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Strain-induced magnetic anisotropies in Co films on Mo(110)
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Mo/Co(0001)/Mo(110 epitaxial films were grown by molecular beam epitaxy in ultrahigh vacuum on
(1120) oriented a-Al,05 substrates. Co grows on N0 in the Nishiyama-Wassermann orientation, i.e.,
[1100]Coll[110]Mo. Low energy electron diffraction reveals a lateral expansive strain of the Co film indepen-
dent of the thickness. Magnetic anisotropies were obtained from hard-axis magnetization loops measured by
Kerr magnetometry in longitudinal and polar geometry. Magnetic interface anisotropies are very small
(<0.04 mJ/m). Deviations of the volume-type in-planék, ,=0.79 MJ/n?) and out-of-plane (K,=
-9.5 MJ/n?) anisotropies from bulk values for hexagonal-close-packed Co are attributed to magnetoelastic
anisotropies.
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[. INTRODUCTION considerably deviate from bulk values for strain values of the
order of a few percert+'5Large strain values of this size are
The origin of magnetic anisotropies is a topic of currenttypical for thin epitaxial metallic films. Moreover, in order to
interest. The relation between magnetic anisotropies and thget a full picture of the thin films magnetic anisotropies, the
anisotropy of the orbital momehtvas confirmed by recent role of thermal excitations in magnetic anisotropy has to
experimental investigatiorfs? Both anisotropies are induced be considered®!’ For Co films, a discussion of magnetic
by the spin-orbit coupling that nowadays can be routinelyanisotropies may be even more complicated due to possible
considered in theoretical approaches leading to an undeptacking faults in hcp layer stacks, as shown for
standing of this phenomenon beyond the phenomenologic&f0/ W(001).18:19
descriptior®® The high symmetry of bulk materials usually _ The present paper concerns magnetic anisotropies in the
quenches orbital moments and magnetic anisotropies to @0/Mo(110 system. As we show, the comparison ofM/0)
large extent. This is no longer true for magnetic anisotropie@nNd Ma110) substrates provides an important insight into
that are induced by the interaction of ultrathin films with thethe role of strain induced and spin-orbit coupling induced
substrate. In addition to the shape anisotropy two types dft@gnetic anisotropies. We have examined the anisotropies in
anisotropies dominate the magnetic anisotropies of ultrathifltrathin Co/Md110) films using films of varying thickness.
films: Néel-typé magnetic interface anisotropy originating While the magnetic surface anisotrop¥SA) is propor-
from the symmetry breaking spin-orbit coupling at the inter-tfional to the film areaA, the volume type anisotropies in-
face and magnetoelastic anisotropy resulting from the epitaxérease likeAt, wheret denotes the film thickness. In our
ial strain®? phenomenological definition MSA then includes all aniso-
The body-centered-cubitbcc)(110) surfaces of W and tropy contributions which are proportional o
Mo are very suitable substrates for growing magnetic thin Contributions from the MSA can be separated from the
films, as their free surface enthalpy is high and interdiffusionvolume-type anisotropies by plotting the total film anisotropy
or surface alloying generally do not occur. Both metals car¥ersust and then to obtain the MSA from the axial section.
be classified as early transition metals with similar chemicall he Néel-type interface anisotropy contributes exclusively to
properties and moreover they have almost the same lattid®€ MSA. The strain induced anisotropy may contribute to
constants. Contrarily, the magnetic anisotropies fo?0th MSA and volume-type anisotropy, because the epitaxial
Fe/Ma(110) and Fe/W110) films behave completely differ- Strain frequently relaxes following an approximate 1 /aw,

. . N at least in some range of thickne$g! In thickness regimes
elrt1t. ;’r\]/.h'lg t?e ngrﬁtlc El)g‘ tsri/ axis 1s dtllrecte_d ?IDI@] fofr with constant strain the magnetoelastic anisotropy contrib-
ultrathin Fe/W( .) ms, the magne |clfm|s_o roOpy Prelers tes to the volume-type anisotropy, only, while in regimes of
the [001] easy axis for Fe/M@.10) films.** This difference

