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Optimized epitaxial growth of Fe on Ag(001)
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We report on a comprehensive study of the growth of 5-nm-thick epitaxiédOHg films on Ag(001)
substrates which are deposited on Fe-precovered (Ba8Aswafers. We characterize the films situ by
scanning tunneling microscopy, low-energy electron diffraction, X-ray photoelectron spectroscopy, and depth
profiling to obtain information about the geometrical and chemical surface structure. We find that the surface
morphology is improved by either growing or postannealing the films at elevated temperatures. During depo-
sition at and above room temperature, however, an atomic exchange process is activated that results in a thin
Ag film (up to 1 ML) “floating” on top of the growing Fe film. We propose and confirm a growth procedure
that yields clean, Ag-free surfaces with a morphology superior to the other films. This optimized recipe
consists of two stepgi) low-temperature growth of the first 2 nm in order to form a diffusion barrier for the
Ag substrate atoms, an(d) high-temperature deposition of the final 3 nm to take advantage of the improved
homoepitaxial growth quality of Fe at elevated temperatures. The relevance of these results with respect to
magnetic properties of multilayers is discusse&2D163-18207)00431-]

[. INTRODUCTION interfaces is essential to explore the relevance of these mod-
els.

Thin magnetic films and multilayers have recently at- We employ a combination of molecular beam epitaxy
tracted a lot of interest because they exhibit fascinating proptMBE), direct space imaging by scanning tunneling micros-
erties such as perpendicular anisotropy in thin films or gian€opy (STM) and chemical analysis by electron spectroscopy
magnetoresistand€&SMR) and magnetic interlayer coupling methods to directly obtain information about relationships
in multilayers. These effects have their origin in special ar-Petween preparation procedure, morphology, and chemical
tificially grown structures and are inevitably closely relatedcomposition at the surface.
to the details of these structure$Knowledge of structural The paper is organized as follows: Information about in-
details—both, from the morphological and chemical point ofStrumentation and experimental procedures is given in Sec.
view—is needed for the understanding and modeling of!. In Sec. Il we introduce the layer structure of our samples
these phenomena. and characterize the AQ01) substrates. Section IV deals

The subject of this work are 5-nm-thick epitaxial(@1l) ~ With the morphological properties of as-grown and postan-
films grown on Ag001). We aim to correlate the morpho- nealed Fe films deposited either at room temperafie or
logical and chemical properties at the surface to the growti@t 520 K(HT for high temperatune and in Sec. V we inves-
conditions in order to develop an optimized preparation protigate their chemical properties. Aiming for growth optimi-
cedure with respect to chemical cleanness and surface fla#ation we propose and test in Sec. VI other growth scenarios
ness. Such a recipe is highly desired because the Fe/Ag filniavolving growth at 100 K(LT for low temperaturg or at
substrate combination is often employed in magnetidow and h|gh temperaturghereafter called MT for mixed
multilayers and sandwich structures, which are widely usedemperaturg** Finally we discuss the results in Sec. V.
to study GMR, magnetic interlayer coupling and other mag-
netic propertie§.‘6 In FelX/Fe (X=Ag, Au, Cr, etc) sand-
wich samples, for instance, the surface characteristics of the
Fe film which is to be covered by the spacer layer influence All experiments are performed in a multichamber ultra-
important quantities such as roughness and intermixing at thieigh vacuum(UHV) system that provides a variety of facili-
FelX interface, and thus they have a direct impact on thdies for sample preparation and characterization including
magnetic properties of the whole triplelayer. The dependenc®BE, ion-etching, STM, low-energy electron diffraction
of the interlayer coupling on the growth conditions has bee{LEED), scanning Auger electron spectroscd@\ES), and
demonstrated experimentally for an Fe/Cr/Fg@Qf) x-ray and ultraviolet photoelectron spectroscop¥PS,
systemd which was similarly prepared to our samples. TheUPS. The base pressure of the whole apparatus is in the
effect of interface roughnegsr spacer layer thickness fluc- 10~ mbar range. Cycles of material removal by ion-
tuations, which are related to the roughness of both involve@tching with Ar* ions and subsequently monitoring the
interface$ and chemical imperfections on the magnetic in-chemical composition of the residual surface by XPS are
terlayer coupling and GMR have theoretically been studiedised to obtain depth profiles. The samples are clamped me-
by various author&:*® Biquadratic coupling, for instance, is chanically on holders made from tantalum which can be
explained by some models to occur solely due to interfacenoved throughout the UHV system to all preparation and
roughnes’® or paramagnetic impuritiesThus, detailed in-  characterization tools mentioned above. For thermal treat-
formation about the geometrical and chemical order at thenents these sample holders can be inserted into a copper

