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Relation between structure, stress, and magnetism in @@/(001)
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We present a study of the structure of C@0&1) determined by low-energy electron diffraction, the film
stress measured by a bending thin substrate, and the film morphology measured by scanning tunneling micros-
copy in combination withn situ magnetic characterization by the magneto-optic Kerr effect. Different regimes
in the stress behavior during growth are correlated to surface effects and structural and morphological changes
in the Co film. Initially a compressive stress is observed as the result of the lower surface free energy of Co
compared to W, followed by a tensile stress due to the large misfit between film and substrate. The structural
transition from bcc to hep Co as well as dislocation formation is clearly observed in the stress measurements
and by low-energy electron diffraction and scanning tunneling microscopy. Additionally, the morphology of the
films is correlated with the magnetic properties and a new surface alloy at submonolayer coverages is reported.

DOI: 10.1103/PhysRevB.64.144422 PACS nunider75.70.Ak, 75.30.Gw, 61.72.Ff, 75.80q

[. INTRODUCTION is determined by optical deflection of a laser beam which
allows us to measure stresses in films down to submonolayer
Stress, strain, morphology, and the magnetic behavior athicknesse$! Measurements of the film stress were carried
magnetic ultrathin heteroepitaxial films are intimately linked out during deposition. Additionally, the in-plane magnetiza-
properties:—3 By choosing an appropriate substrate, the filmtion was measured using the longitudinal magneto-optic Kerr
structure can be selected, e.g., bcc, fcc, or hcp Co orffect(MOKE) after deposition and the magnetoelastic cou-
GaAg001), Cu001), and Au111), respectively~8 Addition-  pling of the Co films was measured directly by a curvature
ally, the misfit between the magnetic film and the substratéechnique® In the second chamber, besides AES, MOKE,
induces strain and stress in the magnetic films that influencend LEED, additionally a scanning tunneling microscope
the growth modé&.The structure and the morphology as well (STM) is installed to study the surface morphology. In this
as the strain determine the magnetic properties of thehamber, a bulk \001) crystal was used as a substrate. The
films.21~3 Also the exchange interaction and by this the CurieW(001) samples in both setups were cleaned in the usual
temperature have been proposed to depend on the structusay by cycles of glowing in @(~1700 K, 10 ' mbay and
and the morpholog{!® Magnetic anisotropy is influenced flashing to~2500 K in the absence of Quntil no contami-
directly by the structure and the morpholdtjy®and indi-  nations were detected by AES, and LEED showed sharp (1
rectly by the strain via the magnetoelastic coupfifig’®  x1) diffraction patterns. Additionally, STM images of the
Hence, a detailed understanding of all underlying principlesN(001) crystal revealed clean, flat terraces of sizes larger
is essential to tailor the magnetic properties of ultrathinthan 100 nm, separated by single atomic steps(99m09%
films. In this study, we intend to illuminate the role of the purity) was deposited by electron beam evaporation. The
film stress and strain on structure, morphology, and magnezoverages were calibrated in pseudomorphic monolayers
tism of Co films on WO001). (ML) with STM for STM and LEED experiments and with a
There have been only a few studies dealing with Co orguartz microbalance for MOKE and stress measurements,
W(001), so far. Wormeestegt al. concluded from reflection where 1 ML Co corresponds to XA0' atoms/cr or
high-energy electron diffractioRHEED) patterns that Co 0.134 nm Co film thickness. Coverages in both experimental
grows pseudomorphically in the bcc structure o000 up  setups were cross-related by AES peak intensities, the occur-
to a coverage of2.4 monolayergML).1%?°At higher cov-  rence of superstructure spots in LEED, and the onset of mag-
erages, the layer cannot withstand the high biaxial strain ofietization determined with MOKE. During growth, the
9% and the bcc structure becomes unstable and transfornsamples could be heated to different temperatures measured
into a rough hcp Co film consisting of islands with the epi- with thermocouples attached to the sample holders in close
taxial relation (11B)¢, parallel to (001}, . vicinity of the samples. After growthn situ characterization
of the film structure, morphology, and magnetism was car-
ried out at room temperature by LEED, STM, and MOKE,
respectively.
Our experiments were carried out in two separate
ultrahigh-vacuum(UHV) chambers at base pressures below
7%x10 ' mbar. Both setups are equipped with Auger elec-
tron spectroscopyAES) and low-energy electron diffraction First, we concentrate on the evolution of film stress during
(LEED). In the first chamber, a 10@m-thick W(001) single  growth at room temperaturg800 K). Figure 1 displays the
crystal was used to allow stress measurements. When depagtress as a function of film thickness. At O ML thickness,
iting Co on one side of this thin crystal it slightly bends due deposition was started by opening the shutter of the evapo-
to the stress in the growing film. The bending of the samplaator and at 18 ML deposition was stopped. Surprisingly, the