. , X . relaxing strain it appears as an MSA.
was attributed to the Néel type interface anisotrdpylag- We present a measurement of the MSA of Co /(o)

netic anisotropies for Co/V110 favor the [110] easy using a wedge shaped sample of continuously varying thick-
axis!? similar to the case of Fe/\¥10). For the case of ness. The epitaxial strain for Co on KdO) is investigated
Co/W(110), the contribution of magnetoelastic anisotropiesin greater detail than previous measurem@@rsand proves
could be isolated, and were explained by bulk magnetostricto be different to the Co/W10) system. The uniaxial in-
tion properties? However, the validity of bulk magnetostric- plane anisotropy is determined from hard-axis loops mea-
tion properties for ultrathin films is questionaBfe'®Direct  sured by Kerr magnetometry. The magnetization component
measurements of the magnetoelastic coupling coefficientalong the external field could be isolated from the nonlinear
using the bending cantilever technigtfegvealed that mag- Kerr contributions resulting from a mixing of longitudinal
netoelastic coefficients strongly depend on the strain, andnd transversal componerfts2®using Kerr signals measured
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anisotropies are likely caused by epitaxial strain. Bulk mag- P
netostriction properties of Co do not explain quantitatively
the observed magnetic anisotropies. FIG. 2. Comparison of atomic positions in KMd0) (solid

circles and C@000) (open circles The figure shows positions in

bulk lattice planes in Nishiyama-Wassermann orientation, i.e.,

[1100]Coll[110]Mo. The misfits of Co with respect to Mo in the
The Mq110) surface was prepared by the epitaxial andy direction are given byf,=(aco—amo)/av,=-0.203 andf,

growth of Mo ona-plane (1120) a-Al,O; substrates using = (V38co™V2auo)/ V2ayo=-0.024.

ultrahigh  vacuum  electron-beam  evaporation. A

250-nm-thick Mo seed layer was deposited at 1000 K. Theangle of incidence was adjusted to 45° with respect to the

deposition rate for the Mo seed layer was 0.5 nm/min adilm normal. In addition we obtained data for the out-of-

measured by a quartz monitor. Before the Co was depositegane anisotropy from the Kerr rotation in polar geometry

the Mo film was cleaned by repeated cycles of flashing irwith the field applied perpendicular to the surface. In this

2 X 10°® mbar oxygen atmosphere up to 1300 K, followed bycase the angle of incidence was minimized1 °).

flashing at 1800 K. The cleanness of the surface was checked

Il. EXPERIMENT

by Auger electron spectroscopy. Structural measurements us- I1l. GROWTH AND EPITAXIAL STRAIN
ing low energy electron diffractiofLEED) reveals a Mo ) o )
bca110) surface with thg111] axis parallel to thg1100] Co grows on M@110 in the Nishiyama-Wassermann ori-

direction of the A}O; substrat&5-28 The prepared Mo sur- entation, i.e., with the hexagonal base plang0D0]) paral-

faces are of the high quality. They are comparable to singlée! to Mo(110) and[1100]Coll[110]Mo.?*?*Figure 2 shows

crystal surfaces, as determined by scanning tunneling mid superposition of the undistorted bulk planes(ld®) and

croscopy(STM)(see Fig. 1 The surface of the Mo seed Co(000) in this orientation and Fig. 3 the corresponding

layers reveals monoatomic terraces of the widths between 1@Jectron diffraction patterns. For the description of the film

and 100 nm, and the steps density of the surface is similar t¢/e use a Cartesian system with thaxis along/001]Mo, the

a single crystal surfac®:° y axis along[110]Mo, and thez axis along the film normal.
The Co films were deposited starting 2 min after the subUsing the lattice parametersy,,=0.3147 nm andac,

strate was flashed. The substrate temperaturev@¥ K at  =0.2507 nn?¥! we obtain along thex axis a misfitf,=(ac,

the beginning of deposition at a constant growth rate Of—aMo)/aMO:—O.ZOS and along thg axis a smaller misfif,

0.5 nm/min and decreasing during the growth of thicker:(\,@aCO_ V2ay,)/ V2ay,=-0.024, both between bulk mate-

films. A wedge(0—-10 nm with a total length of 5 mm was g/s.

prepared using a shadow mask. Earsitumeasurements the  £or 3 quantitative analysis of the epitaxial strain, we de-

filmslwere protgcted against corrosion with a 3-nm-thick Motermined the spot distances, b,, andb; as indicated in Fig.

capping, deposited at room temperature. _ 3 from a series of LEED patterns measured at a fixed elec-
Magnetic properties were measured by analyzing the lonyon energy as a function of the sample position, i.e., as a

gitudinal Kerr rotation ofs- and sp-polarized light of a fynction of the Co thickness of our wedge-shaped sample.

