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Growth of ultrathin rare-earth films studied by in situ x-ray diffraction
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We presentin-situ x-ray scattering measurements performed during the growth of two rare-earth metals,
gadolinium and samarium, onto molybdengti0O) single crystals. The results have been interpreted using a
diffusive growth model to determine the degree of interlayer mass transport in the initial stages of deposition.
Both elements are shown to grow generally in a layerwise manner but with significant roughness after the
initial layer is complete. A raised substrate temperature modifies the growth; the best Gd single layer is
produced at a temperature of 140 °C when deposited at a rate of 0.067 monolayers/min while for Sm the
growth becomes increasingly islanded at higher temperatures. The presence of oxygen at the surface encour-
ages layer-by-layer growth for both Gd and Sm, although a significant proportion of the atoms are in upper
layers before the lower ones are complete. The mechanism for improved layerwise growth is oxide formation
at the interface, producing a large amount of small islands that encourage interlayer mass transport. The growth
of Sm on M@110) is generally more rough than Gd on K140 due to the dynamic size change associated
with the coordination induced valence transition for the Sm atoms.
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I. INTRODUCTION significant corrugation of the topmost divalent lay€éFhe
potential of using such fluctuations in devices has been dem-
The growth of rare eartilRE) metals onto a variety of onstrated by, for example, the production of a three-
substrates has continued to attract much attention. The intedimensional optical memory that uses the valence of Sm to
est arises from the unique properties that are displayed asrapresent a bit of information and lasers to switch the $tate.
consequence of the correlations between the electrons in the Ultrathin layers of RE metals and alloys prepared by con-
partially filled and highly localized #orbitals and the ex- trolled deposition in ultrahigh vacuum present a valuable op-
tended 8l6s valence states. This can lead to interesting magportunity to study the effects of strong atomiclike correla-
netic behavior in RE elements such as gadolinig@d),  tions perturbed by the presence of a nonlocalized conduction
which has seven unpaired 4lectrons. In its bulk state Gd band. Many different substrates have been used including
exhibits a single ferromagnetic phase with a Curie transitiorsemiconductors such as silicon, germanium, or gallium ars-
temperaturgT,) of 293 K, the highest to be found in the enide, where significant alloy formation occurs. Surface
series. At the surface of Gd, however, it has been shown thatray diffraction (SXRD) has been used to establish the
T, is approximately 20 K higher than the bulk vaki&Gd  structure of an ultrathin layer of Er on (3lL1), indicating
has also been shown to couple antiferromagnetically to athat the Er atoms sit below a silicon bilayer on top of a bulk
Fe001) surface® encouraging further studies of thin Gd terminated crystall® The structure has been confirmed by
films or multilayers for use in magnetic devices. The valencenedium energy ion scatteringlEIS) by Spenceet al,*!
state of the RE atom is another property that can be variedyho present similar results for Ho on ($11), Dy on
as the energy of the divalent and trivalent configurations isSi(111),'2 and Dy on G¢é111).13 In all cases, for deposition
sufficiently close that fluctuations can occur between themof one equivalent monolayer, the RE atoms are found to
Such intermediate or mixed valence behavior can be causedside below a bilayer of the semiconductor material.
by thermal effectsor a change in the chemical environment  Equally important are studies of RE metals grown on non-
of the RE atom in materials such as TntSEhe difference in  alloying substrates where two-dimensional layer growth is
energy as a result of the reduced coordination of the RE atorencouraged?~'6 The (110) surface of the body-centered-
at the surface of a sample can also stabilize a different vasubic refractory metals, molybdenum and tungsten, yield a
lence to that of the bulk material. This is particularly note- morphology with low corrugation and a resistance to inter-
worthy in samariun{Sm), where the difference between the mixing. Kolaczkiewicz and Bauéf and Stenborgt all8®
4f5(5d6s)? and the 4°(5d6s)® states is only~6 kcal/mol,  used several laboratory-based techniques to establish the fun-
implying the complete @ surface of samarium will be diva- damental growth mode and submonolayer structures for Gd
lent whilst the bulk is trivalenf. This produces interesting and Sm deposited on tungsten and molybdenum. Both mate-
epitaxial effects, as incomplete mutual electron screeningials show a series dh X 2) structures prior to hexagonal or
means that the diameter of the divalent atom is significantlypseudohexagonal monolayers, similar to the(@®RB1) sur-
larger than a trivalent one. This leads the surface of a bullkace. Subsequent deposition follows the layer-by-layer
Sm single crystal to show &11X11) reconstruction with growth mode, although with increasing roughness. Sa-
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marium in particular shows poor layerwise growth due to thei?_f;‘;e"'
changing valence with coverage.
Previousin situ surface diffraction results have been re-