II. EXPERIMENT

Ill. RESULTS AND DISCUSSION
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FIG. 1. Integrated film stressXt; as a function of Co film
thicknesst; measured during film growth at room temperat(8@0
K). The shutter of the evaporator was opened at 0 ML.

integrated stress initially is compressive with a minimum at
~1 ML followed by a steep increase up to a coverage=@f
ML where a kink in the stress curve is observed. After the ) )
kink, the integrated stress increases with a lower rate. The F!G- 2. (&,(c) LEED diffraction pattern at 73 eV ant),(d)
film stress is given by the slope of the integrated stress curvg> 25 Nt STM images of the morphology 0#0.8 ML Co on
and corresponds to 7.7 GPa and 3.6 GPa in the region befol(?0D- (@.(b) represent as-grown staté300 K) and (c),(d) are
and after the kink, respectively. At submonolayer coveragerecOrdEd after annealing 800 K. Beforg ?nn(fa“?g’b) shows.
LEED shows sharp (x1) diffraction patterns[see Fig. fhe_ bare W substratéalaclf) and small Co islands o mor_10atom|c
. . Lo height(grey). After annealing(d) shows large, monoatomic vacan-
2(a)] indicating pseudomorphic growth. The initial COMPIES- qiagblack in the W substrate and small §21) reconstructed areas
sive stress is in contrast to the expected tensile stress due (tﬁhe lineg in the Co film.
the mismatch of 9.2% calculated from the bulk atomic radii
of Co and W in the (X 1) structure. Similar initial compres- o ] ) .
sive stresses have been observed for F804), Fe/W(110), be understood qualitatively. At these high strains, the linear
and Ni/W(110 (Refs. 22—2% and have been explained by elastic theory predicts too high stresses, since for large
the relaxation of the surface stress of the W surface upoftrains, the elastic forces between the Co atoms deviate from
formation of the ferromagnet-tungsten interfacé%i.e., by ~ Hooke’s law due to the anharmonicity of the interaction po-
an electronic effect. The tensile surface stress of the cleatential. When the thickness of the film exceee8.7 ML, the
W(001) substrate is partially relaxed due to the adsorption ofstress curve displays a kink and the stress is reduced to 3.6
Co, giving rise to an apparent compressive stress. At a cowsPa.
erage of 1 ML the relaxation of the surface stress is com- When growth is stopped during the deposition of the first
pleted and a minimum in the stress is observed, indicatingnonolayer and the film is annealed 46800 K, the (1x1)
that the Co film wets the W crystal. Growth proceeds in aLEED pattern changes into a two-domainx(2) pattern, as
two-dimensional fashion which is also expected from thecan be seen in Fig.(®). This indicates the formation of
lower free surface energy of Co in comparison to that of W.ordered structures on the surface. AES shows no traces of
STM shows[see Fig. 2b)] that the film consists of two oxygen or carbon ruling out O- or C-driven reconstructions.
atomic levels only, the bare W substrate displayed in blackio investigate the nature of the ordering, STM measurements
and Co islands of monoatomic height in gray. No nucleatiorhave been carried out. Figuréd? depicts the surface after
of second layer Co islands was found even at coverages clossmnealing. Two types of domains of perpendicularly oriented
to the completion of the first layer. Upon growth of the sec-fine stripes running alon¢001) directions can be seen. The
ond layer a steep rise in the stress can be seen, which correistance between neighboring stripes is twice the atomic dis-
sponds to a tensile stress of 7.7 GPa. This large tensile stregmce on the W001) surface in agreement with the %21)
exceeds the elasticity limit of bulk Co by a factor of 3—4; LEED pattern. The STM scans also show larger vacancy
however, the LEED patterns still show aX1L) structure islands of 1 ML depth in the film, which are neither found on
indicating a fully strained film. The plastic strain relief by the W001) surface prior to deposition of Co nor after depo-
formation of dislocations is suppressed. This is a commorsition at 300 K[see Fig. 20)]. At the bottom of these va-
phenomenon in thin films supported by a substfatd/hen  cancy islands one finds stripes of the reconstruction, too.
calculating the stress from the observed strain of 9.1% usin@his finding helps to clarify whether the striped patches con-
Hooke’s law with the elasticity constants of Co, one wouldsist of alternating W and Co atoms, i.e., a surface alloy, or of
expect a much higher tensile stress=el7 GPa. This dis- Co atomic lines and vacancy lines or ax2) ripple in the
crepancy between the observed and the calculated stress dao film, i.e., structures containing no W atoms. In the case
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(1120) Plane