Il. EXPERIMENT
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Function: Thickness: Material: Epitaxy:

Fe film 5nm Fe(001) bec <100>

Buffer layer 150 nm fcc <110>
Seed layer 1inm Fe(001) bec <100>
Substrate bulk GaAs(001) <100>

FIG. 1. Layer structure of the samples. Parallel aligned crystal-
lographic axes in the surface plane defining the epitaxial relation-
ships are given on the right hand side.

socket which is heated by a tungsten filament or cooled by
liquid nitrogen. All indicated preparation temperatures are
corrected for the temperature difference between the sample
surface and the position of the thermocouple inside the cop-
per socket yielding an absolute accuracyaf0 K. All mor-
phological and chemical characterizations are performed at
room temperature. More details about the instrumentation
are given in Ref. 15.

The Fe films are deposited by means of an electron beam
evaporator and their thickness is controlled by a quartz mi-
crobalance. We use a deposition rate of about 0.01 nm/s and FIG. 2. STM images of a A@01) substrate grown as buffer
vary the substrate temperatuFgin the range from 100 K to  layer on Fe-precovered Ga@91): (a) Overview image400x 400
570 K, whereas the film thickness is kept constant at 5 nnim?; vertical range: 2 nm (Ref. 18, (b) atomically resolved area
for all samples discussed in this paper. The back%round predcross a step edg®.7x5.3 nn?; vertical range: 0.3 nin
sure during deposition typically is in the low 10 mbar . ) )
range. Resgiduaﬁ)gas ana)I/;sis b}; mass spectroscopy showGthem originate from screw dislocatiofeg., black arrow
strongly increased relative Hpartial pressure during the op- WNich is the most numerous type of defect occurring on

eration of the evaporator independent of the material depoéhese ;uct:strates. fwdg bﬁlleve ':hr']s _|shdue to thef underrllylng
ited. We attribute this to electron-stimulated desorption ofiac€ted GaAs surface.The total height variation from the

hydrogen from the environment of the evaporator. IO_WPTSI to the highest poir(her_eafter calledvertical rangg
within a 400< 400 nn? frame is only 2 nm, and the mean
terrace width measures 36 nm. Atomically resolved images
ll. Ag (00) SUBSTRATE [Fig. 2(b)] of the Ag(00Y) lattice and a clear fourfoldlx 1)
LEED pattern[Fig. 3(@] with sharp spots and a low back-

The layer structure of our samples is shown in Fig. 1. X o )
. . " ground confirm the epitaxial growth mode. The step running
Details about the preparation of the epitaxial(®@l) buffer across Fig. th) appears fuzzy due to Ag adatoms diffusing

layers—the substrates of the Fe films discussed herein— are
given in Ref. 15. Briefly, it consists of the following steps:
(i) annealing the GaA801) wafer at the maximum tempera-
ture To,=870 K until a (4Xn) LEED pattern indicates an
ordered surfaceji) deposition of an 1 nm Fe seed layer at a
is free of contaminants as checked by STM, AES, XPS, and
UPS.

Figure 2a) shows an STM image of the Ag01) buffer FIG. 3. LEED pattern taken at 50 eV ¢d) a Ag(001) substrate
layer after postannealing @, =570 K. Many curved single and(b) an F€001) film grown at room temperature. The patterns
atomic steps with a height of 0.2 nm are present. Almost alkre displayed with an arbitrary relative orientation.

substrate temperatufBs=380 K, (iii) deposition of a 150
nm Ag buffer layer affs=380 K, and(iv) postannealing at
T,=570 K. The final annealing temperature turns out to be
critical as Ga atoms diffuse to the Ag surface above 620 K.
For T,=570 K, however, the epitaxial AQ01) buffer layer
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FIG. 4. Overview STM images of a RT Fe film before and after postannealing at incrégsifigage size: 408 400 nn?) (Ref. 16:
(a) as-grown(vertical range: 4 nm (b) postannealed at 520 Kertical range: 3 ni (c) postannealed at 600 Kertical range: 2 ni (d)
postannealed at 670 Kertical range: 2 nm

along the step edge. This observation is a further confirmasubstrate-induced steps we do not find a single structureless
tion of the cleanness as contaminants tend to decorate stefiat terrace, instead the surface is covered by hillocks as re-

and thereby suppress step edge diffusion. vealed by the detail image in Fig(&.>” The surface rough-
ness within a former substrate terrace is vertically character-

ized by the mean hillock height of about 1.0 riih ML or
20% of the nominal film thickne$snd laterally by the mean
hillock separation of about 5 nm. Hereafter the mean hillock
height measured as the total height range in areas of STM