670 nm laserdiode, with the external field applied along therhe reference values from the KA0) substrateb; and

easy([110]) and hard([001]) axis in the film plane. The bs ), were taken from an uncoated area of the(Md) sur-
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FIG. 3. LEED diffraction patterns of MA10 (a and
Co(0001)/Mo(110 (b), incident energyE;=65.4 e\}.

face. From the ratiob,/b; one calculates the straig;;
=(amobi/acb,—1) along thex axis. The strain along thg
axis is determined according t€,=(\2ay,b3 mo/ V3acds

PHYSICAL REVIEW B 70, 184423(2004)

0,05 . . . .
o 1M

004 @ ¢y .

0,03} i
N
N
w
= 0,02
w

0,01

0,00 . 1 . 1 . 1 N 1

0 2 4 6 8 10
t (nm)

FIG. 4. The latteral straing;; and e,, in an epitaxial C¢0021)
film on Mo(110) vs thicknesst. Mean values fore;; and e,, are
indicated by dashed and full lines, respectively. The error bars for
individual data points are depicted only at the last points, for clarity.

onset of relaxation for the case of Co/MA0 can be ex-
pected since the misfif,=-0.029 is slightly smaller than in
the case of Co/M110 (f,=-0.03.

IV. MAGNETOMETRY

Magnetization loops as measured waipolarized light
are shown in Fig. 5 for the field applied along they, andz
direction. The easy axis loops measured with the field ap-

plied along[110] shows a sudden jump at the coercive field
and a residual linear increase at larger fields. The linear in-
crease could be caused by a canted magnetization with an
easy axis tilted out of the film plane. However, in this case
one would expect a similar linear increase for hard axis loops
and a remnant signal for the polar loops both in contrast to
the experimental observation. Therefore, we assume that the

—1). Despite very thin film thicknesses below 1 nm, the lat-linear increase is caused by an effective polar Kerr rotation
eral strains show no dependence on the Co thickness withitihat in turn is due to a small misalignment between external
the error limits (see Fig. 4. Mean values for the lateral field and the in-plane direction. In the following the linear
strains aree;;=+0.010£0.002 ande,,=+0.025+0.002(+ sections are treated as a linear background signal and sub-
signs refer to standard deviation of the mean value, error dfracted from the Kerr loops.

individual data are not considened he value fore,, can be The polar loops with the field perpendicular to the surface
explained by pseudomorphic growth along thexis. From  reveal no remnant signal, thus confirming the in-plane easy
bulk lattice constants one would obtaie,,=—(V3ac, axis. Saturation can be achieved for all film thicknesses for
—\2ay,)/3ac,= +0.025 in excellent agreement with the ex- external fieldsuoH <1 T. We define an out-of-plane fietds
perimental value. The strain along thaxis is slightly larger from the crossing of the initial linear section of the magne-
than the value expected from a locking into a commensurattization loop with the saturation signal. For a thickness of
state withb;:b,=4:5 that would result ine=+0.004. The =10 nm the absolute value of the polar Kerr rotation is ex-
expansion of the G0001) plane in both directions is in tremely large(1.5 mrad compared to the longitudinal Kerr
agreement with a previous investigatidonly for very thin  rotation for the same thickne$8.12 mrad.