FIG. 4. Schematic drawing of the Co bulk unit cdift) with
the (112) plane and the structure of the hcp Co film on the
W(002) surface(right).

the (1X 1) LEED pattern is observed, indicating a pseudo-
morphic and fully strained Co film. As has been deduced
from RHEED experiments, this ¢41) structure corresponds

to a pseudomorphic bce Co filld?° Above ~2.7 ML cov-
erage, the LEED pattern changes and additional spots at

330) positions appeafsee Fig. 8)]. Hand in hand with

the change of the LEED pattern, the stress measurement
shows a kink and the increase of the stress slows down.
Wormeesteet al. related the change in the LEED pattern to

a structural change of the filf!:?° From RHEED experi-
ments they concluded that the structure of the Co films

changes from bcc to hep with the epitaxial reIationTmJ@)
parallel to (001),, when a thickness of 2.4 ML is
exceeded®? Our LEED investigations confirm this phase

transformation. The additionab 30) LEED spots reflect the
c(2x2) superstructure of the four equivalent and nearly
guadratic hcp (11@) unit cells, which are rotated by 45°

FIG. 3. LEED diffraction pattern(a),(c),(e) and morphology  with respect to the \001) unit cell and are larger by a factor
(b),(d),(f) of Co films on WO001) of thicknesses 2.7 Mi@a),(b), 5.4 of \/E (See F|g 4 The hcp (11_2) unit cells show a smaller
ML (c),(d), and 8.1 ML(e),(f). Deposition was carried out at 300 K mjsfit to the W001) substrate than the bcc cell. Along the
D DT e Fecort i 7 (1100)directionof o, the misf 1o the substate i oy 3%
100 nm<100 nm(b),(d) and 300 nNx300 nm(f). The inset of while the misfit along 0001), i.e., along thec axis of Co, is
(f) shows a line scan across the surface. 9.2%_. Calcu[atlng the gxpected elastic stress from these mis-

