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Strain- and overlayer-induced in-plane magnetocrystalline anisotropy:
First-principles determination for fcc (110) Co thin films
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The in-plane interface magnetocrystalline anisotrgpyCA) of fcc Co (110), either as a free standing
monolayer or as an overlayer on a Cu substrate, is investigated using the local density all-electron full-potential
linearized augmented plane-wave method. We find an in-plane MCA which has the same order of magnitude
as the perpendicular MCA, and which exhibits a significant twofold anisotropy. The results for free standing
monolayers calculated with different lattice constants reveal @hathe strength of the in-plane MCA is
severely changed by the strain — introducing an 8% stfalative to the Cu lattice constarinduces a five
times larger in-plane MCA — an(ii) the change of band structure due to the strain plays an important role in
determining the in-plane MCA. The strength of the in-plane MCA is found to be largely enhanced by the
nonmagnetic Cu substrate while it is reduced by the structural relaxation. Interestingly, for all systems the
in-plane easy axis is found to lie anrﬁg_lo], which is along the direction of the in-plane nearest neighbor
atom.[S0163-182698)01710-X

Interface magnetocrystalline anisotrofCA) continues  most of the MCA calculations which takg to be zero so as
to be one of the most interesting topics in magnetism, noto save on computational effort.
only because of it's potential application for high-density For a surface with a lower rotational symmetry about the
magneto-optical storage media but also because determiniriigm normal, however, the leading order termsgirand 6 are
it's underlying driving mechanism is important for under- comparable and so the MCA must be considered as a func-
standing the basic static properties of magnetic systems. Taion of ¢ as well asf. For example, in the case of tfi£10
day, most of this research is devoted to systems that displagurface of cubic symmetry where thga, term is not for-
magnetic orientations perpendicular to the surface. One imbidden by twofold rotational symmetry on the surface, the
portant system is Co films on nonmagnetic transition metaphenomenological interface anisotropy energy must have the
substrates,for which, in addition to perpendicular interface form
anisotropy, an in-plane anisotropy was found and investi-
gated in order to achieve a better understanding of the nature
of MCA. Recently, this in-plane MCA has drawn great in- Eq=K{?cof( )+ KPsir?(8)cod( ) 2)
terest due to experiments on reduced symmetry surfaces con-

sisting of steps which include the lower-order in-plane an\VNen keeping the lowest order termSince the anisotropy

2 2
isotropy contributior?. It also provides a severe challenge to constantK{? andK$) come from the samésecond order,
modern first principles theory. theK$?) term (which gives the in-plane dependence of MCA
For the(001) surface of a cubic material which has four- may no longer be negligible and hence should be considered.
fold rotational symmetry about the film normal, the phenom-This term implies a twofold in-plane anisotropy.

enological expression for the interface anisotropy energy is In fact, the fourfold in-plane anisotropy of th801) ori-
given by ented surface was found to be much smaller compared to the

perpendicular anisotropy — experimentally for bcc Fe and
fcc Co thin film¢ and c5omputationally for several transition
metal monolayer§ML)*. In contrast, a strong twofold in-
ES|=E(22)a§+Efé)(aia§+af,a§)+ Ei‘;,)afa§+(9(a6) plane MCA WEZS observed experimentally forgFJQO) films
=K@co(6)+KDsinf(9)cog 46) (1) on a W110 sut_)strate with an in-plane sqrface ani_sotropy
constant that is 61% of the perpendicular anisotropy
constanf However, there have been few theoretical works

provided that higher order corrections can be ignored. Herg ", in-plane MCA other than tight-binding model calcu-

ax, @y, and a; are the d'AreACtlon cosines of the magnetic lations, which also reported a significant in-plane anisotropy
moment with respect to they, andz axes andp andd are  f (110 surfaced™®

the polar angles measured from thkeand z axes, respec- In this paper, we present results of first principles calcu-
tively. The cog(6) term in Eq.(1) comes from the second lations of the in-plane MCA for fc€110) Co as a free stand-
order direction cosines and depends onlyfothe ¢ depen-  ing monolayer and as an overlayer on a Cu substrate. The
dence is included in the fourth order term that exhibits aoverlayer case is simulated by a five layer Cu slab covered
fourfold in-plane symmetry. Provided that this fourth orderby a layer of Co on each side of the slab placed at the ideal
term is negligible compared to the second order term, thécc sites. Structural relaxation was accomplished by optimiz-
MCA will be given by a function off only — as assumed in ing the vertical positions of all atoms utilizing the atomic
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FIG. 1. Convergence of the MCA as a function of the number of  FIG. 2. The calculated in-plane angular dependence of MCA as
k points in the full 2D BZ for fcc Co thin films if{110 orientation  a function of¢ for the free Co ML and for Co on C(110), using
for free monolayers(ML) with Cu (open circley Pd (open  the same notation for the data points of each system as in Fig. 1.
squares and Ag (triangleg lattice constants and for unrelaxed

(filled circles and relaxedfilled squares Co overlayergOL) on JE¢(0,d) 5 5
Cu (110. The solid and dashed lines are #§ andK{?, respec- T(0=45°,¢)= VTR =—KP+K¥Pcog(¢)
tively. 6=45°

