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Stress dependence of the magnetoelastic coupling constai®®g and B, of epitaxial Fe(001)
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MagnetoelastidME) coupling, a property of major importance in heteroepitaxy, describes the dependence
of the free energy of magnetic materials on strain/stress. Using our versatile UHV cantilever beam magneto-
meter we have investigated the ME coupling const@tsnd B, of epitaxial F€001) films in the thickness
range of 2—100 nm, where the films are characterized by the magnetization and the magnetic anisotropy of
bulk Fe. Both constants exhibit a strong dependence on the film stress above 0.1 GPa and even change sign at
stress values in the GPa range. WheiBaslecreases linearly with film stress up to 6 GBa,saturates after
a steep linear increase at 2—3 GPa. Stress-fré@0Fefilms exhibit bulk behavior[S0163-182@09)50340-§

MagnetoelastidME) energy—though usually negligible A different situation may be found in heteroepitaxial thin
in the bulk—may dominate the magnetic contributions to thefilms, which — due to the misfit between the lattices of film
free energy in thin films, thus offering the challenging op-and substrate — often are strained by a few percent (
portunity to stabilize new magnetic anisotropies in future~1072). The corresponding magnetoelastic energy,{
magnetic devicesMRAM's, etc). The perpendicular mag- ~B;¢) then reaches values of 4Q/n?, which is of the
netization of single Co layers on ALL1)," for instance, or of  same order of magnitude &s,.,. In a previous study of 100
Ni(001/Cu(001) in the thickness range of 7-60 ML'most 1y thick F&001) films,? however, we found that at stress

likely are the result of ME effects. The ME energy 5 es above 0.1 GPac£10"3) the magnetoelastic cou-
Fmer—contrary to the quadratic elastic enery—depends pling constantB, differs significantly from the respective

linearly on the strairg;; , and consequently may b? positive ulk value and even changes sign when the stress exceeds
or negative as well. Therefore when the strain is high enoug 7 GPa(see also Fig. 2 Therefore in order to judge and

and furthermore has the proper siy,e) may compete with predict the role of ME energy contributions in heteroepi-

the magnetocrystalline ener . : s o
In thgeJ cubiciystem the twgoyggain dependent Contributiong’lx"?‘I thin films properly the quantitative kngwledge of thg
of the free energyE.; andF,.,. are given by the following  Strain(or stress dependence of the ME coupling constants is
equationgtensor notation® essential. _
In this study we report on the ME coupling constaBts
and B, of high quality epitaxial F&©01) films in the thick-

— 2 2 2 2 2 2
Fe|—§C11(ell+ €551 €55) +2C 4 €1,F €531 €37) ness range of 2—100 nm and in a broad range of film stress
(0.15-6 GPa Irrespective of the film thickness we observe a
+Cro €11620 €x0€33T €33€11), (1 strong dependence @&, and B, on the film stress, which
1 both change sign at stress values in the GPa range. The key
Eo =Bl el a?= =)+ el a2— =]+ €aq a2— _H instrument for this study is our sensitive and versatile UHV-
el =1 11( 1og) ATz 3] s 3 CBM (cantilever beam magnetometémwhich enables quan-

@) titative measurements of the intrinsic stress, the magnetiza-
tion, magnetic anisotropies, and the ME coupling constants
Ci; andB; are the elastic stiffness and the ME coupling of thin film_s on one and the same sample. As WiII_ be sho_vvn
constants, respectivelor bulk Fe:B;=—3.44x10° J/n? the quantitative knowledge of all these properties, which
andB,=+7.62x10° J/n?); «; are the direction cosines of were measured from all samples, actually is necessary to
the magnetization vectdd with respect to the cubic axes. In unambiguously verify the stress dependence of the ME cou-
the bulk phase magnetic materials usually change their dipling constants.
mensions withM in order to minimize the total free energy  All Fe(001) films were prepared and investigated in UHV
(9F 10t/ d€;j=0), a phenomenon well known as magneto-(base pressure 10 %% mbar). Fe and Cftsee below were
striction (\). Since the lattice distortions=\ due to mag- electron beam evaporated from Knudsen-type tungsten
netostriction of 8 metals typically lie between I0 and  sources at a deposition rate of 0.608.001 nm/s. The pres-
10™°, the involved ME energy, which is proportional BQ\  sure during deposition was better thar 20°° mbar. The
[compare Eq(2)], is orders of magnitude smaller than the MgO(001) substratéswere baked for several houfd—10

respective - magnetocrystalline anisotropy gs~Ki1  at 1300 K in a stream of oxygen at atmospheric pressure
=5.48<10* J/nT).