An overview STM image of an RT Fe film is shown in imagesz(p) that are not disturbed by substrate-induced steps
Fig. 4a).}” The shape and arrangement of the substrateis calledroughness amplitudand the mean separation be-
induced steps is very similar to what we observe on the bareween typical features is referred torasighness periodt is
Ag(00)) substrateFig. 2(a)]. Even screw dislocations can determined by the position of the nearest-neighbor maximum
still be identified[white arrow in Fig. 4a)]. Between two in

IV. MORPHOLOGY OF Fe FILMS GROWN
AT 300 K AND 520 K
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TABLE I. Roughness period and amplitutses defined in Sec. [\ and Ag coverage determined from XPS for samples grown according
to four different growth procedureRT, HT, LT, and MT) and the evolution of these quantities upon annealing. The fourth column
additionally gives a qualitative description of the surface structures and the sixth one a reference to the corresponding STM images.

Preparation Temperature Roughness period Roughness amplitude Ag coverage Figure
RT: Ts=300 K 5nm ~7 ML (hillocks) ~ 0.1 ML 4(a), 5(a)
Tpo=520 K 7 nm 3-4 ML(islands ~ 0.1 ML 4(b), 5(b)
T,=600 K 25 nm 2-3 ML(islands ~ 0.1 ML 4(c), 5(c)
T,=670 K undefined undefined ~ 0.4 ML (+Ga 4(d), 5(d)
HT: Ts=520 K 25 nm 6 ML (table mountains ~ 1.0 ML 6
TAo=570 K 25 nm 6 ML (table mountains ~ 1.0 ML
LT: Ts=100 K ~5nm ~7 ML (hillocks) ~ 0.04 ML
T,o=540 K ~7 nm ~7 ML (table mountains ~ 0.04 ML 10
MT: T5=100/570 K 25 nm 4-5 ML(table mountains ~ 0.02 ML 11
27 broad spots wittc(2X2) symmetry are most likely due to
h(r)= fo H(r,9)dd, (1 nitrogen adsorption from the residual gas as suggested by
barely visible peaks in the AES and XPS spectra.
where The evolution of the surface morphology upon postan-

nealing at various temperatures is shown in overview and

detail imagegb)—(d) of Figs. 4 and 5. Upon postannealing at

H(f.0)=H(f)=f 2(p)z(p+1)dp (20 520 K the hillocks have transformed into islands with clear
A steps resulting in a reduced roughness amplitude of 0.5 nm

is the two-dimensional height-height correlation function.
These quantities are summarized in Table | for all prepara
tion procedures considered in this paper. Obviously, Fe
grows on Ag001) at room temperature as a continuous film

with a rough surface. The (41) LEED pattern of this as-
grown film [Fig. 3(b)] proves the single crystallinity and es-
tablishes the epitaxial relationship: the bcd@@)(100
axis is parallel to the fcc-A@01)(110) axis. The weak and

FIG. 5. Detail STM images of a RT Fe film before and after
postannealed at increasifig, (image size: 5& 50 nn?) (Ref. 16:
(a) as-grown(vertical range: 1.0 nj (b) postannealed at 520 K FIG. 6. STM images of a HT Fe filn(Ref. 16: (a) overview
(vertical range: 0.6 nin (c) postannealed at 600 Kertical range:  image (400X 400 nn?; vertical range: 4.0 nin (b) detail image
0.6 nm), (d) postannealed at 670 Kertical range: 0.5 nin (100X 50 nn¥; vertical range: 1.0 nin
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FIG. 7. Peak area ratii,, /A as a function of temperature for FIG. 8. Normalized XPS pgak area as a functi_on _of the sputter
samples grown als=100/570 K (MT, A), Ts=100 K (LT, +), depth measured for a_H'_I' Fe film. The error bars indicate the error
T¢=300 K (RT, 00), and Tg=520 K (HT, ¢) derived from the due tg count rate stf;}tlst!cs. The solid line reprgsents the fit to the
XPS spectra shown in the inset. The dashed line indicates the the§XPerimental data yielding the Ag concentration profig,(z)
retically expected value due to the Ag substrate. The positions ofhoWn in the inset.
the labels MT, LT, RT, and HT mark the growth temperatures. All
measurements are taken at room temperature after postannealingi@tages. The LEED patterns from these HT films are very
temperatures as indicated by the symbols. The errors can be esgimilar to the one taken on the RT sample and shown in Fig.
mated from the scattering of the crosses in the LT case. Solid line3(b).
are guides to the eye. Inset: Evolution of the XPS Ad) Ihes
normalized to the Fe 2 peak area upon annealing after growth at
Ts=100/570 K(MT), Tg=100 K (LT, To=540 K), Ts=300 K
(RT, To=520 K, 550 K, 600 K, and 670 KandTs=520 K (HT,
Ta=570 K). Rather high temperatures—during deposition or