A
ported for room-temperature growth of Gd on M0),° g earth
Sm on Mq110,% and Ho on M@110).?? In this case the overdayes N/ o -~ ~ o~ / o~ - a2
period of the oscillations was observed to change depending c c ‘/ c O ‘V »
on the perpendicular momentum transfer ve¢torat which - N - - J
the growth was monitored. This effect is due to the changing®Me  QOOOONC© UCUCL‘UG&’U‘F?
sensitivity to particu_lar layer heights at diﬁere‘h\‘/{:ﬂues and . 00000CY 000000006 2
the way the scattering from the surface layers interfere with S,
the underlying substrate scattering. This variation is inherent 000000000000 000660

to t:e model we preﬁent Iﬁ\ter. h of f the RE el FIG. 1. (Color onling Structural model used in fitting the specu-
ere, we report how the growth of two of the €8 \ar intensity as a function of deposition time. The heights of the

ments(Gd and Smon Mo(110) is aﬁ,eCted by temperature or adlayers(d;,d,) above the M@L10) substrate can be determined.
through preexposure to oxygen. Fits to the data are based on

a three-level diffusive growth model that allows for a limited . . .
degree of bilayer formation and gives an indication of the'N9 theory. At any point except the Bragg position, the total

degree of interlayer mass transport. Such quantitative infor2¢attering amplitude from a single column of bulk terminated

mation provides an important insight as to how the RE'sUNt cells is given by
grow on Mq110 and how the dynamics of growth are af- §Mo
fected by external parameters such as temperature or the Fouk= ————— (1)
presence of contaminants. 1 - expi- mi{]
wherefMe is the atomic scattering factor for Mo ards the
perpendicular reciprocal lattice vector, determined from the
substrate unit cell. The heterogeneous growth model is based

The measurements were recorded on beamline 9.4 of then the separation of successive layers of material from the
Synchrotron Radiation Sourq&RS at Daresbury Labora- bulk terminated surface, as shown in Fig. 1. In our definition,
tory using the five-circle x-ray diffractometer. Radiation of the repeat distance perpendicular to the surface 2,
wavelength 0.9 A was selected from the 5-T wiggler using avherea, is the Mo lattice parametgi.15 A) and the first
channel cut $iL11) monochromator. The scattered x-ray in- Bragg scattering points occurs &t2.0. The total scattering
tensity was recorded using a cooled germanium detectamplitude in this case is given by the sum of the bulk scat-
mounted behind two sets of four-jaw slits to define the antering with the contribution from each individual layer:
gular resolution. ]

The sample was mounted inside an ultrahigh vacuum Flotal = pbulk . S g fREgy wd )
(UHV) chamber that was equipped with metal vapor sources, 006 7 00r < T V2a, |
low-energy electron diffractiodLEED) optics, and a hemi-
Spherica| electron energy ana|yzer for Auger electron spec- Heren surface Iayers are included in the model where the
troscopy(AES) measurements The Mo crystal was cut and atomic scattering factor for the adsorbatéther Gd or Sm
electropolished to within 0.1° of thel10) surface. A clean is given byfRandd, is the height of theith layer above the
sample was produced by extended heating at 1000 °C in aMo surface. Each layer has a relative occupancg,pfvhere
atmosphere of X 1078 mbar of oxygen followed by flashing ¢=1 corresponds to a complete unrelaxed (Md) plane
to 1800 °C in vacuum until contamination levels were mini- (14.3X 10'® atoms m?). The adlayers are assumed to form
mized. No oxygen or sulfur was detectable by AES and théiexagonal close packed structu(esnsistent with the LEED
carbon signal was always less than 4% of the main(l&6  resulty at monolayer coverage, yielding an atomic density of
eV) Auger peak. The RE metals were deposited from a tan8.73% 10'® atoms m? for Gd, which corresponds to a theo-
talum crucible in a Knudsen cell, surrounded by a watertetical occupancy limit o#=0.613. Similarly, a trivalent Sm
cooled shroud. The base pressure of the chamber was I8yer has a calculated occupancy limit @+0.617.
X 10 mbar and no pressure rise was detected during The three-level diffusive growth model is an extension of
evaporation. Each growth curve was recorded after thoroug Mmodel previously used to fit x-ray scattering growth
cleaning of the M@L10) surface, as described above. Thecurves®Zt It incorporates simultaneous bilayer growth, un-
crystal was allowed to stabilize for 60 min at the tempera-der the conditions that the rate of growtR) summed over
tures indicated before deposition began. The growth in oxyall layers is constant and that layer1 does not have a
gen was achieved by exposing the sample to the amount dfigher occupancy than layer. The model allows for the

gas specified, with the sample held at room temperature. initial growth to follow a strictly layer-by-layer mode that is
superseded by bilayer formation with exponentially increas-

ing occupancy of thea+1 level. The additional features of

the model are incorporated by an extra parameter per layer
The layerwise growth of the RE material on top of bulk (s,), which corresponds to the percentage occupancy of layer

terminated M@110) can be modeled using kinematic scatter-n+1 when layem becomes fully occupied. The background