fits with the linear elastic constants of bulk Co and averaging

that the (2< 1) stripes are build up entirely of Co atoms, the over the four possible orientations of the Co unit cells, how-
large vacancies should expose the bar€0®01) surface. ever, one expects an even higher stress=GB GPa in the
However, we find stripes also in these vacancies. In the caddm along the W100) directions. The discrepancy between
the stripes consists of an ordered2) CoW alloy, the W the expected stress and the observed stress of 3.6 GPa can
surface has to provide some W for the formation of the alloyhave different reasons. As can be seen in the STM images of
from its topmost layer. This explains the occurrence of thethe structurgFig. 3(b)], the film is rather rough and consists
large vacancy islands on the surface. In addition to this, sumf islands. Our STM observations confirm the findings of
face alloying also leads to stripes on the bottom of the vaWormeesteret al,**?° who concluded from the occurrence
cancy islands. Hence, we can conclude that annealing of sulef RHEED transmission patterns that the film roughens con-
monolayer Co films lead to the formation of an ordered (2siderably during the transformation from bcc to hcp. The
X 1) CoW alloy. The coverage of (21) domains on the splitting up of the film into small islands might lead to a
surface is, however, more than approximately twice the totafmaller stress in the film due to a relaxation at the edges of
area of the vacancies. This indicates that most likely also théhe islands. However, the formation of misfit dislocations in
preexisting step edges on the(®@1) surface act as sources the film is more likely to be responsible for the reduced
of W atoms for the (X 1) reconstruction. At 300 K, the stress as will be discussed next.
formation of the alloy is kinetically hindered and observed A second mechanism leading to lower stresses in the film
neither with LEED nor with STM. is apparent from the LEED patterns of slightly thicker Co

During growth at 300 K up to a coverage of2.7 ML,  films [see Fig. &)]. The LEED spots show a splitting into
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FIG. 5. Medium differentiated STM image of 8.1 ML Co depos-
ited at 330 K(a) showing weak ripples on the top of the islands
(100 nmx 100 nm). Detail of the LEED diffraction pattei() of
the same Co film with indications of the splitting of th&10) spot
(right) and the( 3 30) (left) in percent of the Brillouin zone. Height
profile along(110) direction measured with STM on top of an
island as indicated by the white lir(e).

PHYSICAL REVIEW B 64 144422

the superstructure in the LEED patterns are related to the
large misfit of 9.2% of the hcp unit cell along itsaxis with

the W(001) substrate. Films of several ML thickness cannot
withstand this strain. To release some of the tensile strain of
the layer, misfit dislocations forAf; i.e., some additional
atomic planes have to be introduced in the Co film. These
dislocations cause a small wavy deformation giving rise to a
faint stripe contrast in the STM imagé&%'8 The good long-
range order of the dislocations induces the splitting of the
LEED spots. The distance between the individual disloca-
tions is given by the ripples in the STM data and splitting of
the LEED spots. This means that after every 12th atomic
plane along the axis of the fully strained Co film, one extra
plane is introduced corresponding to a superstructure cell of
2.68 nm along(110). In this structure, the remaining strain
along thec axis is only 0.9% as compared to the 9.2% in the
dislocation-free structure. The agreement between observed
STM and LEED structure and the dislocation model is ex-
cellent. It excludes that the observed dislocations are along

sets of spots, indicating a superstructure of large lateral dithe (1100) direction, the other possible low-index direction
mensions. This splitting of the spots is always visible, asof the Co islands, where the misfit is much lower. Addition-
soon as the hcp spots appear. The splitting is, however, rathatly, by observation of the ripples of the dislocation in the
faintly visible for the thinner films. They become clearer atSTM images, one can obtain the local orientation of ¢he

thicknesses above'5 ML. The corresponding STM images

axis of the hcp Co islands. The dislocations run perpendicu-

[see Fig. &)] reveal that the Co islands have an elongatedar to the localc axis of the film. This dislocation formation

but irregular shape along tHa 10y directions of the under-

is also responsible for the relatively small stresses observed

lying substrate, most likely reflecting the two possible orien-in our stress measurements. The remaining 3% strain along
tations of thec axis of hcp Co on W001). We carried out  (1100) and 0.9% strain alon¢0001) of the film correspond
measurements with varying deposition temperature and filnto a stress of 5.1 GPa as calculated for a equipopulated cov-
thickness to optimize the sharpness of the superstructurerage of the four possible oriented domains. This is in rea-
spots and found the best conditions at slightly elevatedonable agreement with the observed stress of 3.6 GPa. The
growth temperatures of 330 K and thicknesses around 8 MLsomewhat smaller stress of the measurements might be due
There the splitting of the spots is clearly resoljsee Fig. to the large strains exceeding Hooke’s law and to the island
3(e)]. The spots that correspond to the diffraction conditionsstructure of the film. Hence, the observed kink in the stress
of the W(001) show a splitting along thé110 directions of  curve at 2.7 ML indicated the formation of dislocations.
the substrate. The additional spots of half order due to th&hese structural details have been elucidated by a careful
hcp unit cell also display a broadening with some fine strucLEED and STM study of the growing film.