films. For thicker films a compressive strain along xhaxis The evaluation of the in-plane hard-axis loops for the de-
was observed, previousy.lt cannot be excluded that this termiation of in-plane MSA is difficult at first sight, since the
discrepancy is due to different growth parameters. The exmagnetization loops deviate considerable from the expected
pansion is constant up to a thicknessofl0 nm in contrast reversible behavior. For the evaluation we start from the Kerr
to the relaxation observed for the case of CqA\M) start-  rotation 6x(H) measured withs-polarized light. A similar,

ing att=2 nm2 An increase of the critical thickness for the nonreversible loop was observed by Osgadal?42°> and
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3 nm Mo. The longitudinal Kerr rotatiorﬁ@”(H) measured for
uoH (T) sp-polarized light(b) is proportional to the transversal magnetiza-
tion component. The longitudinal magnetization compongiH)
FIG. 5. Magnetization curves as measured with Kerr magnetomec) is obtained using Eq2) (see text
etry for fields applied along the in-plane easy 44i$0]Mo [(a) and
(d)], in-plane hard axi$001]Mo [(b) and(e)], and out-of-plane axis The transversal componemt shows values with opposite
[110Mo [(c) and(f)] for Co/Mo(110) films capped with 3 nm Mo.  sign for increasing and decreasing field. This indicates that
Co film thicknesses as indicatgd in the figure. The Kerr rotatiég the magnetization reversal process is dominated by a homo-
was measured fas-polarized light. geneoug27) rotation of the magnetization vector rather than
by domain wall movement. This behavior is typical for sys-
explained by a nonlinear contribution to the longitudinaltems with a strong uniaxial anisotropy. The value of the
Kerr rotation: uniaxial anisotropy term is calculated from the anisotropy
field H, determined by the crossing of the initial slope and
Ok = am +bmm, 1) the saturation value. Data taken from a wedge sample for
Ivarying Co thickness are summarized in Fig. 7. For small

resulting from the product of the longitudinal and tranversal’ .
g P g thicknesses the polar Kerr rotation at saturatin follows

magnetization components andm,. In order to extract the ; ) : .
longitudinal component, we measured the Kerr rotation withfhe ~ relation Ok s=Cl(t-ty) with an aX|§I section tq
the polarization adjusted betwesnand p-polarization(sp) - (0-1£0.2 nm. If one assumes a proportionality between
in such a way thats’(-H)=65P(+H) for H larger than the 0k s and the magnetic moment per argacorresponds to a

saturation fieldsee Fig. ). ThendgH is proportional to - T2902, & TaEt 2 B e aructure
the transversal componemt.3? We calculate the longitudinal at the interfacasurface eﬁ‘e{)t or b % thermally induced
component from the formula y y

decrease of magnetizatiggize effect.!® For Co/W(110
1 films a similar value ofD4=0.9 ML was determine&? For
my(H) HSK(H)Tm(H)' (2)  thicker films the Kerr rotation approaches asymptotically a
t saturation valug 6 s> 1—-exp-t/t,)] indicating the finite
wherer=b/a determines the ratio between the regular lon-penetration depths;o n=(8.8+0.1 nm of the light.
gitudinal Kerr rotation and the nonlinear term. This ratio is
related to the optical constan{see Refs. 24 and 25We V. EVALUATION OF ANISOTROPIES
adjust the constant 0<2r <0.3 such that the irreversible We use a fourth order approximation for the volume- and
jumps in Fig. §c) disappear. surface-type anisotropy contributions to the free energy
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Mo/tCO(0001)/M0(119)_,'° Kp=K,p+ (LK, (5)
3 1 ot and
E
2 (a :E, Kaik = Ky aik + (LK g (6)
0 + Anisotropy constants are in general obtained from the initial

04l o "tece 4 evees] slopes of the hard axis loops that are determined by the sec-
E S ' ond derivatives of the free enerdy,,(6,$) andF (6, ¢)
§:°-2 . H close to the easy axig, =1/2, given by

