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Stress oscillations and surface alloy formation during the growth of FeMn on C(002)
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In situ stress and medium-energy electron-diffracitfEED) measurements have been performed simul-
taneously during the deposition of FeMn on(Q@1). For a thickness above 5 layers, stress and MEED exhibit
coherent layer-by-layer oscillations with a period of one atomic layer, where the largest compressive stress
corresponds to the filled layer. In this thickness regime, the average stre€s58+0.02 GPa. From this, we
deduce the biaxial modulus of FeMn layers as 148} GPa, which agrees well with the respective bulk
value. For a FeMn thickness below 1.5 layers, the resulting stress is qualitatively ascribed to the sum of the
individual stress contributions from Fe on (©01) and Mn on C@001). A c(2X2) low-energy electron
diffraction pattern in this thickness regime indicates the formation of22x2) MnCu surface alloy in the
initial growth of FeMn on C(001), which induces a compressive surface stress-0f7 N/m for the initial
deposition of the FeMn alloy. This surface alloy formation leads to a Fe-rich FeMn alloy near the Cu interface.
This compositional change might modify the antiferromagnetic coupling of the 1:1 FeMn alloy.

DOI: 10.1103/PhysRevB.68.224419 PACS nuntder75.70—i, 68.35.Gy, 68.35.Ct, 68.55a

I. INTRODUCTION width, and the other end was free. This mounting allows us
to measure the stress during FeMn deposition by measuring
FeMn, _, alloys are prototypes for antiferromagnetic ma-the change of curvature of the crystal during film growth.
terials with a high Nel temperaturély.! FeMn thin films  The surface of the Q001) was cleaned by Ar sputtering
are widely used in a spin-valve structure in combination withand followed by short annealing to 720(B0 9 by radiation
magnetoresistive materials for application in magnetic senfrom a W shield, which was heated by filament. The
sors and magnetic data stordg€he lattice constant of the syrface cleanliness was checked by Auger electron spectros-
FeMn;,_, alloys us depends on the alloy compositieh  copy (AES) and sharp diffraction spots of low-energy
This allows to choose a composition which leads t0 & glectron-diffractionLEED) indicated good crystalline order-
moderate misfit between alloy film and substrate. For the 1:},“9_ The FeMn alloy was grown by codeposition from indi-
composition, i.e.x=0.5, the lattice constant of bulk FeMn'is \i4,,a1 Fe and Mn evaporatof$ The purity of Mn and Fe is

3.629 Al This alloy has a face-centered cubic structure an ; -
_ - T 9.5% and 99.99%at.%), respectively. The deposition rate
its deposition on C@®01) could lead to epitaxially ordered of the alloy was set to a 1:1 atomic ratio by adjusting the

films, as the misfit between FeMn and Cu is small and iteva oration rate of each evaporator, as confirmed by indi-
amounts ton=(ac,— agemn)/ (apemn = — 0.4 %. P P ' y

vigual MEED measurements and by AES. The error for

This paper focuses on combined stress measurements a

. . . . iti i i 0, -
diffraction experiments to correlate atomic structure and re:[rhe alloy composition is estimated to Be5%. Both evapo