o postannealing—were involved in the preparation procedure
(3—4 ML). Each gray tone in Figs.(6) and(c) corresponds  of the samples presented in the previous section. Since ma-
to a different atomic layer. The roughness period measureghyig| transport processes, such as interdiffusion, segregation,
as the mean separation of the islands amounts to about 7 nig: atomic exchange at the surface, may be activated at el-
Postannealing at 600 K leads to an even flatter surface with @,ated temperatures it is worth checking the chemical com-
decreased roughness amplitude of 0.4 @m3 ML) and an position of the surface layer.
increased roughness period of 25 nm. For the annealing The inset of Fig. 7 shows the evolution of the XPS Ady 3
cycles discussed up to now the large-scale morphology dogszaks upon successively annealing of RT Fe filffige
not depend very much on annealifgigs. 4a)—(c)]. It still  piqqle spectrpand HT Fe films(two topmost curves The
resembles the appearance of the Ag substrate. Upon postagbectra are normalized with respect to the Fepak area.
nealing at the highest temperature considered (&8 K),  The main plot of Fig. 7 displays the peak area ratjg/Ar,
however, it changes dramatically. The substrate-induced stefurived from these XPS spectra for various preparation pro-
structure vanishes and the surface becomes inhomogeneoysyures as a function of s and T,, respectively. For
[Fig. 4(d)] revealing rather rougte.g., lower left cornerand  gamples grown at room temperature the Ag contributiai (
flat areas(e.g., lower right corngrnext to each other. The 465 not change upon annealing at temperatures up to 600 K
flatter parts are similar in roughness as before the final anypereas it is strongly increased after postannealing at
ngaling, but the edges lof the islands seem to be decorateﬂ:mo K in which state we also measure clear Ga peaks
[Fig. 5d)]. These STM images suggest that the sample hag,jjicating that the sample gets intermixed and thus confirm-
undergone intermixing or surface segregation. Chem|caihg the suggestion derived from the STM data in Figs) 4
qharac_terization as presented in Sec. V is necessary to copr 4 Hd). HT Fe films (¢ ) show about 6 times stronger Ag
firm this suggestion. , peaks than RT samples. Again, they do not change signifi-

Surfaces of Fe films grown at 520(KIT) Iook'd|fferently cantly upon annealing. With the Fe film thicknes<eing
compared to what we have discussed so(fég. 6. The 51,1t 5 times the attenuation length of the Adjghotoelec-
substrate-induced steps no longer appear as sharp edggsg the Ag contribution from the substrate is expected to be
They. rather form a weak “”d“'a“of‘ Of. the surface with @Nsmall and constant for all samples, and therefore it can defi-
amplitude of a few nanometers which is comparable 10 the,ie|, not explain the different peak area ratios of RT and HT
vertical range measured on the substrate. The local surfa mples. In order to quantify the theoretically expected sub-
structure consists of table mountains and holes with typicali ate contribution we calculate the XPS peak areas of the Fe

heights and depths of 3 ML yielding a roughness amplitud Ad sianal A ; ; I
of 0.9 nm(6 ML) and a roughness period of about 25 nm.E‘lend g signalsre andAn, using a continuum model.

The step edges tend to run along two perpendicular axes ¢

) d
reflecting the fourfold symmetry of th@01) surface. Post- Are=SecT ke j ex;{ - _) d¢, (33
annealing at 570 K does not cause any changes in the STM 0 NFe

V. CHEMICAL PROPERTIES OF Fe FILMS GROWN
AT 300 K AND 520 K
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v ) ’ ) ' stantb accounts for Ag atomimsidethe Fe film. Each inter-
face is described by a Fermi function of the form
cos(v)-1 Ag on Fe
z [ A4
E IR A A.AfA'é'
E i 'AAtAxAmxxA‘&’x F(z.d,w)= z— ' @
: I
« |const. Ag bulk
I R TS LA A
g 1-d/A-cos(v)-! ° Fe below Ag wherez is the depth and the position of the interface, both
5 |.oa------ O "o - --0-04;)- 380%9'?3: measured from the original surface, ands a measure for
= %o ° the interface width. The concentration profil€g4(z) and
, , , ) \ Crd{2) are thus given by
-60 -40 -20 0 20 40 60
Emission Angle v (deg)
FIG. 9. AES intensity of Ag fA) and Fe () as a function of CAQ(Z)za{F(Z’dl*Wl)+[l_ F(z,dz,wp) ]} +b, (58

the emission anglé) measured simultaneously on a HT Fe film.
The middle curve ¢) is taken on a clean, bulklike A§01) buffer

layer for reference. The dashed curves show the expected behavior
neglecting channeling and AED effects.