ture along(110) directions. STM images$Fig. 3(f)] show Interestingly, the hcp spots, i.e., the spots of the order
rather regular and rectangular islands elongated al@d@  (n/2 m/2 0) with n,m=1,3,...,show only a splitting of
directions with flat tops. The islands have an average heigl8.8% of the BZ along/110) directions[see Fig. B)] and

of ~0.7 nm over a continuous base of the Co f{lsee line  hence indicate a superstructure of twice the size. This means
scan in Fig. 8)]. When focusing on the flat islands with that concerning the hcp structure of the Co film, two dislo-
STM [see Fig. %a)], one recognizes a wavy structure along cations are needed for the full periodicity of the superstruc-
(110 directions. These weak ripples run perpendicular to theure cell. We relate this finding to the details of the stacking
long axis of the islands. Note that the STM image of Fig.in the hcp films and propose a structural model similar to that
5(a) is slightly differentiated to enhance the visibility of the of the double hcp structure observed in hcp Pd on
ripples. Figure &) shows a line scan of the height profile W(001).2%?° The hcp stacking sequendeBA is interrupted
across one of the island tops. The ripples have a height diy the additional plane of atoms of the dislocation of stack-
only 5—-10 pm and a periodicity of 240.3 nm. This ripples ing C. This means that the additional plane locally shows fcc
in real space should be the cause of the splitting of the LEERtacking. The stacking fault leads to twinning in the further
spots. As displayed in Fig(B), detailed images of the LEED stacking which proceeds witAC. This stacking sequence

diffraction pattern show a splitting of theam0) spots with
n,m=1,2,3.... Thesplitting amounts to 11.8%0.5% of
the surface Brillouin zonéBZ) along the(110 directions.

maximizes the next nearest neighbor distances in the addi-
tional plane of atoms and by this possibly lowers the elastic
energy of the core of the dislocation. A second dislocation is

This periodicity corresponds to a distance in real space aothen needed to come back to the initial stacking sequence
2.7+0.1 nm, in good agreement with the STM observationsAB. Figure 6 shows a schematic drawing of the dislocation.
Hence, both STM and LEED indicate a superstructure of To study the magnetic properties of the Co films, we car-

~2.7 nm periodicity alond110. The ripples in STM and

ried out MOKE measurements as a function of the film
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FIG. 6. Top view of a simple model of the stacking around a
dislocation of the relaxed Co film. FIG. 8. Longitudinal Kerr magnetization loops sf32 ML hcp
Co on WO001) along(100 (squaresand(110 (circles direction
thickness. All films that revealed a magnetic signal showef the substrate. The film was grown and measured at 300 K.
an in-plane magnetization. No polar components of the mag-
netization could be detected. Figure 7 plots the remanerihgly, when linearly extrapolating the MOKE signal to low
magnetization measured along ##00) direction of the W  thicknesses, the magnetization vanishes at a coverage of
substrate as a function of the film thickness. The observedbout 2.5 ML. In accordance with this, films as thin as 2.5
longitudinal MOKE signal rises linearly with film thickness ML and thinner did not show any magnetization even upon
as expected. At these low thicknesses, which are below theooling down to 140 K. This late onset of magnetization, in
penetration depth of the photons, the Kerr effect probes theomparison to Co/G001),3%'* Co/Cu111),*> or Co on other
entire film and the observed MOKE signal of the different noble metals and Fe on {801),3%*®is surprising. The late
atomic layers of the film linearly adds up to the total signal.onset is not due to a late coalescence of the Co film grown at
The longitudinal hysteresis loops displayed in the inset 0300 K, as STM indicated an early coalescence at submono-
Fig. 7 are of high squareness and the remanence is, withiayer coveragegsee Fig. 2)]. Instead, it seems that a con-
experimental resolution, identical to the saturation. This insiderable fraction of the film is magnetically dead even at
dicates that the films are easily saturated and completw temperatures. This could be due to a strong electronic
switching of the film on the scale of the laser spot of thehybridization between the Co atoms and the W atoms at the
MOKE experiments occurs, most likely not by the nucleationinterface suppressing the magnetism at the interface as has
and growth of many domains but by a few domain walls thatbeen found to be present to some extent in F 32
pass through the film during sweeping of the field. Interest\WWhether the coincidence between the onset of magnetization
at ~2.5 ML and the bcc-hcp phase transitiorra2.7 ML is
0.10 . : . : just by chance or is related to a possibly nonmagnetic bcc
phase of Co on \01) is unclear and cannot be excluded for
g egpetic Fied (). our experimental data. Here, first-principles calculations of
— the magnetic state of bcc Co on(@01) may give a satisfac-
tory answer.