sulting stress in the thickness range from O to 18 layers of2ors were adjusted to give a deposition rate close to 0.25
FeMn on C001). We find that in contrast to a simplistic ML/min, WhICh results in a growth rate of the FeMn alloy of
growth model where FeMn alloy layers grow pseudomorphi-0-5> ML/min. Here ML stands for monolayer. o
cally strained on C{001), the formation of a surface alloy The stress measurement was carried out during film
between Mn and Cu is clearly observed by the stress an@fowth at room temperature. The mechanical stress in the
diffraction experiments. Only for an alloy thickness above 5alloy film 7; induces a change of curvature of the crystal
layers, we find experimental evidence from stress oscillaA (1/R), A(7; tf):[Yt§/6(1— v)JA(1/R), wheret; and tg
tions that the alloy grows in a layer-by-layer fashion. Theare the thicknesses of the alloy filfieMn) and the substrate
formation of the MnCu surface alloy has important conse{Cu), respectively,Y and v are the Young’'s modulus and
quences for the magnetic properties of ultrathin FeMn filmsPoisson ratio of C{®01), and R is the radius of the
as due to the surface alloy formation, Mn atoms are incorpoeurvature*®!! The slope of the curvature signal as a function
rated into the Cu surface. This intermixing might affect theof film thickness gives the film stress in gigapascal. The
antiferromagnetic coupling near the FeMn-Cu interface.  curvature was obtained by a highly sensitive optical beam
deflection technique, which is schematically shown in Fig. 1.
Two laser beams are reflected from two points of the surface,
which are separated by a distande onto two position-
The experiment was performed in an ultrahigh vacuumsensitive split-photodiode detectors. The detectors are
chamber with a base pressure ok10™° mbar. A124um  mounted at a distance away from the substrate. Thus the
thin Cu002) crystal(width: 3 mm, length: 12 minwas used curvatureA(1/R) is derived from the difference of the posi-
as a substrate. The long edge of the crystal was orientetibn signal asA(1/R)=(AP,;—AP,)/2dL, whereAP, and
along the[110] direction. It was clamped at one end along its AP, are the changes of the position signals for the bottom
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data do not show any oscillations for the deposition of the
first and the second layer, instead a drop of reflected intensity
is observed. The oscillatory behavior of the MEED specular
intensity starts at the third layer, and it is well pronounced
N after the fifth layer (1 layer =1 ML=1.82 A:1.5<10%
atoms/crf).

The stress behavior of FeMn on @01) is characterized
by three regimes. In regime(thickness below 1.5 ML_the

FIG. 1. Schematic representation of the two-beam optical denegative slope of the stress curve up to 1 ML indicates ini-
flection setup to measure the stress-induce(d@1) curvature. A:  tially compressive stress, which is followed from 1.0 ML to
Cu(00Y) substrateB: sample holderC: beam splitterD: mirror, E: 1.5 ML by tensile stress. In this regime, the stress is similar
position sensitive detector§; laser,L: distance from substrate to (but not identical to the calculated sum of the stresses as
detectors {200 mm), R radius of C001) curvatu, andd: dis-  derived from individual depositions of Fe on @01) and
tance between two spots-4 mm). Mn on CU001), as will be discussed in detail in the follow-

) ] ing section.

and the top signal. For further details of the curvature tech- “|, regime 11 (1.5 ML—5 ML), the thickness integrated

nique see Ref. 10. _ stressrt; remains compressive, and it increases in magni-
In addition to the stress measurements, film growth wasg,qe from—0.7 to— 1.8 N/m. The film stress; as given by
also characterized by monitoring the specuf0) intensity e gjope of the curve is-1.9 (+0.2) GPa. Stress oscilla-
of medium-energy electron diffractidMEED) during depo- - tjons are observed fdf>3 ML, and they are coherent with
sition (3 keV electron beam energy, angle of incidence 3° i e MEED intensity oscillations as indicated by the vertical
the [110] in-plane azimuth Oscillations of the specular |ines In regime 11, (thickness above 5 M, the stress per-
MEED intensity as a function of deposition time indicate theq 1o pronounced layer-by-layer oscillations, as does the
filling of individual FeMn layers''? The surface structure MEED specular intensity. The sequence of local minima of
was characterized by LEED. the stress curve coincides with the maxima of the MEED
specular intensity, i.e., the stress oscillates with a period of 1
Ill. RESULTS ML. The largest compressive stress, i.e., the minimum of the
A. Stress and MEED of FeMn on Cu(001) during deposition stress curve, corresponds to the filled lag®fEED maxi-

mum). The average slope of the stress curve indicates a film
Both stress and MEED were measured simultaneouslgtress ofr;=—0.59(+0.02) GPa in this regime, which is

during deposition of FeMn on Q001). The results are plot- ascribed to the epitaxial misfit between FeMn and Cu, as
ted as a function of deposition time in Fig. 2. The MEED discussed below.

