a critical growth temperature at which the flat terrace struc-
tures started to break into disordered, rough islands. These is-
lands then formed discontinuous film at higher temperatures.
3.2.4 Growth morphology on the cleaved substrate

The growth morphology of Fe thin film grown on a cleaved
substrate at 300 K was found to be similar with films on both
the polished substrate and on the annealed substrate. How-
eYer' films grown at a hlgher temperature, 383K, Showedlf?g. 4. STMimages of a 25 ML Fe thin film epitaxially grown on a cleaved
different morphology. MgO (001) substrate for growth at 383 K. Each image was taken at a dif-

Figures 4(a) to 4(d) shows topographic STM images of anferent region on the same sample. Scan size of all images is 500 n?.

Fe thin film grown on the cleaved substrate at 383 K. Each "€ rms roughness is (a) 0.25nm, (b) 0.27nm, (c) 0.33nm and (d)
image was taken at a different region on the same sample ang'21 nm, respectively.

had a scan size of 100 50 nn?. The images reveal that the

cleaved substrate resulted in nonuniform growth morphology

of the Fe thin film. Due to the cleaving procedure that profhe steps have monolayer height and are mostly aligned along
duced the nonuniform step-terrace surface, formation with the Fe[100] direction within a 15% error. However, steps
different growth morphology, which depends on the substratdigned along the Fe[110] direction parallel to the cleaved
structures were observed. MgO steps direction were also observed.

Figure 4(a) shows a region with the same morphology as The STM image of a film grown at a higher temperature
films grown on the polished substrate, as shown in Fig. 2(b)f 493 K could not be obtained because the film becomes dis-
The morphology is the same as that of the film grown on theontinuous. Considering that this temperature is sufficiently
annealed substrate, as shown in Fig. 3(b). Square pyramidiadh, that is, higher than the critical temperature where the
islands were formed. This kind of island formation was obSchwoebel barrier is overcorfeat this temperature the Fe
served on the large terraces lying near the high steps of abatbms can diffuse not only in an upward but also in a down-
5nmto 10 nm. ward direction. Thus, we concluded that high steps of about

Figure 4(b) shows formation of islands of uniform sizeb nm to 10 nm on cleaved surfaces broke the continuity of the
that ordered in the Fe[100] direction, similar to Fig. 4(a)film that is only 3.58 nm thick.

However, the islands are small and round, which results B2.5 Discussion

a rougher surface. Since a partially ordered island structureThurmeret al. observed atomically flat terraces of Fe films
exists, it should be expected that the film in this region woulgrown at a growth temperature above 508 Klordanet al.

grow on clean, defined terraces, however, the terraces weeported the temperature of 595R.As described in §3.2.2
narrow and separated by steps higher than monolayer heighhd 3.2.3, we observed flat terraces at a growth temperature

Figure 4(c) shows the roughest surface region, which of 550 K. Formation of these atomically flat films is consis-
formed by disordered and nonuniform round islands. Orent with the relation of surface diffusion and growth tem-
of the reasons why the disordered structure is formed is tiperature to the mechanism of epitaxial growth. That is, an
degradation of substrate surfaces, which is caused by chemiomically flat terrace can be formed when the growth tem-
cal interaction with atmospheric water vapor during preparaerature is sufficiently high, i.e., above a critical temperature
tion. where the Schwoebel barrier is overcof@eThurmeret al.

On the other hand, a region that shows very flat terracesported that this critical temperature is about 409 Kbove
with defined steps was also observed, as shown in Fig. 4(this temperature, the atoms can diffuse not only in an upward
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but also in a downward direction on the step edges formir 0.5 [
flat terraces. 041 (a)
The growth morphology of the Fe thin film on the cleaves 3
substrate, shown in Fig. 4(d), is not in agreement with prev E 0.3
ous studies, in which the growth temperature of 383K is tc ¥
low to form atomically flat terraces films. This most likely S
due to the surface diffusion related with growth temperatur X 0.1
but is also influenced by the surface structure of the cleav ~—
surface. =
Concerning the presence of regions which exhibit ver g -0.1
narrow terraces separated by monolayer height steps on
cleaved substrate, this kind of surface structure can be ¢
pected to behave as a vicinal-like surface that can provi '3
high mobility to the Fe atoms to diffuse along step edge 2
Thus, with a growth temperature of 383 K, that is 120 degre: éo 0.4

0.2

0.0

t

-0.2

¢ Mo

-0.3

lower than the growth temperature of a previous stutiyFe P T T S S SR T
atoms grown on this vicinal-like surface should have a hig -150 -100 -50 0 50 100 150
enough mobility to diffuse along step edges, forming aton Magnetic Field (Oe)

ically flat films as good as those formed at higher temper
tures. The growth mode of Fe film in this region can be cor
sidered as layer by layer growth. Since our film thickness
25 ML, we expect that this film grows in layer by layer mod¢ ~ 0.4 (b)
not only in the first monolayer thickness, but at least up 1 E 0.3
25ML. o -