Il. EXPERIMENT

Three-level diffusive growth model
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level was determined from a transverse scan around the 00
deposition position prior to RE growth and the model as- . 00
sumes that this does not change during overlayer adsorptior :
A scale factor was found from the clean M40 surface ~ 1%
signal, to account for the experimental geometry. It should be3 ’ \* 10
noted that in some of the fits, the model is truncated in the o T\
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second layer due to the breakdown of the model.
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IIl. RESULTS AND DISCUSSION
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Most of the x-ray results show how the intensity of specu- X 0 10 20 30 40 50 60
larly scattered x-ray varies during the deposition of the REE 1.5 1 Y
onto Ma(110) for different beam incidence angles. This cor- 5 e e N T
responds to monitoring the growth at different positions A

along the(00¢) rod, yielding information about the morphol- y
ogy perpendicular to the substrate surface. Growth¢ at 207 r“-, S
=1.0 corresponds to the NWLO) out of phase condition N
(also known as the anti-Bragg positipaffording maximum T T
sensitivity to the nucleation of islands with a perpendicular 25 i . v
layer spacing equal to the bulk layer separati@23 A). The 0 5 o 15 20 25
other values o were calculated to be sensitive to the hard Time (minutes)

sphere separation of RE atoms in bridge sites of an unrelaxed

favored by Stenborg and Bawér. time. Points discussed in the text are indicated by arrows. The inset

shows the full curve up to three monolayers.
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A. Room-temperature growth shoulder at 2.1 min is caused by the disappearance of the
1. Gd on Mo(110) randor_n overlayer gas with large dipole moments and the

o ) ) formation of ordered structures. A number of subtle breaks
~ Gadolinium on molybdenum is an ideal system to studygccyr that are caused by the locking in of the differant
since the elements do not form any known alloys and have: 2 structures. At the minimum point the adatom density is
very low mutual immiscibility. The controversy that sur- |arge enough for the charge transfer to be reversed. A final
rounds the results reported for the magnetic properties Ohreak occurs shortly after the minimum, which signifies the
ultrathin Gd films arises from the specific microstructure ofpoint at which the adatom-adatom interactions dominate the
the films, such as the presence of defects and straiggatom-substrate ones and the surface potential becomes iso-
fields?>-2% Here we report a structural study of Gd on gopic. The rise to the maximum at one monolayer is caused
Mo(110) and fits to the x-ray growth curves recorded at roompy the gradual contraction of the overlayer to create a dense
temperature. . . hexagonal structure. Beyond the monolayer, the shallow
_ Initial experiments including AES, LEED, and work func- minimum indicates rough growth in the second layer, before
tion change curves were performed to establish the sulihe rise to a second layer completion point. These results
monolayer structures that occur for Gd on (@80). The  therefore indicate a layerwise growth mode but with signifi-
work function curve, shown in Fig. 2, was measured using aant roughness occurring after the completion of the first
ac retarding potential technique as described by Nathan a’}ﬂonolayer.
Hopkins?? It shows the characteristic features for an elec-  The sequence of structures identified from LEED patterns
tropositive adsorbate, that is, an initial drop to a minimumecorded at different submonolayer points is summarized in
(—2.29 e\ followed by a rise to a maximum due to the the phase diagram shown in Fig. 3. The2 phases are
atomic smoothness at one monolayer coverage. characterized by a constant ordering in fi40] direction

Subtle differences between the growth onM0) and  4nq 4 gradual contraction in tfi@01] direction. The continu-
Mo(110) are revealed by the work function change curve.

Using the Helmholtz equation (5x3)
A¢=-300x 10 *®47np, 3) i w2 P2 62 52| 42 Hexagonal

where the work function changk¢ is in eV andn is the I | | | I | | e

concentration of adatoms per énthe dipole momentp) at l l l ] I 1

the zero coverage limit is calculated to be 3.2(d®bys, 0 1 2 3 4 5 6 7 8 5 10 11 12 13 14 15

which is lower than the value of 3.75 D when deposited on
W(110). This implies a lower charge transfer on the (i0)
surface, a trend that continues throughout the submonolayer FIG. 3. Phase diagram showing the unit mesh of all the sub-
region. The general shape of the work function curve can benonolayer structures of Gd on NIL0). Arrows indicate the points
understood in terms of the phase changes that occur. The which the LEED patterns are best formed.

Time (minutes)

235413-3



NICKLIN, EVERARD, NORRIS, AND BENNETT PHYSICAL REVIEW B70, 235413(2004

L]
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{b) Gd anti-Bragg

d1=2.75 ( 0.03) angstroms

d2=15.85 ( 0.09) angstroms

s1=9(15)%

=189
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FIG. 4. (Color onling X-ray growth curvegdots and fits(lines) FIG. 5. (Color onling X-ray reflectivity curves fora) 0.5 ML
for Gd deposited on clean MbL0) at room temperature. Curves Gg/Mo(110), (b) 1.0 ML Gd/Ma(110), and(c) 17 ML Gd/Mo(110).
have been offset for clarity. Fits to the datdlines) yield values for the layer heights and occu-

) ) pancies, discussed in the text.
ation of this process past thex® structure to the X2

overlayer was not observed on (¥10).17 Although on of the bulk structurg2.891 A), most likely due to the in-
Mo(110) this structure only ever coexists with tle€5X3)  creased strain in the first layer. Indeed, within the approxi-
ordering, the 42 spots are clear and well defined. The mation of a constant cell volume, a layer expansion to 3.08 A
smaller dipole moment for Gd on Mbl0) implies reduced would be expected. The value sfindicates that the second
adatom repulsion, which will help to stabilize the more con-layer is 8.0+£1.5% full before the first layer is completed,
tracted 4x 2 structure. Careful measurements of the LEEDshowing that there is some opposition to perfect layer-by-
spot positions reveal a second structural difference betwedayer growth in this system. The general layerwise growth
this work and that reported on (#/10), namely that the hex- continues up to approximately 3 monolaydidL ), after
agonal monolayer is a G001 plane contracted by 5.0% which the x-ray intensity remains constant, due to island for-
compared with 4.4% on the tungsten surface. mation.