+ 282(612a1a2+ 623a2a3+ Eglagafl).
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FIG. 1. Film forces(i.e., integral forces in films of unit widih 0 ! 2 3 4 S 6
measured during the deposition of Fe and Cr onto g at 520 (o) IGPa]

K as well as of Fe onto the Cr buffer layer. FIG. 2. Effective ME coupling constarg, of various F€001)

films plotted vs the average film streés’), thick Fe/MgQ001)

prior to mounting into the UHV chamber and shortly out- fims of Ref. 6 (full circles); Fe/MgQO001), 5.5 nm, 520 K(full
gassed in UHV at 520 K before the film deposition. Thediamond; 2 nm, 520 K(full triangle); Fe/Cr/MgQ001), 25 nm Cr
quality of the substrate preparation was checked by low enand 5.5 nm Fe at 520 Kopen trianglg 50 nm Cr and 5.5 nm Fe at
ergy electron diffraction. For the measurementsBgfthe 540 K (open circlg, 12 nm Cr at 520 K, and 10 nm Fe at 300 K
substrate orientation has to be chosen so thaf1hé] and  (open square
[010] directions of the F@®01) film are parallel to the length
and width of the cantilever beaforientation ); the differ-  how to prepare low-stress thin films on M{D1), at which
ence in magnetostrictive stress upon saturation magnetizéhe misfit may induce tensile stress up to 6.5 GPa. To cir-
tion along [100] and [010] then is equal toB; (a!1®  cumvent this dilemma we deposited a Cr buffer layer at 520
—¢l9%=—B,).%% For B, the [110] direction of F€001) K epitaxially onto the Mg@001) substrates before preparing
runs parallel to the long cantilever beam afasientation I); the F001) films. Since Cr and Fe exhibit almost identical
saturation magnetization alon§l10] and [010] yields lattice parameters, low-stress Fe films may be obtained once
o110— 5l010= 1B, As an example, Fig. (@) illustrates the  the misfit strain has been relaxed by the Cr layer. The force
evolution of B, as function of the magnetic field strength curve of Cr/MgQ@001) also shown in Fig. 1 indeed reveals
along[110]. The average film stress was derived from thethat—analogous to Fe/Mg001)—the misfit strain is trans-
film forces (i.e., the integral forces in films of unit width  mitted only to a thickness of about 2—3 nm. At 15 nm the
which were measured in real time during the deposition vidorce curve has converged to a slope corresponding to re-
the bending of the substrate. A typical force curve of Fe at aidual stress of about 1.2 GPa, thus substantially reducing the
deposition temperature of 520 K is shown in Fig. 1. At thisstrain imposed on the subsequently grown Fe fileee Fig.
temperature Fe is known to grow layer by layer on1).!®B; of the two 5.5 nm and the 10 nm thick “low-stress”
MgO(001).81%11 As discussed in more detail previoldly  Fe films prepared on the Cr templates indeed fit well into the
the film stress at the beginning of deposition is dominated byeries ofB; values of the thick films. The 5.5 niffull dia-
the misfit of 3.5%, which at 520 K may give rise to tensile mond in Fig. 2 and 2 nm(full triangle) thick Fg001) films
stress of 6.8 GPa. Correspondingly the film forces increasdeposited directly onto the MgQ001) substrates, on the
nearly linearly with thickness until at a thickness of 2-3 nmother hand, exhibit stress of 3 GPa and 6 GPa, respectively.
relaxation processes set in that suppress the further transmivith B, values of +3.5 M J/n? as well as+2.6 M J/n?
tance of the misfit strain. The experimental thickness exceedbese films indicate that at stress values higher than 1 GPa
significantly the theoretical critical layer thicknes¢s at there are significant deviations from the linear behavior,
which strain relief by misfit dislocations becomes energetiawhich would imply considerably higheB; values of
cally favorable. With the formulas of Van der Meffeand ~ +12 M J/m? and+28 M J/n? at 3 GPa and 6 GPa, respec-
Matthews and Blakeslégt, is estimated to 0.85 nm or 1.25 tively.
nm, respectively. It is well known that the incorporation of It is worth noting that with respect to the other magnetic
misfit dislocations is a kinetically controlled process which properties accessible to our CBM the(6@1) films behave
may even be obstructed fgd01) planes by the fact that the identically in the entire thickness range down to 2 fira.,
glide planes for dislocations in Fe af&£l0 and{112. 14 ML). The rectangular hystereSisops measured with our