t, (ML
0 5 a 13 15 ~ B. Stress behavior of Fe on C(001), Mn on Cu(001),
05 b stress I M I E and FeMn on Cu(001) at low coverage
00 H FeMnicu(o1) |1 £ In order to clarify the origin of distinct stress regimes for
— 05 \“ = the FeMn alloy deposition as depicted in Fig. 2, we per-
§ a0 | § formed also stress measurements during the deposition of the
a5 | ] g individual alloy components Fe and Mn on (©01), and we
e = present the results in Fig. 3. The top curve of Fig) 3ndi-
20 1 MEED |, 8 cates an almost stress free growth of Fe 0x000) up to 0.5
25 T » ML, which is followed by tensile stresst; of 0.7 N/m at 2
30 | ] Q ML. The lower curve of Fig. &) indicates the Mn-induced
\ \ . ™~ g stress on C@01). Mn induces compressive stress which
0 500 1000 1500 2000 grows in proportion to the deposited amount until at 0.5 ML
Time (s) Mn, a stressrit; of —1.2 N/m is measured. Further deposi-

tion leads to slightly enhanced compressive stress which lev-
els off atrit;= — 1.4 N/m for 2 ML Mn.
In Fig. 3b), we compare the measured stress for the

FIG. 2. Stress and MEED as a function of deposition time for
the alloy FeMn on C(001). Three stress regimes are identifiéd:

interface formation below 1.5 ML(Il) between 1.5 and 5 ML, . . ) .
compressive stress of 1.87 GPa is found but obvious MEED osciI!.:ewIn alloy (f|_Iqu plrcles) with the calculated suntsolid
lations are absent, aritll ) layer-by-layer mode above 5 ML, where line) from the individual stress curves for Fe and Mn shown
stress and MEED oscillate with a period of 1 ML. The minimum of I (&) We rescaled the thickness axis for the calculated stress

the compressive stress coincides with the maximum of the MEELSUIVe by a factor of 2, such that 1 ML FeMn on Q1) is
intensity, which indicates the largest compressive stress for a fille§ompared to the deposition of 0.5 ML Fe on(G01) and 0.5

layer (1 layer =1 ML:1.5x 10 % atoms/cri). The vertical lines ML Mn on Cu(001).

indicate the coherence between stress and MEED oscillations. A Below 1.5 ML, the calculated and alloy-induced stress
negative slope of the stress curve indicates compressive stress ang@ows a comparable thickness dependence. The calculated
positive slope indicates tensile stress. sum signal and the alloy-induced stress both lead to a com-
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FIG. 3. Stress as a function of thickness for different deposits: (2 2) -
(a) individual stress measurement for Fe on(@i) and Mn on . (10)
Cu(001). (b) Calculated stress as the sum of Fe orf0Dd) and Mn
on CY00Y) from (a), and stress for the deposition of the alloy FeMn . .
on CuU001). The stress for the alloy FeMn on @01) is not given
simply by the sum of the ingredients. The alloy leads to compres- .

sive stress fot;>2 ML, whereas the calculated sum of the indi-
vidual components leads to a tensile stress.

pressive stress which levels off after the deposition of 1 ML.

The magnitude of the induced compressive stress is however
smaller by a factor of 0.63 for the alloy-induced stress as
compared to the individual stress contributions. The similar

(c) 1 ML FeMn/Cu(001)

(01)

compressive stress behavior in the low coverage regime for
FeMn on C(001) and Mn on C(001]) indicates that a sur- 11
face alloy might also form in the initial growth of FeMn on , (2 ‘2)
Cu(002). . (10)

However, above 1.5 ML, the calculated stress showed an
opposite tendency as compared to the measured alloy-
induced stress, which was compressive and oscillatory. This
implies that the stress behavior is determined by the alloy of
the deposits and not by the sum of the individual components
for an alloy thickness above 1.5 ML.

. N . FIG. 4. LEED pattern taken at 112 eV for different depodia:
C. LEED investigation (()):] tch:i(ggi)Mn, and FeMn deposits 0.5 ML Fe on C00D, (b) 0.5 ML Mn on CL001), and(c) 1 ML
_ , , FeMn on C001). The c(2x2) [(33)] diffraction pattern was