Note that the magnetization curve alofid0) displays an
almost ideal squareness with full remanence while the loop
along(110) shows a reduced remanence of/d/of the full
remanence along100) (see Fig. 8 and a small positive
slope in the two outer branches of the hysteresis loop. This
slope can be ascribed to reversible rotation processes at mag-
netic fields beyond the coercive field. Obviously, the easy
direction of magnetization does not lie along L0 di-
rection as expected from the orientation of the lacakis of
the Co islands of the film but lies along tk&00) direction,

i.e., is rotated by 45° with respect to the expected local easy
axis of the hcp Co islands. Further, no difference in the mag-
netic behavior along equivalei100) directions was found,

FIG. 7. Longitudinal MOKE signal along thel00) direction of  indicating the absence of a uniaxial contribution to the mag-
the substrate as a function of Co film thickness grown at 300 K andietic anisotropy and showing that the lowest nonvanishing
taken at temperatures as indicated. The inset shows some longitgontribution is of fourfold symmetry. To get quantitative data
dinal hysteresis loops of film of different thicknesses. on the fourfold magnetic anisotropy, we used a method that

Longitudinal MOKOE-SignaI (arb. units)
]

o
8

Film Thickness (ML)
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T T T T T T uniaxial contributions of the different islands cancel out. Fur-

) o3ra i ther, the islands are coupled by the magnetic exchange in
] such a way that the islands do not behave like individual
g 02 s=AM/AH ] entities but are coupled and the local anisotropy is averaged.
— o1k E | This averaging occurs over distances of the width of a mag-
g netic domain wall in Co of the order ef16 nm?> which is
@ ook - 1 comparable to the island sizes after room-temperature
g~ growth. As a result of this averaging, the first-order uniaxial
2_0.1 i i terms of the magnetocrystalline anisotropy of the two-
: : : : : : component system proportional ko, add up to a constant
0.03 i and do not contribute to the angular dependence of the an-
isotropy energy, as is obvious from the following expression

%002 | of the free energy densitly:
©
.55;0'01 | F= 3 (Kysir? +K,sin* 6+ K, cog 6+ K, cos 6)
c
3 Ko Kz .
£ 009 ] =7(sm 6+ cog 0)+C=T(l+ sirt2¢)+c, (2)