Figure 2 summarizes the stress dependence of the MBHV-CBM on substrates with orientation[é.g., Fig. 3a)]
coupling constanB; of different F€001) films; it includes  reveal that all of FE€O01) films presented in this study exhibit
also the previous results of 100 nm and thicker filthsl a distinct magnetic in-plane anisotropy. The experimental
circles.® Up to 1 GPaB, depends linearly on the film stress saturation magnetizatioM s of 1.7—-1.8 MA/m is in good
and changes sign at about 0.7 GPa, wheia®f an ex- agreement with the Fe bulk value of 1.76 MA/m. Further-
trapolated stress-free film+3.2 M J/n?) is in good agree- more all films exhibit the magnetic anisotropy of bcc Fe with
ment with the respective bulk value-@.44 M J/ni). Ex-  easy magnetization axes lying alofitp0] and[010]. There-
tending these investigations to low film thicknessesfore on substrates with orientation | tlfimeasurablerem-
corroborates the results obtained with the thick films. Thenant magnetization component parallel to the cantilever
force curve of Fig. 1, however, illustrates the difficulty of beam axis is zero when the magnetizing field is rotated at
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FIG. 4. Effective ME coupling constarg, of various F€001)
FIG. 3. (a) Magnetic hysteresis loofimagnetizatiorM vs mag-  films plotted vs the average film stregs), Fe/MgQ001): 50 nm,
netic field H directed along HA00]) measured with our UHV- 520 K (full squarg, 4.5 nm, 435 K(full triangle), 2 nm, 520 K(full
CBM: 5.5 nm Fe/Mg@001) deposited at 520 Kb) Dependence of  diamond; Fe/Cr/MgQ001), 11 nm Cr at 520 K and 4.5 nm at 300
the remnant magnetization along[[E@Q] on the in-plane angle of K (open circlg.
the magnetizing field indicating easy axis alodg0] and [010]: B o ) ]
5.5 nm Fe/Mg@001) deposited at 520 K(c) Magnetic hysteresis (i) Investigation of 1 nm thick R€01) films on
loop (magnetizatiotM vs magnetic fieldd directed along Ha10): ~ MgO(001) reveals that the magnetization is significantly re-
50 nm Fe/Mg@001) deposited at 520 K(d) Evolution of the ME dUC_?d: which _also gives rise to smaligy values.
coupling constanB, as function of the magnetic field strength (i) According to a study of Sun and O’Handféyhe ME
along[110]: 50 nm Fe/Mg@001) deposited at 520 K. coupling constants of the surface itself may differ markedly
from the corresponding bulk values. A more detailed study

o o ) . certainly is necessary in order to separate the contribution of
angles of 452135 ° within the film plande.g., Fig. 3b)], these e)f/fects on the)ll\/IE coupling. P

because the remnant magnetization switches to the easy Figure 4 summarizes the stress dependence of the ME

[(_)10] directi_on when the magnetizing field is turned off. coupling constanB, of differently stressed F801) films
Fl_gure _:{c) d|_splays a hy_stere3|s loop mea_sur_ed on SUbStrat%posited onto Mg@®01) or Cr/MgO(001). Also B, exhibits

with orientation Il. In this case a magnetic field strength ofy clear dependence on the film stress and changes sign when
about 50 kA/m IS necessary to saturate the fllmS n the harq']e stress exceeds 4 GPa. ComparecBio however, the
[110] direction, which in this geometry is parallel to the long stress dependence is less pronounced and remains linear up
cantilever beam axis. In remanence the magnetization rotates stress values as high as 6 GPa. Notice that—as in the case
to the easy{ 100] or [010] directions with angles of 45° of the ME coupling constarB,—the extrapolate®, value
against the cantilever beam axis; therefore only a componenif a stress-free film+{7.5 M J/n?) again is in good agree-
M,=1/\J2Mg (=1.2 MA/m) is detected. ment with the respective bulk valuer7.62 M J/n?).

Our results clearly demonstrate a strong dependenBg of  In conclusion, we have investigated the ME coupling con-
on the film stress irrespective of the film thickness in thestantsB; andB, of epitaxial F€001) films in the thickness
range of 2—100 nm. Sandet al. recently investigate®, of ~ range of 2—100 nm and at stress values up to 6 GPa with our
Fe/\M001) in the thickness range of 0.4—70 nm and obtained’ersatile UHV-CBM. For both constants we find a strong
good agreement with the Fe/Mg@1) results in the low- dependence on the film stress above 0.1 GPa, while stress-
stress regime{1 GPa)(see, e.g., Ref. 16At higher stress f.ree fI|mS.StI|| exh|b|t bulk behavior. Whereds, decreases
values they also observed a break down of the linear descriﬁ'—nea”y with the film stress up to 6 GPB, saturates aﬁer a
tion, though with significantly smaller B; values steep increase at 2—3 GPa. Both constants changessign, .
(=+1 MJInP). As the “high-stress” films &1 GPa) of 1GPa and3, at4 GPa. The magnetization and_the magnetic

anisotropy of all films stay bulklike in the entire range of
hickness and stress. Our study certainly underlines the im-
nm a variety oi—experimentally and/or physically based— ortance _of parallel and quantita}tive measurements of the
finite size effects may gain in importance ME coupling constants and the film stress as well as other
' magnetic propertie@magnetization, anisotropies order to

(i) Below 1_nm(|.e., 7 ML) surface rogg_hness at the scale correctly interpret and control the magnetic properties of ul-
of a few atomic layers is no longer negligible. As the surface

. ; .. trathin heteroepitaxial films.
roughness allows for partial relief of the magnetostrictive
stress, which is probed by the cantilever beam technique toThe authors wish to thank Professor K. H. Rieder for his
measure the ME coupling, apparently smaller values of thsupport. The work was sponsored by the Deutsche Fors-
ME coupling constants are determined. chungsgemeinschafsfb 290.

this study are only 0.4-1 nm thin, a direct comparison with
the present results is difficult as at film thicknesses below
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