Figure 4 shows how the intensity of the specularly scat- Additional spectra were recorded and are shown in Fig. 5
tered x rays changes during the deposition of Gd ontdor specific coverages of Gd deposited on (M0). These
Mo(110) at room temperature. Both curves display an initialcurves show the specular reflectivity as a function¢ dbr
peak that can be attributed to the monolayer completiord deposited to the minimum and maximum points of the
point, followed by weaker features at coverages close to twdirst oscillation in the growth curve and for 17 monolayers of
and three monolayers. This shape is caused by the formatidgd. In this case additional correction factSraere applied
of an initial layer with subsequent growth showing increas-to the data to account for the changing polarization, Lorentz,
ing disorder, consistent with the work function change curveand area correction factors as the rod scan is measured. The
shown in Fig. 2. It should be noted that the curve recorded dits to the data were achieved using the rod analysis software
the Mo anti-Bragg position shows some deviation from thedeveloped by Vlieg and include the appropriate number of
parabolic curve at very low coverage, which is linked to theGd layers with occupancies and the separation of the layers
transition from the random overlayer gas to the formation ofin the direction perpendicular to the surface.
ordered structures. Figure a) shows the reflectivity data for Gd growth in-

The fits to the curves indicate that the first layer liesterrupted at the minimum point in Fig. 4. The fit hgd
2.74+0.03A above the Mo surface with the second layer & 2.56 for a first layer separation of 2.87+0.05 A and a sec-
further 3.11+0.09A above. If layer separations are calculatednd layer 3.11+0.05 A above this. These are close to the
assuming the nearest-neighbor distances in the bulk strusalues found from the growth curve.74 and 3.11 A, re-
tures (2.73 and 3.57 A for Mo and Gd respectivglthe  spectively, and we suggest that the expansion in the first
height for Gd in the highest coordinated adsorption sites idayer is due to the improvement in the ordering of one of the
between 2.67 and 2.84 A, consistent with the fit. The secondeconstructions after deposition was stopped. The occupan-
layer height is expanded in comparison to {8801 planes cies from the fit to the reflectivity correspond to the first
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layer containing 55.0£2.5% of a complete Gd monolayer
and the top layer 7.0+3.0% of a monolayer, indicating that
there is significant second layer incorporation even at this
stage of growth.

The data recorded when the growth was stopped at the
maximum in the growth curve are shown in Figbpto-
gether with a fit that yieldg?=1.18. This fit has a first layer

PHYSICAL REVIEW B 70, 235413(2004)
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(a) Mo anti—Bragg
d1=2.71 (x 0.03) angstroms
d2 =6.33 (+ 0.09) angstroms

at 2.78+0.03 A and the second layer at 2.91+0.03 A above. e
This is lower than the value identified from the growth :
curves, which may be due to relaxation of the top layer after
removal of the Gd flux. The occupancies of the two layers
are 105.0+2.5% and 19.0£3.5% of a complete Gd mono-
layer, respectively, leading to a total coverage of 1.24 ML.
This data indicate that the first layer contains an extra 5% of2
atoms compared with the REDO1) plane, supporting the
LEED results of a 5% contraction in the initial layer relative
to the unrelaxed Q@001 planes. At this point in the growth
curve there is significant occupation of both the first and 8
second layers.

The data shown in Fig.() for 17 ML of Gd on Mq110)
have not been fitted, but are included as they show the de
velopment of the Bragg peak &t=1.5 due to the Gd layers.
The peak position corresponds to a perpendicular spacing fo
the Gd layers of 2.97 A, slightly expanded relative to the

(b) Sm ftrivalent anti-Bragg
d1=2.72 (+ 0.03) angstroms
d2 = 6.39 (+ 0.09) angstroms
s1=8(+15)%

x> =1.08

nlts

S N N

unts (arb. u

(c) Sm divalent anti-Bragg
d1=2.72 (+ 0.03) angstroms
d2 = 6.38 (+ 0.09) angstroms

theoretical spacing of 2.89 A ;3:18_1(21'5) *
2. Sm on Mo(110) ‘Mﬁ.& R0

SRR
A low coordinated monolayer, consisting of divalent Sm :
with an atomic diameter of 4.29 fassuming a 20% expan- ;
sion relative to trivalent Sipwould have a significant mis- — 77— 17—
match with the substrat@vlo diameter; 2.73 A Sm depos- 0 1 2 3 4
ited on Mq110) has been extensively studied by Stenborg
and coauthor&®2*who found a range afi X 2 structures and
a ftransition to a near-hexagonal structure approaching a FIG. 6. (Color onling X-ray growth curvegdots and fits(lines)
monolayer. One of the most interesting aspects about Sror Sm deposited on clean NMLLO) at room temperature. Curves
growth is the dynamic transition from a low coordinated di- have been offset for clarity.
valent layer to a trivalent buried interface layer as subsequent
deposition occurs. Such behavior would affect the transitio{<<1.5 ML). The fitting parameters obtained for the height of
region between the first and second oscillations in the specthe first Sm layer(d;) shows good agreement between data
larly reflected x-ray curves. recorded at different values df The average value a,;