Crd2)=1—-Cpy(2). (5b)

The measured peak arég(z) of elementX at a depthz
from the original surface must be written similarly to E8g):

» {
AA :SA TA eXf{ - _> dg (3b) - _
! Mo A2 =5y | cx(@exp( - i—xz)dz. ©®)

Here, sy are the XPS sensitivities given in Ref. 18, the  Fitting the ratioAg(2)/[ Aag(2) + Ard2)] to the experimen-
photoelectron attenuation lengtiisand Ty the electron ana- tal data we obtain the parameteas d;, w;, andb. The
lyzer transmission probabilities for the Agidand the Fe p resulting Ag concentration profilEeg. 5a)] is shown in the
lines, respectively. The theoretical peak area ratig/Ar,  inset of Fig. 8. The knowledge of the nominal Fe film thick-
due to the substrate contribution is about 4 times smalleness allows us to fix the positiah, of the second interface
than what we measure in the spectrum of the RT samplédashed lingand instead ofl, we obtain the sputter veloc-
(compare dashed line and the curve labeled RT in Fig. 7ity. It is constant over the whole thickness range if we as-
note the position of zero on the ordinate sume equal sputter yields for Ag and Fe, otherwise we addi-
Summarizing these experiments we find that there mugionally have to fit the sputter yield ratio. The qualitative
be Ag atoms at the surface or within the Fe layer contributresult of the fit does not depend on the assumption of equal
ing to the spectra. The amount of Ag visible in XPS addi-sputter yields.
tional to the substrate contribution depends on the growth The depth of the first interface; is about 1 ML and its
temperaturel 5 but not on the postannealing temperatlige ~ width w, is between 1 and 2 ML. The interface between the
up to To,=600 K. Where are the additional Ag atoms lo- Fe film and the Ag substrat®, is even wider; it measures
cated? 6—7 ML. It is important to mention that the interfaces appear
In order to answer this question we perform depth profilewider than they actually are due to sputter-induced intermix-
analysis. We choose a low ion beam current density of aboutg and surface roughening. Thus, we cannot obtain their
1 wAcm~? at 2.5 keV and a short sputter cycle duration ofintrinsic width from the depth profile. The constant Ag con-
100 s to achieve good depth resolution. The total sputter tim#&ibution b is fitted to be on the order of 5%. It is most likely
accumulated over 270 cycles is 450 min and the final sputteihat this is an artifact of sputter-induced intermixing because
depth about 70 ML. The evolution of the normalized XPSthe Ag/Fe system is known to be immiscible in the biflk.
Ag peak areaAag/(AagtAgd as a function of the sputter The depth profile clearly shows that the Ag which is vis-
depthz is plotted in Fig. 8 for a HT Fe film. The signal drops ible in the XPS spectra additional to the substrate contribu-
within the first few sputter cycles from 20% to a minimum of tion is predominantly located at the surface of the Fe film.
10% and then steadily increases while the Fe film is gettinghis allows us to quantify the spectra shown in Fig. 7 by
thinner and the surface is approaching the Ag substrate. Thgonsidering a three-layer model: a semi-infinite Ag substrate,
peak area ratio plotted in Fig. 8 does not directly correspon®5 ML (5 nm) Fe, and a thin Ag overlayer of thickneds
to the Ag concentration profile because XPS has a finiteWe finddgt~0.1 ML anddy;~1 ML for samples grown at
photoelectron energy dependent probing depth of severabom temperature and 520 K, respectivé€lable ). From
ML. the latter value it follows that the surface imaged in Fig. 6 is
We fit the experimental data according to the following an Ag-covered Fe film.
model: The Ag concentration profil€,y(z) is assumed to This result is qualitatively confirmed by angle-resolved
consist of two nonabrupt interfaces, the first one correspondAES which in contrast to depth profiling is a nondestructive
ing to the transition from an Ag overlayen top of the Fe  method with much lower influence on the sample structure.
film to the Fe film and the second one to the interface beData from a HT Fe film is displayed in Fig. 9. Triangle& )
tween the Fe film and the Ag buffer layer. An additive con-show the normalized AES Ag intensitygy(+) as a function
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FIG. 10. STM images of a LT Fe film postannealed at 540 K . .
(Ref. 16: (a) overview image(400x 400 nn?; vertical range: 2.0 FIG. 11. STM images of a MT Fe film grown at 100/570 K
nm), (b) detail image(100x 50 ni?; vertical range: 1.0 nin (Ref. 16: (a) overview image(400x 400 nn?; vertical range: 2.0
nm), (b) detail image(100x 50 nn?; vertical range: 1.0 nin