L I 1_ (7w J

. 0°°Oo°0 ;Ff)ﬁ E*E =2 2_M+(KU+KU,4yZ) t+2(Ks+KS,4yz)v
£ o (7)
-
B c) —H 1 A

0.00 5 4t( )6 T ;FQSQS E'E - Z(Kv,p + Kv,4><y)t + 2(Ks,p + Ks,4xy)- (8

nm

The second order constants can be separated into different
FIG. 7. Saturation valud s (a) of the polar Kerr rotation and  contributions. The out-of-plane and in-plane volume-type an-
the out-of-planeH; (b) and in-planeH, (c) anisotropy fields as a jsotropy constantsK,=K+K™ and K, p=Ki,+KJ'S are
function of the thicknest Values were taken from a wedge sample composed of a crystalline contributid(fr, KSrp ‘and a mag-
3 nm Mo/0-10 nm Co/M€L10). netoelastic on&['®, K. The surface-type out-of-plane and
in-plane contributions are the sum of a Néel-type and a mag-
F(6,¢) in order to keep the compatibility to a previous netoelastic anisotropy¢s=KYe+K® ansz,p:K's\,'S*'KQ,f, re-
analysis®® Using directional cosines3;=sinfcos¢, B,  spectively. Additional contributions from the shape aniso-
=sin #sin ¢, and B;=cosd we write for the free energy per tropy to the MSA, as discussed in Ref. 12, are neglected
volume here.
We note that for the in-plane anisotropy there is no need
— 22 2 2 2 2 2 for considering fourth order terms since all magnetization
(ANIF(0,4) = (LB + Koy + (KayB1/52 + KayaB2hs loops can be egxplained by second order anisotropgy only. This
+ KoB233), (3) fact can be directly illustrated by comparing the derivatives
of the out-of-plane and the in-plane hard axis magnetization

where the second and fourth order anisotropy constants afB0PS, shown in Fig. 8. In general, for the hard axis magne-

composed of volume- and surface-type contributions accordization loops where contribution of higher order anisotropy

terms are negligible, a linear behavior fg{H) and a con-

in
gto stant value fordM/dH is expected. Close to saturation, the
) averaging over a larger area in combination with local de-
L=J32u0+ K, + (LK, (4 fects of the film usually lead to a smearing out of the ex-
14 a) ' : 1 o) y =
fﬁ
¥ & FIG. 8. Examples of hard axis
8 0 0 o magnetizations loops measured in
;‘ polar (a) and in longitudinal(b)
%@3 geometry. The derivatives of the
L1 & [—] measured loops i) and(b) are
11 . : i 1 shown below in(c) and (d), re-
. 2 - 0 ! 2 02 01 % o1 o2 spectively. A comparison of, the
I 10{¢ 104 d . o . simulation of the out-of-plane
§ ) ) dgfﬁ‘%éo(% OIT\JX magnetization curve(@ and its
5, f"f ¥ 0\0\% derivative(c), with experiment di-
g 051 | os. if’ R | rectly demonstrate_s t_he impor-
4 | ’ o X\ tance of the contribution of the
% o v ob/j? o3 4th-order terms to the anisotropy
=, —im Lj, ﬁ%ﬁ; for the out-of-plane meas
<D
g 00 . . 00 i . — urements.
2 -1 0 1 2 02 01 00 01 02
#H (1)
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1t % 4 capped with MoD denotes the thickness in monolayers.
0 10 20 30 40 50 Experimental results for the in-plane anisotropy are ob-

D (ML) tained from the saturation fieltl,. The fourth order con-
stants can be neglected, i.&,,,=0, because the in-plane
hard axis curves show no significant deviation from a linear
increase until saturation is reachgsge Figs. &) and §d)].
In this caseH, is related toF,(w/2,7/2) according to
pected kink at saturation. This shows up in Figd)8as a H,=F,(7/2,m/2)/JAt=2K,/Js. We plotKt as a function
continuous decrease of the derivative. The derivative of thef t (see Fig. 19 in order to separate surface and volume
out-of-plane curvgFig. 8(c)] qualitatively deviates from this  contributions. Fort<5 nm Kt increases linearly with in-
behavior. The derivative shows a stepaH=+0.6 Tesla  creasing thickness. Values i, , andKs, derived from the
that can only be explained by an adiditional fourth ordersjope and the axial section of a linear fit are summarized in
anisotropy term. , o _ Table I. Fort>5 nm the anisotropy takes on values smaller
Consequently we fitted the magnetization curves with &nan expected from a constant volume contribution. This in-

model that takes into account second and fourth ordeficates an onset of strain relaxation that is beyond the accu-
anisotropies. From the fit we obtain the anisotropy constantgacy of our structural investigation