Figure 6 shows how the scattered x-ray intensity varies=2.72+0.03 A is greater than the value of 2.59+0.01 A
with time, during the growth of Sm on M&10) at room  found using a simpler growth mod&which did not include
temperature. The upper curye) was recorded at théd01)  the diffusive transition region. A hard sphere calculation for a
position whilst plotgb) and(c) provide maximum sensitivity trivalent Sm layer on M@.10) gives a first layer spacing of
to growth in bridge sites of trivalent and divalent Sm, respec2.70 A for adsorption into threefold hollow sites, which ap-
tively. Figures @b) and Gc) have essentially the same shape,pears to be in excellent agreement with the valuel,06b-
showing an initial oscillation that rises to a peak at onetained from the fits. A M@L10) surface cannot accommodate
monolayer before decaying to a plateau and remaining at a close-packed S{001) monolayer with atoms all in three-
low level as deposition continues. Figur&pshows an ini- fold sites. This suggests that the average height of the first
tial parabolic oscillation that rises to a shoulder after a monotayer will be greater than 2.70 A. The diffusive growth
layer has been deposited and a smaller oscillation that peaksodel indexes the height of the adlayers to the Mo bulk layer
at close to 2 equivalent monolayers, before decaying to gpacing, and so any relaxation of the outer layers of Mo will
constant level. appear as a relaxation in the valuesdgfandd,.

The diffusive model reproduces the shape of each curve The transition from the completion of the first layer to the
shown in Fig. 6. However, beyond1.6 equivalent mono- start of the second is well described by the fit, with the model
layers, there is heavy damping of the oscillations, indicatingpredicting that 8.0+1.5% of the second layer is occupied as
three-dimensional rough growth after completion of the secthe first layer is completed. This agrees well with the predic-
ond layer. This behavior is beyond the scope of the diffusiveions of Stenborg and Bau&rwho found that the initial Sm
model and so the fit is limited to the early stages of growthmonolayer has a packing density 4% smaller than a close-

equivalent monolayers
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packed SnD00D layer. They suggest that second layer at- ' ! ' ! ' ! ' ! ' ! '
oms are incorporated into the first layer during the initial : ‘ | :
stages of second layer growth. This idea is essentially iden:
tical to having a small period of simultaneous bilayer
growth, as predicted by the model.

The values obtained for the second layer heights alsc
show good agreement with an average first to second laye
separation of 3.64+0.09 A. If the second Sm layer is triva-
lent, and is adsorbed into the threefold hollows of the first
trivalent hexagonal layer, then the separation would be 2.9t
A. If the second layer is divalent, then not all of the atoms sar'c
would sit in threefold sites, due to the larger size of the : d1 = 2.70 (+ 0.03) angstroms
divalent Sm atom. It has long been accepted that there is i v 3 gf:g-;f1(§)f’-029>a"95tf°ms
significant increase in radius for divalent Sm in comparison £=142
to trivalent Sm aton® due to incomplete mutual electron :
screening. Recent work by Lundgrenal’ suggest that the
surface layer of Sm is always divalent, with an atom radius%
25% larger than that for trivalent atoms. The divalent atoms 8
will fill a variety of adsorption sites across the whole surface,
yielding an average layer height somewhere between tha
expected for the threefold hollow and the on-top positions. It
is predicted that the average layer height will be close to the
height of atoms adsorbed in twofold bridges sit@<3 A for
15% larger divalent atoms and 3.65 A for 25% larger atoms
We propose that the interlayer spacing derived from the fit in
Fig. 6 is due to divalent atom@5% largey adsorbed in
several bonding sites. A complete divalent layer composed o
Sm atoms 25% larger than a trivalent layer would have an
atomic density of 5.6% 10*%atoms m?, which is 64% of a
completely trivalent layer. This would give a second layer
completion at 1.64 ML and is likely to be the origin the 0 1 2 3 4
breakdown of layer-by-layer growth seen at this point.

Growth beyond the first two layers does not show any

further oscillations. The deposition of a third layer is com- g 7. (Color onling X-ray growth curvesdots and fits(lines)

plicated by the electronic tr_ansition thgt occurs in the secong,, g deposited on MA.10) at the temperatures indicated. Curves
layer as the Sm atoms gain a coordination greater than 1@ave been offset for clarity.

The divalent Sm atoms in the open second layer become
trivalent as they are enclosed by atoms adsorbed above theRgied at this higher temperature. As the temperature is
in the third layer. The smaller size of the trivalent state zised further to 240 °C, the first minimum continues to get
means that the second layer is no longer close packed. AtoMseper and in this case the breakdown of the model occurs
impinging on the surface can therefore be incorporated int@ater, indicating that the layerwise growth continues for
the second layer, as well as forming three-dimensional isfonger before the onset of islanding. Complex behavior oc-
lands. curs at higher coverage that produces a broad peak, which
we interpret as a transition from layerwise growth to island
B. Temperature dependance formation due to the high mobility of the Gd adatoms.