of the emission anglé measured with respect to the surface
normal and diamonds <) the normalized AES Fe signal reduced with decreasing growth temperatilige Obviously,
Ir(¥) which is recorded simultaneously. For a thin over-room temperature is not low enough to completely suppress
layer with thicknessl these signals behave in the first orderthe Ag segregation at the surface. This demands for even
approximation in @/\) as IAg(ﬂ)occos(ﬁ)_1 and I 9) lower deposition temperatures. On the other hand, elevated
«1—(d/\)cos() %, respectively. These functions are plot- temperatures tend to smooth out the surfégigs. 4—6.
ted as dashed lines under the assumptienl ML (A=6 For these reasons we grow Fe at 10QLR) achieving a
ML for the FeLMM line). As our samples are single crys- rather rough surface comparable to Fig&)4nd 5a). The
talline we have to make sure that the observed angular dexmount of Ag in the XPS spectrum is only slightly higher
pendencies do not originate from channeling effects of thehan what we expect theoretically due to the Ag substrate
incident electrons or from Auger electron diffractiGhED). [see crossest) in Fig. 7], and it is unchanged upon anneal-
Therefore we perform a test experiment with a 150-nm-thickng at temperatures as high as 540 K. Using the analysis
Ag(00)) buffer layer[crosses ¢) in Fig. 9]. Small devia- described in Sec. V we obtain an Ag coverage
tions from the horizontal line—comparable in size and formd, +=0.04+0.04 ML, which is significantly smaller than
with the waviness of the Fe signat)()—reflect channeling dgt=~0.1 ML anddyr~1 ML. The absence of Ag at the very
and AED effects. The much stronger angular dependence alurface is further confirmed by the missing of Ag peaks in
the topmost curve verifies the presence of a thin Ag overUPS and AES measuremer(tsot shown which are even
layer. more surface sensitive than XPS. Figure 10 shows the mor-
phology of a LT film after postannealing at 540 K. It appears
only slightly better than the morphology of RT films imme-
diately after deposition. The irregular surface makes it diffi-
cult to extract a value for the roughness period which is
An optimized growth procedure must prevent Ag atomsestimated to be of the order of 7 nm. The roughness ampli-
from moving to the top of the growing Fe film and at the tude measures about 1 nfn ML). Accordingly, this proce-
same time provide a well defined surface with minimizeddure provides a means to grow Ag-free Fe films, but unfor-
roughness amplitude and maximized roughness period. THenately their surfaces are morphologically ill defined.
data in Fig. 7 shows that the amount of Ag at the surface is Stimulated by the STM work of Strosciet al?**?> who

VI. OPTIMIZED GROWTH OF Fe FILMS
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reported clearly enhanced homoepitaxial growth quality ofslightly smaller thanyg,, the same mechanisms apply to Cr
Fe for temperatures above 523 K, we finally emplo_y thegrown on Ag001) or Ag covered F&01).%* In the context
following “mixed temperature”(MT) growth procedureti)  of magnetic interlayer coupling in the Fe/Cr/Fe(8g1) sys-
growing the first 2 nm aTs=100 K and(ii) the following 3 tem the question arises how the Ag atoms inside the sand-
nm atTs=570 K. The first step is to prevent substrate atomsyich structure influence the coupling behavior. Ag atoms in
from moving to the surface yielding a clean, Ag-free, butihe spacer layer could act as “loose spins” in the framework
rough substrate for the second growth step Whlch iS SUPPOS&H Slonczewski's theory,and they also add to the spacer
to take advantage of the good Fe homoepitaxial growth qualyyer thickness shifting the phase of the oscillating coupling
ity at elevated temperatures. The efficiency of the first step ig rve. Furthermore, being impurity scatterers at the interface,

shown by the triangle4) in Fig. 7 and the lowest curve in the Ag atoms are expected to have an influence on the mag-
the inset: MT films are as clean and as free of Ag as LThitude of the GMR effect?