To clarify the formation of the surface alloy in the low tong hoth in(b) and(c), but not in(a). Mn forms ac(2x 2) MnCu
coverage regime of the deposition of FeMn on (@), surface alloy in FeMn on @001) that obtained for the deposition
LEED was used to characterize 2 < 2) pattern, whichis  of Mn on CU001), which gives rise to the same diffraction images.
due to the surface alloy of MnCd.This c(2X 2) pattern is
ascribed to the ordered buckling of the surface atoms of the(2x2) MnCu surface alloy in both cases. M2 X 2) pat-
alloy, as proposed by many previous experimefdeinning tern is observed for 0.5 ML Fe on @01) [Fig. 4a)].
tunnel microscope and LEBDand theoretical studies in The authors in Ref. 18 indicate that the Mn-Cu binding
Refs. 13-18. The LEED patterns for deposition of 0.5 ML Feenergy, which is stronger than Mn-Mn binding energy, leads
on Cu001, 0.5 ML Mn on CuW001), and 1 ML FeMn on to MnCu alloy formation through an incorporation mecha-
Cu(002) are shown in Figs. @), 4(b), and 4c), respectively. nism at step edges. In our case, the FeMn layer was grown in
Thec(2X2) pattern is observed for both depositions, 1 MLa way of codeposition. Since Mn-Cu may have a stronger
FeMn on C@00Y [Fig. 4c)], and 0.5 ML Mn on C(001)  binding energy than Fe-Mn or Fe-Cu, the Mn-Cu alloy for-
[(Fig. 4(b)]. This may indicate the formation of the same mation at very initial growth stage becomes thus mostly fa-
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vored. Further experimental work for a direct evidence ofto the compensating effect of the tensile strain in epitaxially
MnCu alloy formation, such as scanning tunnel microscopestrained Fé?° which should lead to tensile stress, and a com-

observation, is ongoing. pressive stress due to a possible surface alloy formation of
FeCu.
The treatment of coevaporated Fe and Mn as a FeMn
IV. DISCUSSION alloy is not appropriate for the initial growth. In this initial

, thickness regime, the tendency of Mn, and possibly Fe, to

The stress measurements during growth of FeMn Ofym 5 surface alloy with Cu is decisive for the elemental
Cu(001) show a complex dependence on film thickness. Both,omposition near the Cu interface. It should be noted that the
stress measurements and MEED indicate that a simplistigiess for codeposition of Fe and Mn on(Gd) is smaller
layer-by-layer growth model is not appropriate for films thin- by 3 factor of 0.63 than the calculated stress of the individual
ner than 5 ML. In thicker films, however, layer-by-layer deposits Fe on @001) and Mn on C@001). This deviation
growth is supported by our measurements, and we start witbf the stress measurement below 1 ML of FeMn/Dg)
the discussion of this thickness regime, before we elucidatérom that of Mn/C100) would be simply explained by con-
the decisive role of surface alloy formation between Mn andsidering a partial incorporation of Fe atoms into the MnCu
Cu for thinner films. surface alloy, which is increasing with the deposition time.

FeMn films thicker than 5 ML show pronounced stressThis leads to a dilution of the Mn solutes by the incorpora-
oscillations and oscillations of the reflected specular MEEDtion of Fe, and in turn to a reduction of the stress of the
intensity with a period of one monolayer, as indicated inFeMn/Cy100 as compared to that of Mn/Cl00 or the
regime IIl of Fig. 2. The coherence between MEED andsum of those of Mn/C{100) and Fe/C(L00).
stress oscillations indicates the strongest compressive stressThe picture for epitaxial growth with codeposition could
in the growing film when the layer is filled. In the initial also be applied in other alloy film systems. Once one of the
phase of layer filling, the stress does not change significantlydeposited elements has the tendency to form an alloy with
whereas for the completion of the layer filling, the stressthe substrate, the first few layers should not be considered as
change is much more pronounced. This behavior is ascribeah alloy with a composition given by the respective deposi-
to the stress relaxation in FeMn islands, which cover theion rates. Rather, a possible surface alloy formation between
surface for the initial layer filling. Stress relaxation is mostdeposit and substrate might lead to an alloy composition,
efficient for small islands, whereas it is negligible in the laterwhich varies with distance from the interface. Near the inter-
stage of layer filling, where larger islands are formed andace, the deviation from the stoichiometry as intended from
individual islands coalesce. Such oscillatory stress relaxthe deposition rates will be the largest, and the intended alloy
ations are a common phenomenon during island growth ofomposition will be found only in a distance of a few atomic
epitaxially strained systent$ and here they indicate that the layers away from the interface. From our stress measure-
FeMn alloy can be treated as a deposit with a stress behavianents we deduce a distance of approximately 5 ML, which is
which is given by the misfit between FeMn and(Qo). necessary to achieve the nominal alloy composition.