. Raising the temperature further produces a significant
The effect O,f raised supstrate temperature on the groWﬂ&hange in the shape of the growth curve. At 380 °C the first
of the two RE’s was studied by monitoring the specularly

reflected x-ray signal at th@ 0 0.7 position parabolic oscillation remains, bgt all f_eatures at higher cov-
' ' erage are absent and the x-ray intensity remains constant due
to islanding after completion of the monolayer. The extra
mobility of the Gd at the higher temperature allows the ada-
Figure. 7 shows how the x-ray intensity varies duringtoms to form islands more readily. At 540 °C the parabolic
deposition of Gd on to a Md10) sample held at the tem- nature of the first oscillation has been lost and the growth
peratures indicated, together with fits to the data using theurve can no longer be modeled effectively using the diffu-
diffusive model. The general trend is that as the temperatursive growth model. The deviation from the model is likely to
is increased the depth of the first minimum is reduced, and die due to the formation of Gd islands before the first layer is
140 °C, there is a noticeable shoulder at approximately 0.2omplete.
ML. We attribute this feature to the phase change from a The results from the fits to the curves as a function of
random overlayer gas to ordered structures, which is protemperature show some interesting trends. The interfacial

380°C
d1=2.77 (+ 0.03) angstroms
¥ =137

. e oK
g adty W

12}
=
=
>
a
2
S
&

140°C
d1=2.71 (x 0.03) angstroms
d2 =6.09 (+ 0.09) angstroms
s1=5(£15)%

¥=5.11

Room Temperature
d1=2.75 (+ 0.03) angstroms
d2 = 5.85 (+ 0.09) angstroms
s1=9(x1.5)%

x'=189

equivalent monolayers

1. Gd growth at elevated temperature
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counts (arb. units)

T T y T g T g T " T )

: 540°C :
: d1=2090 (+0.03) angstroms  :
© =105

380°C

d1=2.91 (£ 0.03) angstroms
s1=23(+1.5)%

¥=1.02

s e;#s::a.'_f,‘,;-}g;&ﬁ“iﬁggﬁtgsnmg‘ﬁﬂ

240°C

d1=2.91 (+ 0.03) angstroms
s1=21(x1.5)%

¥ =1.07

140°C

d1=2.92 (+ 0.03) angstroms
s1=12(x1.5) %
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all share similar features, each having one dominant oscilla-
tion in the scattered signal. Subtle changes in the growth
mode can be seen as the temperature is increased. The small
oscillation, present at the monolayer point in the room-
temperature curve, gradually becomes less pronounced as the
temperature is increased. At 380 °C the second oscillation
can no longer be seen, and the signal plateaus immediately
after the first peak. Growth at 540 °C only shows one major
oscillation; beyond this the signal slowly increases with fur-
ther deposition.

The fits to the data show that the first Sm layer becomes
expanded as the temperature is increased beyond room tem-
perature. At 60 °C the separation is 7.3% greater than the RT
layer height. This does not increase as the temperature is
raised further, suggesting there is a critical point somewhere
between 25 and 60 °C. The heavy damping of the oscilla-
tions after~1 ML indicates significant islanding that cannot
be fitted by the diffusive model. The model breakdown oc-

%' =1.06
AN fo RS, curs earlier as the growth temperature is increased, so the
j 1 values ofs, found at higher temperatures, particularly above
L e b 140 °C may not give a clear picture of the actual gr_owth
$1=11(£15)% kinetics. Growth at 540 °C clearly shows that surface is be-

e Yot coming smoother due to the increased mobility of the ada-

toms enabling an annealing process. The mechanism for the
expansion of the first layer is likely to be due to the Sm
becoming more reactive at higher temperatures, forming hy-

Room Temperature
d1=2.72 (£ 0.03) angstroms

ig:ﬁf?'s)% drides with larger lattice constants from the residual hydro-
A gen present in the UHV chamber.
T T T T T , T T T T T C. The effects of oxygen exposure
0 1 2 3 4

Oxygen has been shown to encourage layerwise growth in
several systems including during the growth of Co/Cu spin
valves?® cobalt on coppefl0),®* nickel on copp&i001),3°
and iron on copp&®01),3® a system where CO is also known
to improve the growtR’ In these cases, the oxygen was
shown to float to the top of the growing surface, thus acting
) ) as a true surfactant. Evidence for this included a nearly in-
layer height re_mqms_close to the room-temperature value Qf5riant oxygen Auger signal during deposition. The proposed
2.75+0.03 A, indicating that at all temperatures the Gd atsrfactant mechanism for Co on @ao is the formation of
oms reside in similar sites, producing no measureable expaRyrious oxygen-induced surface reconstructions that are
sion of the layer. The second layer height is, however, sigjikely to lower the surface energy of the film. The growth of
nificantly expanded at elevated growth temperatures. Apy on Cy001) was found to be unaffected by oxygen
room temperature the separati(_)n_of the two Gd layers i%redosing”'ﬁ which the authors suggest as being due to the
3.10+0.09 A whilst at 140 °C it is 3.38+0.09 A and at high reactivity between Cr and oxygen atoms. Here we

240 °C it is 3.48+0.09 A. The maximum at the monolayer hresent results showing how oxygen preadsorption affects
point in the scattering curve is sharper at the slightly elevate¢g,eo growth of Gd and Sm on Mb10).