films. UPS. and AES experiments again support this result. During postannealing cycles, however, the Ag atoms of
The STM images(Fig. 11) show a remarkably regular ar- the substrate are buried underneath 35 ML of Fe. They can-
rangement of equally sized quadratic table mountains. Theifot move to the energetically more favorable positions at the
edges are perfectly aligned parallel to bcc@od)(100  gyrface because the immiscibility of the Ag/Fe system im-
axes. The roughness amphtuQe and period measure 0.7 NBdses a much too high energy barrier on the diffusion
(4-5 ML) and 25 nm, respectively. through the Fe layer. This explains the higher stability of the
Finally, we want to mention that the LEED patterns of LT system against postannealing at elevated temperature com-
and MT films before and after postannealing are comparablgared to growing at elevated temperature.
to the one in Fig. ) proving the epitaxial growth mode ~  Thjs scenario has previously been described for the Fe/Ag
even at 100 K. system by Egelhoff when interpreting x-ray photoelectron
and Auger electron forward-scattering data. The higher effi-
ciency of the atomic exchange process observed at cryogenic
temperatures by Egelhoff most likely originates from the
VII. DISCUSSION deposition rate he used which was about one order of mag-

. L . . nitude smaller than in our case.
Our chemical characterization of the RT and HT films in The change in morphology upon annealing of the RT

Sec. V clearly shows that a significant amount of Ag Segresiims presented in Sec. IV demonstrates the usefulness of

gates at the surface at these growth temperatures. The evQsgiannealing cycles for temperatures below 670 K at which
lution of the Ag content upon postannealing reveals that th emperature the whole system mixes. Knowing about the Ag

degree of Ag coverage strongly depends on the depositiofyomg 4t the surface it is unclear how to separate in the STM
temperaturel's but not on the annealing temperatig, as  jmages Ag structures “floating” on the Fe film from intrin-

long asT, is kept below 670 K. This behavior can be ex- gic Fe structures. So far it has not been possible to distin-

plained by an atomic exchange pr.o.(?éggﬁthat takes place gish Ag and Fe by STM neither in voltage dependent scans
in the topmost layer during deposition. The temperature beg; in the spectroscopic mode. In the case of HT films the

ing high enough that the atoms can diffuse to low-energysT\ data has to be interpreted as the image of a closed Ag
sites, this process occurs if the difference between the to""i"honolayer on top of the Fe film of interest. The island
free energies of an Fe overlayer and an Fe layer covered %apes appear smoother on the HT filifig. 6 than on the
Ag atoms MT surfaces(Fig. 11). This might result from Ag step edge
Avye v — e diffusion going on in the Ag overlayer of the HT sample.
Y= Yre™ YAg™ Yint @) The optimized recipe for the growth of @91) on
is positive. v, and y,, denote the surface free energies of Ag(001) proposed and successfully tested in Sec. VI yields
Fe(001) and Ag001), respectively, andy;, is the interface ~ Surfaces which are free of Ag and at the same time show a
free energy of the Fe/A§01) interface. The minus sign ap- Well defined morphology with equally sized table mountains
plies for the first Fe monolayer and the plus sign for allin & remarkably well ordered arrangement. This regular
following layers. Usingyge~2y,4 as given in Refs. 27-29 structure is suitably described by a roughness period and a
and i~ ya4/2 taken from Ref. 30 we obtain for the first roughness amplitude, the quantities we have defined in Sec.
and the following Fe monolayers IV to characterize the surface morphology. Obviously, the
MT morphology is the one which is closest to the typically
1 3 periodic roughness models used in theoretical calculations
Ay=~57ag>0 and Ay~ zyag>0, (8)  considering the effects of interface roughness on GMR or
magnetic interlayer couplin*°
respectively. Thus, a monolayer of Ag is forced to cover the While the advantage of the MT films with respect to the
first deposited atomic layer of Fe. The same exchange prahemical properties is obvious, the improvement in morphol-
cess occurs for all following layers of Fe deposited resultingogy seems to be small at first glance. The roughness period
in a thin layer of Ag atoms “floating” on the growing Fe (or equivalently the terrace widklis not increased by orders
film. This process is fully efficient at 520 K when the satu- of magnitude; it varies for all preparation procedures at most
ration coverage of 1 ML is reached. At room temperature théy a factor of five from 5 nm to 25 nm. However, one should
exchange process is partly kinetically hindered and yields @ompare these values to a relevant physical length scale for
coverage of only 0.1 ML. It is to be expected that some ofthe magnetism of thin Fe films, as, for instance, the “ex-
the Ag atoms get stuck inside the Fe film. Ag, is only  change length® J/A/Ms~7 nm (A being the exchange stiff-
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ness andM g the saturation magnetizatipnThis magnetic pared to the roughness period determined from the STM im-
length scale lies in the range of roughness periods spannegjes, was about an order of magnitude larger for HT samples
by our samples. Changes of the magnetic properties aran for multilayers grown at room temperature. This is in
therefore expected for the different preparation procedureseasonable agreement with the factor five found in this work,
independent of the Ag content at the interfaces. The strengtivhereas the roughly estimated absolute valée 200 nm)
of the biquadratic coupling of Fe-based triplelayers, for in-clearly exceeds the largest roughness period of 25 nm ob-
stance, calculated in the framework of the magnetic-diole served in our experiments.
or the fluctuatiof mechanism is more than doubled when the  Interestingly, all films which have been exposed to el-
roughness period is increased from 10 nm to 30 nm. In viewevated temperatures above 540 K, either during deposition or
of these considerations the morphological improvementsluring postannealing, tend to exhibit a roughness period on
achieved in this work are of great relevance for magnetiche order of 25 nm(Table |) suggesting this length to be
properties. intrinsic for thermally equilibrated K601) films on