L and K4y, as shown in Fig. 9. Both valueist and Kt

describing the total anisotropy per area increase linearly at

least for 2<t< 8 nm. Systematic deviations to lower aniso- VI. DISCUSSION

tropy values are observed for<2 nm. This fact is more Epitaxial strains in our Co/\210) films persist up to a

pronounced in the plot dﬂs(t,) (Fig. 7). It.might be attrip- thickness of 10 nm. This observation is quite surprising be-

uted to changes of the strain; perpendicular to the film .o ,se gradual strain relaxation to very small values has been

plane that could not be measured in this experiment. _Valueébserved for Co/MA10) films with thicknesses larger than

for volume (K, K, 4y,) and surface(Ks,Ks4y,) anisotropies 5 012 For Fe on W110) and Ma110) the epitaxial strain

as obtained from linear fits are given in Table, is 0b-  g|axes within the first 3-4 monolayers to values less than

tained ;rom the slope df(t)t by subtracting the shape aniso- 1943034 gecause the strain shows no significant thickness

tropy Jg/ 2. dependence between 1 and 10 nm, the magnetoelastic aniso-
TABLE I. Experimental values for in-plane and out-of-plane TOPY contributes only to the volume anisotropy and not to

anisotropy constants for Co films on d.0), capped by Mo. Con- the MSA. )
stants are determined for the thickness regier8 nm. The mag- Our experimental values for the MSA are small compared

netoelastic constark™ is obtained fromK,=K™+K" assuming t0 values reported for many other thin film systeth®ar-

that K{'=—(K;+K,) takes on the bulk value of hexagonal-close- ticularly small is the out-of-plane interface anisotropy con-
packed(hcp) Co. Values obtained from bulk values for crystalline stantKg for the Mo/Co/M@110) system in comparison to
and magnetoelastic constants of hcp Co are given for comparison ithe  constant reported for Co/W10 films (K

the right column. =0.1 mJ m?).12 Néel-type MSA is attributed to the spin-
orbit coupling of magnetic atoms at the interface. The spin-
Mo/Co(0001)/Mo(110  bulk hcp Co  orbit coupling scales with the nuclear charge. Therefore, one
might expect a larger MSA for the W than for the Mo inter-

FIG. 9. Out-of-plane anisotropy constants of second otder
and fourth order,yt vs t for Co/Mo(110) capped with Mo.D
denotes the thickness in monolayers.

-3

Kup (acJ m_s) +0.79£0.02 *1.2 face. However, one should note that contributions to the out-
K, (10° 3 i) —9.4£0.1 =-14.8 of-plane MSA might originate from magnetoelastic contribu-
Ko -3.2£0.1 <=7.9  tions even for constant strain, if the magnetoelastic coupling
Ko, 4yz -1.15+£0.07 -1.2  coefficients at surfaces are different from their bulk
Ksp mJ ni? +0.04£0.01 valuest4-1618Moreover, we neglect the role of thermal ex-
Ks mJ ni2 -0.01+0.01 citations on the determination of the MSA from room tem-
Ksayz ~0.03+0.02 perature measuremerifswhich showed up to be important

for Ni films. For the case of Co films the Curie temperature

184423-6



STRAIN-INDUCED MAGNETIC ANISOTROPIES IN Ca. PHYSICAL REVIEW B 70, 184423(2004)

is considerably higher and the temperature effect might bsingle interface® reveals that the Fe/Y¥10) interfaces

less severe. , ,  causes a strong uniaxial component favoring [th&0] in-

The in-plane volume anisotrop, , contains no contri- plane easy axis that overcompensates the second interface of
bution from the crystal anisotropy because of the sixfoldine fiim in favor of an easy axis along00l]. The
in-plane symmetryK, , should be of pure magnetoelastic rg/Mmq110) interface causes a much weaker in-plane aniso-

.o . _wme 1
origin, 1.e., K, p=K, ;. The out-of-plane volume anisotropy o0y and therefore the easy axis shows in this case along
K, =K, +K_* contains crystal and magnetoelastic anisotropyygoq.