temperatures as shown by tkgfactor. This reduces from

9.0+1.5% at room temperature to 5.0+1.5% at 140 °C, im-
plying that the higher temperature encourages interlayer ] )
mass transport and promotes layer by layer growth. This A Systematic study was undertaken to establlsh the role_of
seems to be an optimum temperature for production of th€ontaminants on the surface by introducing 0.25 langmuirs
best-quality single monolayer at this deposition re@ed67 ~ ©Of oxygen onto the sample prior to Gd deposition. The

ML/min), as higher growth temperatures result in a Stranskicurves that resulted for subsequent Gd growth at both the Mo
Krastanov growth mode. and Gd anti-Bragg positions are shown in Fig. 9. The most

obvious difference between these curves and those for Gd
deposited on a clean substrate is the increased number of
oscillations. In both cases the features are more well defined
Sm deposition was carried out with the Mo substrate heldhan for deposition onto the clean substrate and are easily
at several different temperatures. The curves shown in Fig. 8isible to a coverage of greater than 5 ML. This indicates

equivalent monolayers

FIG. 8. (Color onling X-ray growth curvegdots and fits(lines)
for Sm deposited on Md10) at the temperatures indicated. Curves
have been offset for clarity.

1. Gd growth on oxygen-covered Mo(110)

2. Sm growth at elevated temperature
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T T I v I ’ I K I T I k I k I k I ! I T I
(a) Mo anti-Bragg, 0.25L O, A
d1=2.96 (+ 0.03) angstroms §
212 5 gégg(f_gﬁz) angsiroms (a) 0.25 Langmuir O,
s2=34(£15)% d1=2.96 (+ 0.03) angstroms
P 82' ’ d2 = 6.87 (+ 0.09) angstroms
X =% s1=23(£1.5)%
: =128
3 SR e
i.‘ ’4-, : :
& : : i
i : s 3
: ! : 3 ‘
@ 1 : F @ (b) 0.6 Langmuir O,
5 ‘ ‘ /o 5 d1 =3.02 (£ 0.03) angstroms
e : B d2 =7.10 (+ 0.09) angstroms
© : ; = s1=5(x15)%
< : s ¥’ =255
= : = :
3 3 =]
8 | (b) Gd anti-Bragg, 0.25L O, 8
¢ d1=2.97 (+ 0.03) angstroms
: d2 =6.33 (+ 0.09) angstroms
: d3 =9.48 (+ 0.09) angstroms
L s1=25(x15)%
i s2=36(x15)% .
Coff=182 o (c) partial pressure O,
: d1=3.12 (+ 0.03) angstroms
L, : : K¥=1.24
¥ ] ] ‘
%
¢ 1. : !
Y ] O
3 : LI
¥ ¢ .
’\u’ v it 1 Y,
: : ';:. ke "“-"';"".-P-"\':" B
| ! | ! | ! | ! | ! | ! | ! | ! | ! | ! |
0 1 2 3 4 5 0 1 2 3 4
equivalent monolayers equivalent monolayers
FIG. 9. (Color onling X-ray growth curvegdots and fits(lines) FIG. 10. (Color onling X-ray growth curves(dots and fits

for Gd deposited at room temperature following exposure of theglines) for Sm deposited at room temperature following exposure of
substrate to the specified amount of oxygen. Curves have been offre substrate to the specified amount of oxygen. Curves have been
set for clarity. offset for clarity.

that the oxygen is acting as an aid to interlayer mass trans- I . "
port, particularly during growth on top of the initial Gd more oscillations are seen to exist, the transition between

monolayer. them is less well defined, that is, the cusps between the os-

The fits to the data show an expanded first layercillations are more rounded. This leads to a significant pro-
(2.97+0.03 A in comparison to growth on clean MOy ~ Portion (~26%) of the second layer being filled before the
where the layer separation was 2.74+0.03 A. This 8% infirst is completed, in comparison to the 8% observed for the
crease is explained by the formation of oxides of gadoliniumgclean sample. The implication of these results is that al-
GdO in particular has a NaCl type structure and a latticghough the formation of the GdO complexes encourages lay-
constant of 5.40 A, indicating thal11) layers are separated erwise growth there is an extended transition region during
by 3.12 A, which is 7.9% expanded in comparison to thewhich bilayer growth occurs. Fits to the second and third
(000)) planes of gadolinium. Such oxides will form local oscillation indicate a similar process for the later growth.
domains on the surface and act as nucleation centers to en-
hance the layerwise growth. The fits to the x-ray curve
shown in Fig. 9b) yield a second layer separation from the
first of 3.33+0.09 A and a second to third layer distance of The results of a study to investigate the role of oxygen as
3.15+0.13 A. These values are similar to those found for the surfactant in the growth of Sm on NId0) are shown in
deposition on the clean substrate and are expanded relative fig. 10. The upper plot shows the scattered x-ray intensity
that expected for GED00]) layers. The larger distance in the for the growth of Sm on a Md10) surface predosed with
third layer is evidence of increased strain, which also ex0.25 langmuirs of @(1 langmuir= 1L=107° Torr S). It has
plains the weaker oscillations observed in layers 4 and 5. an initial oscillation that a peaks atl.1 equivalent mono-