The comparison of the surface morphology observed byAg(001). The lattice mismatcim=(axg—agd/ang between
STM with results from other technigues—mainly diffraction Ag(001) and F€001) deduced from the bulk nearest-
techniques as x-ray diffractiofXRD) or electron diffraction  neighbor distancesg.=0.287(0) nm anéy=0.289(2) nm
(LEED, reflection high-energy electron diffractieris not is 0.8% vyielding a mean dislocation separation of
straightforward for four reasongi) Each method has a dif- ag./m~38+12 nm. Although this value is larger than our
ferent(coherent field of view ¢ over which averaging takes measured upper limit for the roughness period the explana-
place when extracting morphological information. For con-tion of the observed morphology to be due to strain relief is
ventional LEED{ is about 10 nm whereas it may be severalappealing because it explains in a straightforward way the
pnm for XRD depending on the geometry. In STdMcan be  high degree of order in the arrangement of the table moun-
varied to some extent by changing the scan size. For th&ins in the MT film. This interpretation implies that the MT
present work/~100—400 nm seems appropriate for the rea-growth procedure yields an optimized surface morphology
sons discussed abovéi) Very often the roughness of an because the strain-induced dislocation network is an intrinsic
interface is characterized solely by its rms roughnesgroperty of the Fe/Ag system for this film thickness.
oms= V(Z%). This quantity lacks the important information ~ Concluding we want to stress two general pointi3:
about the lateral extent of the structures causing the rough¥hen tailoring thin film structures one has to consider the
ness. This is best demonstrated by calculatings for an ~ chemical structure to the same extent as the morphological.
as-deposited RT and a MT Fe film from the STM imagesBoth may critically depend on the preparation parameters as
[Figs. 5a) and 11b)]. We obtain o;lc=0.209 nm and We have shown for the case of Ag segregation and rough-
oM =0.206 Nm(100 nmXx 50 nm image size and 0.1 nm ness.(ii) The surface qualityespecially the roughnessf
scan resolution in both cases spite of the roughness peri- the Fe films obtained in this work is not as high as it is
ods differing by a factor of fiveliii) STM images reveal the known from whiskers' which exhibit almost perfect sur-
shape of the surface features and their mutual arrangemer@Ces with a terrace width as large ag.n. We believe that
This kind of information is hardly accessible by other tech-the surface quality of our samples is more representative for
niques.(iv) STM is restricted to surfaces whereas, for ex-many thin film and multilayer systems, be it in the Fe/Cr
ample XRD has access to buried interfaces. In spite of thes®ystem or in others. Thus, keeping in mind the possibility
restrictions we want to compare our results to a compreherfhat the interfaces of a layered system look like the ones
sive XRD study of Fe/G001) superlattices deposited on imaged here rather than like surfaces of whiskers might be a
Ag(001)/Fe/GaA$001) substrates reported by Schreyer 9ood thing to do, especially when one is trying to understand
al.>* Samples grown at room temperature and at 526{K) ~ Subtle structure-properties relationships.
were measured under different scattering geometries yielding
rms roughnessesr,,s and lateral roughness coherence
lengthsé averaged over all Fe/Cr interfaces occurring inthe  \We thank J.A. Wolf for his help in the early stage of this
superlattice with 59 Fe/Cr repetitionso s was found to be  project and H. Breitenstein for technical assistance and quick
about 0.35 nm(2.5 ML) in HT samples and slightly increas- help in critical situations. Financial support from the Swiss
ing with the growth temperature. This is in fairly good agree-National Science Foundation and the Swkssnmission zur
ment with our resultsd¢}i=0.270 nm andrj;1=0.209 nm.  Forderung der wissenschaftlichen Forschuig gratefully
The uncorrelated coherence lengthwhich has to be com- acknowledged.
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