The average stress in the thickness regime Il is given by In this study, the surface alloy formation between Mn and
the slope of the stress curve as= —0.59+0.02 GPa. The Cu may have important implications for the magnetic prop-
misfit between FeMn and Cu 8= —0.4 %, and we derive erties near the FeMn-Cu interface. Near the interface, the
a biaxial modulus of the FeMn film a¥/(1—v)=7¢/%  alloy will be not a 1:1 FeMn layer, as Mn forms readily a
=148+5 GPa. This derived biaxial modulus agrees wellc(2xX2) MnCu surface alloy. One might suspect that this
with the value of 155 GPa, as measured by ultrasonic pulsesompositional change could effect the antiferromagnetic cou-
echo-overlap technique for a bulk zn, 4 alloy2°We con-  pling of FeMn near the FeMn-Cu interface.
clude that the stress in regime Ill can be quantitatively as- In addition to intermixing due to the surface alloy forma-
cribed to the epitaxial misfit between FeMn and Cu. Thistion, the contact with a ferromagnetic layer in an exchange-
suggests that FeMn films thicker than 5 ML behave elastibiased bilayer system can also induce the change of magnetic
cally like the respective bulk material. coupling or a net magnetic moment of the FeMn at a bilayer

However, in regime | for a thickness of up to 1.5 ML, the interface. Both our previous theoretitaand experimentaf
stress behavior of the FeMn alloy resembles qualitativelystudies showed that the induced net moment was confined to
that of the deposit Mn alone. We conclude that the stress ithe interfacial alloy layers and strongly varied with FeMn
the low coverage regime is mainly due to the surface alloythickness.
formation between Mn and Cu. The observation of a com- The formation of the MnCuw(2Xx2) surface alloy has
pressive stress due to the surface alloy formation betweeimportant consequences for the subsequent growth of FeMn.
Mn and Cu seems plausible due to the larger atomic size ofhis growth does not occur on a FeMn layer, but rather on a
Mn as compared to C#:?2The insertion of the larger size of chemically and presumably also structurally inhomogeneous
Mn atoms could induce compressive stress. We cannot exreCuMn surface. The(2x2) structure of the MnCu alloy
clude that also Fe favors the formation of a surface alloysuggests a rougher surface with enhanced corrugation as
with Cu, however, in contrast to Mn, no specific alloy- compared to a flat surface, and this will affect the diffusion
induced super structure is observed by LEED in the subef the deposited species, and thereby also the resulting film
monolayer regime. One might speculate that the almostorphology in regime Il. This impact of the surface alloy
stress-free growth of Fe on @01 up to 0.5 ML Fe is due formation on the film morphology is corroborated by the
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absence of MEED oscillations of a thickness up to 2 ML,respective stress signature. The impact of a surface alloy
which indicates a rougher surface in this thickness range. formation on the physical properties, e.g., structure, and
magnetic property, is particularly important for the growth of

V. CONCLUSION alloys, where those physical properties often depend criti-

) ~_ cally on the alloy composition.
Compressive stress and th€2x2) LEED pattern indi-

cate a surface alloy formation in the initial growth of FeMn
on Cu001). It affects the chemical composition of the first
three monolayers ML, and might also affect the antiferro-
magnetic coupling of the FeMn film near the interface with We thank H. Menge for the skillful preparation of the
Cu substrate. The coherent stress and MEED specular inte@u(001) crystal. This work was partially supported by NSC,
sity oscillations above 5 ML indicate that FeMn on(C01) MOE excellent program, and MOEAS2-EC-17-A-08-S1-

grows in the layer-by-layer mode in thicker films. This study 0006 of Taiwan. M.-T. Lin and W. Pan acknowledge the
suggests that a surface alloy formation can be detected by ttimancial support from the Max-Planck-Society of Germany.
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