0.5

0.2r

0—4

3.3 Magnetic properties S
Figure 5 shows typical hysteresis loops of Fe thin filr % 0.1
grown on the annealed substrate at 383 K which was me¢

sured by SQUID. A magnetic field was applied in the plan & 0.0T

direction of the film surface. Figures 5(a) and 5(b) show g -0.1F

hysteresis loops along an easy axis (Fe[100]) and ahard e S

(Fe[110]), respectively. All films grown on both anneale: % -0.2r

and polished substrates with growth temperature below or 5 _¢ 3t

550K show a similar hysteresis, while only the films grow & I

on the cleaved substrate below or at 383K show a similar k & ~0-4 i

havior. 2 0.5 I T N T NN SR N SR N SR N S
Jordanet al. reported a low coercivity of less than 10 Oe "~ -800 -600 —400 200 0 200 400 600 800

for 5 nm thick Fe on MgO(0013}% They also found secondary Magnetic Field (Oe)

jumps in a hard axis hysteresis loop-at400 Oe, which is
the result of biaxial magnetic anisotropy. Previously, simildrg- 5. Magnetic moment curves as a function of applied field of a 25 ML
|00pS have been found by Dabaod al. in Fe/GaAgd and Fe thin film epitaxially grown on an annealed MgO(001) substrqte for

. 21) .. growth at 383K, m_ea_sured by SQ_UID_. Measurements were carried out
Postaveet al. in Fe/MgO™ We found a low coercivity of at 300 K. A magnetic field was applied in the plane along the (a) Fe [100]
about 8 Oe and secondary jumps of about 300 Oe. and (b) Fe[110] directions.

Figure 6 shows hysteresis loops of Fe thin films grown on

annealed substrates at a growth temperature of 593K (line)
and 633K (dotted line). A magnetic field was applied along Superparamagnetic behavior of Fe films grown at 700K
the easy axis. Although the film grown at 593K is still conhas already been reported by Park all® Jordanet al.
tinuous, the hysteresis loop shows a degradation of magnedlso reported paramagnetic behavior of Fe films grown at
properties. The film saturates at about 300 Oe of applied ma&85 K3 We found that Fe thin film grown at 633K has
netic field, which is higher than in the case of other contirsuperparamagnetic-like behavior as shown in Fig. 6. All the
uous films. The loop also shows less magnetic anisotromliscontinuous films grown at 633 K on each substrate have a
It is interesting that increase in the growth temperature frosimilar behavior. It will be interesting to explore the correla-
550K to 593 K, which broke the flat terrace structures, alsiion between the evolution of film structure grown at or above
degrades the magnetic properties. This finding is not in agreee optimum temperature available to produce the most flat
ment with the previous study that reported that all continuod#éms and the magnetic properties, however, this is beyond the
films showed similar hysteresis loops with low coercivity andcope of this study.
a biaxial anisotropy® The interesting point is also that Fe ,
film grown on a cleaved substrate at 493 K shows a similar & onclusions
havior to film grown on the annealed substrate at 593 K. This We have investigated the relation between growth mor-
should be concerned to the discontinuous film on the cleavptiology and magnetic properties of bcc-Fe(001) films, which
substrate at this growth temperature. were epitaxially grown on MgO(001) substrates with various
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0.5 anisotropy, however, the other continuous films have low co-
. T=503 K erqwty and b!aX|aI magneuc. anisotropy, .wr_uch is consistent
> 0.4 e with the previous work® This characteristic of less mag-

g o3h netic anisotropy was similar with that of the discontinuous
,ﬁm : film grown on the cleaved substrate at a growth temperature
'o 0.2 of 493 K. It is expected that the degradation of magnetic prop-
'>‘<‘ 0.1 K erties on this continuous film is caused by the degradation
- : of the film flathess when the growth temperature is increased
2 0.0 from 550 K to 593 K, however, we still do not have an enough

g —0.1F information to confirm this.

o Considering that the spin-polarization of surface electron
= -0.2F states strongly depends on the local arrangement of atoms,
E ~0.3 K straightness of steps and the terrace width should play an im-

2 L o portant role in determining this magnetic property. Thus, the

S 04F flat Fe(001) thin film with defined terraces and steps struc-
= -0.5 I T T T T T tures, such as the film grown on the annealed substrate at a

-600 -400 -200 0 200 400 600 growth temperature of 550K, is expected to be suitable as a

Magnetic Field (Oe) test sample for spin-polarized tunneling experiments.

Fig. 6. Magnetic moment curves as a function of applied field of a 25 MIACKnowledgments
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