We extractK™ by subtracting the bulk value for th_3C°’ For the case of Co films on W10) the film starts to grow
which is in our notationky'=~(K;+Kp)=-6.2x10° J M. ainy her000D)12% with a contribution of fc€l1l) ori-
Thle fofurthh ord(e:r ;0”5tar'£u,4yz1c§;?;gej Vj’éthTLhe fbultk ented area® and in a state of constant strain, with pseudo-
value for hcp CoK, 4,=-K,=-1. nT3. This fac o = — - ]
confirms that the film grows mostly hcp and not face_morpmsm n ‘h‘? d|re.ct|or[1100]Co||[110]W (N|sh|yama .
Wassermann orientatipnThe constant strain results in this

centered-cubifcc). thickn regime in a true volume-t niaxial magnet
In order to compare the experimental values for magneto- CKNESS regime in a true volume-type uniaxial magneto-
lastic anistropy, favoring an in-plane easy axis along

elastic anisotropy contributions we calculate in-plane an - . : _
out-of-plane magnetoelastic constants according to Refs. 1410]** that for all thicknesses wins against the very weak

and 35: MSA preferring an in-plane easy axis alof@p1].
In conclusion, the Néel-type interface anisotropies of
KJ'®= = Byéxp — Boegs— Baleys + €29), (9  Fe/W(110 and Co/W110) interfaces are stronger than the
corresponding anisotropies of Fe/fd0) and Co/Md@110
Ko =Bi(e11— €). (100  interfaces. We tentatively attribute this fact to the weaker

. . . in-orbi ling for the lighter element Mo with r
Using magnetostriction constants and elastic constants cesﬁwo bit coupling for the lighter element Mo with respect

bulk hcp Co one obtain8,;=-0.81x 10’ J m 3, B,=-2.90
X 10" IJm 3, and B;=+2.82x 10" Jm3. Using the strain
values determined in Sec. Il we obtaiK] =+1.2
X 10° J m 2 in rough agreement with the experimental value. We measured magnetic in-plane and out-of-plane aniso-
Klr)ne cannot be determined straightforwardly because Weropy constants of the system Mo/@®01)/Mo(110 grown
could not determines;. One would expect a Poisson-type on o-Al,05. The growth mode of Co on M@10) is qualita-
compression resulting from the lateral expansion, i.e.tively similar to the system Co on W10). In contrast to the
€33<0. Therefore, we can determine a lower limit for the system Co/W110) the out-of-plane interface anisotropy is
expected size of the magnetoelastic const¥ff*<-7.9  yery small in this system. This fact may be attributed to the
> 10° J m 3. The experimental value deviates from this valuejower nuclear charge providing a smaller spin-orbit coupling
by more than a factor of 2. Therefore, we conclude that bullof Mo compared to W. The relevant anisotropy contributions
magnetoelasticity does not explain sufficiently well the ex-can be completely attributed to the epitaxial strain in addition
perimentally observed values, which is not surprising in viewg the crystal anisotropy known from the bulk behavior. Ex-
of previous W0f|_<1-4_16’18 _ perimental values for the magnetoelastic anisotropy are com-
It is interesting to compare the case of Fe films onpared to calculated values using bulk magnetoelastic cou-
Mo(110 and W110). For Fe films the in-plane MSA exhib- pjing constants. While the in-plane anisotropy is coincident
its a strong uniaxial component on both substratesI¥d  ith bulk magnetostriction behavior, the out-of-plane aniso-
and W(110) with an opposite sign, although the growth mode ropy deviates considerably from the expected value. This is
for Fe films is similar for Me@l10) and W10  not surprising since for Fe films considerable deviations with
substrates?3°34%:%7In both cases the first Fe monolayer jncreasing strain including a change of sign of the magneto-
grows —pseudomorphically and strain-relieving one-griction constants occurred. The dominance of the magneto-
dimensional dislocation defects appear in the second Fe lay@iastic anisotropy in Mo/Q@8001)/Mo(110) films turns this

developing with increasing film thickness into a two- gystem very interesting for theoretical investigations and
dimensional dislocation network at a coverage of 4 ML. '”comparison to anisotropies of orbital moments.

this way, the epitaxial strain is almost completely relaxed in
the first few layers leaving a small constant strain for thicker
films 3934 Therefore, any contribution from magnetoelastic
anisotropy to the MSA in this thickness regime is expected to The authors thank the DF@Priority Programme 1133
be small and of similar size and sign for both substrates. ThéUltrafast Magnetization Processgsthe BMBF (Contract
difference is obviously caused by the film/substrate NéelNo. BMBF 03N6500 and the MWFZ, Mainz, for financial
type interface anisotropy. The determination of MSA for support.
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