Y e T 002 00 006 Ok 00E where ¢ is the angle between the magnetization and the

Magnetic Field (T) (110 directiorj andK; andK, are the uniaxi.al anisotropy
constants of first and second-order, respectively, of hcp Co.
FIG. 9. (a) Horizontal magnetization loop of &5.6-nm-thick ~ The second order uniaxial anisotropy terms proportional to
hcp Co film along the(100) direction of the substrate with an K,, however, do not cancel out and lead to an effective an-
additional vertical field of 2 mT(b) Striction signal as a measure of isotropy of identical angular dependence as the fourfold
the bending of the sample due to the magnetostriction of the Fenagnetic anisotropy of Eq1); i.e., by the coupled uniaxial
film. The film was grown and measured at 300 K. islands an effective fourfold anisotropy is created. Taking
this model and using the second-order uniaxial anisotropy
was recently introducetf:** By applying an additional con- constant of bulk hcp Co from the literatut®, K,~
stant vertical in-plane field of 2 mT perpendicular to a vary-+100 kJ/n?, one expects to see a fourfold magnetic anisot-
ing in-plane horizontal fielfisee Fig. €a)], magnetic switch-  ropy with easy axes alonL00) in agreement with the ex-
ing by domain formation is partly suppressed and rotatiorperimental observation. The observed fourfold anisotropy
processes can be observed. From the linear stop®und  with easy direction along100) can hence be understood on
the center of the hysteresis loop, the fourfold magnetic anthe basis of detailed LEED and STM measurements of the
isotropy constant can be determindd,= uoM4/2s, where  structure and morphology of the films. The size of the ex-
we take in good approximation the saturation magnetizatiopected fourfold magnetic anisotropy, however, is by a factor
Mg of bulk cobalt. The slope is given in units of relative of 2 larger than the observed one. The origin for this discrep-
longitudinal magnetization as comparedNly over the ap- ancy is unclear. Possibly, the modified hcp structure with the
plied longitudinal magnetic field. The free energy density fcc stacking faults in the islands influences the magnetocrys-
is given by talline anisotropy. Further, the remaining strain in the Co
films may also influence the second-order uniaxial magnetic
anisotropy via a magnetoelastic coupling constant of higher
order in the angular dependence. This will be discussed in
more detail in a forthcoming publication.
where ¢ is the angle between the magnetization and the The particular arrangement of the magnetic fields ensures
(100 direction of the substrate. Using this method for rela-that the magnetic film is magnetized along the long axis of
tively thick films between 4 and 18 nm we found a constantthe W002) crystal at low fields and along the short axis of
fourfold magnetic anisotropy oK,~56 kJ/n? with easy the crystal at high fieldgsee Fig. @a)], i.e., for the limits of
axes along thé100) directions of the substrate. The fact that zero field and high variable magnetic field, the magnetization
the anisotropy does not depend on the film thickness sugpoints to two perpendiculal00 directions. This allows us
gests that it originates from the interior of the film and is noto determine the magnetostrictive forces in the thin film by
surface or interface anisotropy; i.e., the anisotropy is a bullobserving the bending of the W crystal and from this the
anisotropy. Also, in these quantitative experiments, we foundnagnetoelastic coupling, as a function of film thicknes¥.
no sign of a uniaxial anisotropy, although the deposited hcps depicted in Fig. @), a minute bending of the substrate is
Co is a strongly uniaxial material. The absence of a uniaxiatletected during the change of the magnetization direction.
anisotropy can be explained by an equal population of th&he radius of curvature of the W substrate for 3 ML Co films
two possible orientations of the localaxis of the hcp is- is of the order of 40 km. From this small bending, the mag-
lands. When using an integrating technigue like MOKE, thenetoelastic stress is calculated as a function of film thickness.
anisotropy is averaged over the area of laser spot and the twithe results of the magnetoelastic stress measurements are

Ky
F—Tsm22¢, (1)
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comparable to those found for Fe on M@01), W(002),

and Ni on Ci(001).3"?238The extrapolated intercept is much
smaller then the expected magnetoelastic consBantof

37 MJ/n? of bulk hcp Co. This discrepancy is most likely
due to the different structure of the Co films containing many
stacking faults. At the stacking faults, fcc stacking is found
and the results of the films including the stacking faults can-
not be compared directly to hcp Co. There are studies of the
magnetoelastic constam, in bulk Co-rich Fe-Co alloys

. which display a high density of the same stacking fatit®.