A significant difference is observed for tlsg factors cal- layers, followed by a smaller oscillation that rises to a peak
culated here and for the clean sample deposition. Whilsafter ~1.6 equivalent monolayers. If the shape of the curve

2. Sm growth on oxygen-covered Mo(110)
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is compared to Fig. @) (clean substrate growththen it is  completely buried due to the coordination induced valence
clear that the @dosed sample shows an increased tendenciransition.

to grow in a layer-by-layer mode. This becomes more appar-

ent when the substrate is predosed with 0.6 langmuirs of

oxygen, where the curve has a strong first oscillation, fol- IV. SUMMARY

lowed by a weaker one peaking atl.6 equivalent mono- . L .
y b 9 . An investigation of the growth and atomic structure of

layers. A third, heavily damped oscillation then begins, but .
upon reaching a minimum never recovers. The lower plofWO rare-earth elements, Gd and Sm, deposited onith@

shows the growth of Sm/M@10) in a partial pressure of 5 1ace of a Mo single crystal has been presented. Surface sen-
X 10°° mbar O, chosen as this was known to produce theSitive in situ x-ray scattering has been used to record growth
best structures for Co/Cu spin valvThe signal shows just 0scillations that have been fitted using a three-level diffusive
one oscillation peaking after-1.3 equivalent monolayers model. The results reveal the layer structure normal to the
followed by a plateau for one equivalent ML, eventually surface and also indicate the degree of interlayer mass trans-
dropping to a low intensity. port for different experimental conditions. Room-
The fits to the oxygen-modified growth curves all show antemperature deposition for both elements results in heavily
expansion in the first layer spacing. For 0.25 L the expansiodamped oscillations due to layerwise growth that is subse-
is 8.8+0.5% when compared to clean-film growth. This ex-quently replaced by multilayer formation. This is due in part
pansion increases to 11.1+0.5% for an exposure of 0.6 L ant strain relaxation, although extra roughness is introduced
14.7+1.5% for Sm grown in a partial pressure of. @he  for Sm deposition due to a dynamic transition from a diva-
height of the second layer is also found to expand by a valukent surface state to a trivalent bulk arrangement.
of 6.5+1.5% for a 0.25 L exposure and 12.7+1.5% for a 0.6 As the temperature of the substrate is raised prior to depo-
L exposure. This leads to an average first to second layesition, the growth becomes slightly modified for both ele-
separation of 4.08+0.09 A, which shows a 12.7+2.0% eximents. There is an optimum growth temperature of 140 °C
pansion over the nondosed spacing. For growth in a partidbr Gd deposited at a rate of 0.067 ML/min, indicating im-
pressure of @ the fit is limited to the first oscillation, due to proved interlayer mass transport. Higher deposition tempera-
the complexity of the growth curve. tures induce earlier multilayer growth, before the first layer is
The diffusive model predicts that the second layer iscomplete. This increased roughness leads to an expanded
23.0+1.5% occupied on completion of the first, for ap O interlayer distance for subsequent Gd growth. Sm growth
dose of 0.25 L. This is significantly larger than the valueshows some changes as the temperature is raised, in particu-
found for the clean Sm deposition, which we explain bylar the first layer is expanded relative to the clean deposition.
rough growth and a limited rate of mass transport in thisThis is associated with an extended transition region before
case. When the Ddose is increased to 0.6 L, the model the first monolayer is completed. As the temperature is fur-
indicates that the second layer is only 5.0+1.5% occupiedher raised, multilayer growth dominates as the mobile Sm
when the first is completed. We suggest that this improveditoms cluster together in islands.
growth is not only due to samarium oxides acting as nucle- The effect of oxygen on the growth was investigated for
ation centergas with Gd, but also by the suppression of the both elements, by dosing the surface with a known amount
valence transition and consequent size change in the atone$ oxygen prior to deposition. In all cases, the presence of
that occurs during the overgrowth of the first layer. oxygen was found to induce more oscillations in the specu-
The role taken by oxygen in the growth of Sm on larly reflected signal, consistent with improved layer-by-
Mo(110) is somewhat different from the studies outlined atlayer growth. Although more layers are produced before
the start of this section. Auger measurements recorded duringultilayer formation, the upper layers are found to be sig-
Sm deposition showed a diminishing oxygen peak, implyingnificantly occupied before the lower layers are completed.
that the Q is not mobile and is confined to the Mo interface. The oxygen is confined to the Mo interface and therefore this
We propose that the first and second layer expansions afg not true surfactant behavior. The results are all consistent
caused by the formation of oxide complexes, on theM6)  with the formation of rare-earth oxide domains at the inter-
surface. Layerwise growth is then promoted by SmO islandace that produce a high density of step edges, which encour-
formation. The nucleation of many islands implies a highages mass transport to the lower layers. The effect produces
step density, which encourages interlayer mass transport. THignited improvement until the oxides are buried. The im-
effect of the oxide islands on the mass transport diminisheprovement is less marked for Sm growth on (#t0), due to
as they become covered. As with clean-film growth,the complexity of the growth associated with the changing
multilayer island growth dominates when the oxides areatom size with valence transition.
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