The measurements on these alloys indicate that the effective
magnetoelastic coupling?"*"Pis strongly reduced to val-
ues between 5.6 and 7.7 MJras indicated in Fig. 11. This
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strong correlation between structure and magnetoelastic cou-
pling is a possible explanation for the low values found in Co
films on W(001).

FIG. 10. Effective magnetoelastic coupligf"of Co films on

W(00)) as a function of film thicknesk .

plotted in Fig. 10. As can be seen, the magnetoelastic cou-
pling Biﬁ of the films is not constant but varies with film
thickness and is not identical to the value &'
=37.5 MJ/n? of bulk hcp Co even for relatively thick
films.3® Such deviations of the magnetoelastic coupling of
thin films compared to bulk materials are common and have
been found for Fe/Mg3’ Fe/W001),%? and Ni/Cy001).38
The deviation in these systems has found to be due to a
strain-dependent magnetoelastic coupling constant. For large
strains, the magnetoelastic contributions to the free energy
the films are no longer proportional to the strainbut a
quadratic term ine has to be addetf:**~3This becomes
obvious when plotting the observed magnetoelastic consta
B, not as a function of the film thickness, but of the film
strain as depicted in Fig. 11. The film strai;nhas been

couplingBS™ can be expressed &'"=B,+ D,e. The slope
D, of the linear fit is 1356:120 MJ/n? and the axis inter-
cept ate=0 is 3.4-1.3 MJ/n?. The slopeD, is in size

IV. CONCLUSIONS AND SUMMARY

In conclusion, we have studied the relation between
stress, strain, and structure and their influence on magnetism
of thin Co films of W001). The interplay between stress,
strain, and structure was illuminated by a combination of
stress measurements with a bending substrate method and
with structural data obtained with LEED and STM. Below
~2.7 ML, the Co film grows pseudomorphically and fully
strained as indicated by a simpleX1) LEED pattern. In
contrast to the expected tensile stress, we observed a com-
ressive stress for the first ML which is related to the partial
relief of the high surface stress of(@01) upon deposition of
Co. In accordance with this effect which is related to the
rIgwer free surface energy of Co compared to that of W, the
o film wets the W001) surface and growth proceeds in a
two-dimensional manner, as observed with STM. For higher

stress and the strain of the growing film. These bcc Co films
up to 2.7 ML are found to be nonmagnetic as checked by
MOKE even at low temperatures. However, it is not clear if

this is a mere coincidence or related to the bcc structure of

T T T T
|t B:“k'm

MJinf]
=

off

B,

Magnetoelastic Coupling

the films. At coverages of=2.7 ML a bcc to hcp phase
transition is observed hand in hand with the formation of
4 dislocations in the hcp islands. For these thicker films, the
stresses for a pseudomorphic structure would be too large
and hence the enormous strain drives the transition to a dis-
located hcp structure. The detailed structure of the dislocated
films has been analyzed with STM and LEED, and periodic
stacking faults induced by the dislocations have been found.
The observed remaining tensile stress in the thicker films is
7 in good agreement with the structural model using simple
linear elasticity theory. MOKE measurements indicated an
in-plane magnetization in the hcp Co films of fourfold mag-
netic anisotropy with easy directions of magnetization along

0.0 05 1.0 15

Film Strain [%]

FIG. 11. Effective magnetoelastic coupling of Co

W(001) as a function of film strain.

20

the (100 directions of the substrate. This easy direction 45°
tited away from the bulk hcp Co easy axis is explained on
fims on the basis of magnetic exchange coupling across individual
hcp Co islands resulting in an averaging of the local anisot-
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ropy. This averaging cancels out the lowest-order uniaxiathe high density of stacking faults in the films. Finally,
anisotropy and only the second-order uniaxial anisotropy i& new CoW (2 1) surface alloy at low Co coverages
left inducing an effective fourfold behavior. The easy direc-has been found.

tions of magnetization are correctly explained by this struc-

tural model; however, the size of the observed anisotropy is

by a factor of 2 higher. This might be a result of the residual ACKNOWLEDGMENTS
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