=Eq(0=90°,¢) —E(6=0°)=AE;. )

Hence, according to this analysis, the MCA was determined
force approach? In order to isolate possible strain effects by calculating the torque at=45° as a function of. We
induced by Co epitaxy on different substrates, we study thgakez as the plane norm4tL10] direction andx as the di-
free standing ML with three different lattice constants, i.e.,.oction of the nearest neighbor atom in thg plane [1—10]
those corresponding to Cu, Pd, and Ag+¢ 4.83, 5.20, and  from which ¢ is measured. ' '

13 % of the Cu lattice constant. lattice constants and for the Co overlayer on @40 are
We used the fuII-p?te_nufal linearized-augmented-planeplotted in Fig. 2 as a function of. All systems exhibit
wave (FLAPW) method™" within the local spin density ap- qualitatively the same behavior for the in-plane dependence
proximation, in which the core states are treated fully rela-of MCA: the MCA shows a significant twofold in-plane an-

tivistically and the valence states are treated semirelativistiisotropy that is well fitted by a-K{2)+K®cos?(¢) func-

. . . . . 12 . 7
cally, i.e., without spin-orbit couplingSOQ™. To obtainthe g with its easy axis alonfy110] which is the direction of
self-consistent scalar relativistic charge density and potentialye nearest neighbor atom in they plane. The anisotropy
we used 10k points in the 2D irreducible Brillouin zone constantsK(lZ) andK(zz) determined by the fitting are given in
(IgZ). Within the muffin-tin(MT) spheres, lattice harmonics Table I. Clearly, the strength of the in-plane MCK(f)) is
with angular momentunh up to 8 are used to expand the o game order of magnitude as the perpendicular MCA
charge Qensny, potentlal and wave functions. .The SQ —K(12)+K(22), when¢ = 0°) for all systems. This reveals
Hamiltonian matrix elements are calculated by integrating . the in-plane dependence must be considered in the MCA
the derivative of the spherical potential over the MT regions. 5 cylations for these systems
and are treated in a second variational mafh&mploying - @) ' -
an increased number df points, which corresponds to 'tﬁocmpapr?g thdd;z Ivg!ues of t?e tCO free stangmg ML
around 2 to 3¢ 10° K points in the full BZ depending on the o o -+ 81C Ad aliee consien 8, Apg, ANdang,

p p g respectively, we find a remarkable effect of strain on the

system(see, Fig. ], provides less than a 10% fluctuation of in-plane MCA. Surprisingly, the 8% strain from., to apg
the MCA value itself. We adopt the state tracking metffod

to determine the new SOC induced occupied states which, as TABLE I. The MCA constantsK{? and K& (in meV) and

can be seen from Fig. 1, efficiently reduces the fluctuation ofagnetic moment (in ug) for the free Co ML at the lattice
the MCA with a small number df points compared to other constant corresponding to the bulk metal indicated and for Co as an
methodst® overlayer on C(110 as substrate.

The interface MCAAEg,, is determined by calculating

the torque which is defined as the partial derivative of the System MoKP KPP

anisotropy energy with respect %™ Usually, the MCA is Co ML (Cu) 2921 0.67 —095
defined by the difference in the total energy of the magnetic Co ML (Pd) 295 074 —-471
moment oriented in-plane and oriented perpendicular to the Co ML (Ag) 228 070 —3.60
surface. Even in case of the MCA dependencegorthis is Co overlayefunrelaxed/Cu(110 1.78 —0.10 —2.56
equivalent to calculating the torque @&t 45° since from Eq. Co overlayefrelaxed/Cu(110)  1.65 —0.47 —2.02

(2)
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FIG. 4. Contributions to MCA fok points along the symmetry
results in a five times larger in-plane MCA: the magnitude oflines for free standing Co monolayers with Qsolid), Pd (long
K$?) increases from —0.95 to —4.7theV). More strain from  dashed and Ag(short dashedattice constants fofa) ¢ = 0° and
apq t0 a,, decreases the strength of the in-plane MCA tofo" (b) ¢ = 90°. Unperturbed spin-dowd bands for Co with(c)
—3.60 meV, which is still almost four times larger than that Y and(d Jd Jattice constants. Band numbers 1, 3, 4, &nd S

. . tand forz®, x°*—y<, Xy, yz, andxz orbitals, respectively. Only
of ac,. From Fig. 2, we can see that this large change o .
. . . . ; states with more than a 50%component are shown.
in-plane MCA is mainly due to the different influence of
strain on the MCA value for different. At ¢ = 0° the
MCA values are largely changed due to the strain having th
value —1.68, —5.45, and —4.30 meV &, apy, andaag,
respectively. As¢ rotates to 90°, this influence is reduced
and finally the MCA values for the three ML'’s coincide with

és below the physical band filling and thus all three Co ML'’s
exhibit the same MCA values.

The reason for the strong dependence on strain can be
understood in connection with the electronic structure
changes due to the strain. In Fig. 4, the contributions to

each other a$p = 90. As a result, the strength of the in-plane MCA of eachk poi :
i i _ point along the symmetry lines calculated at
MCA, which can be determined roughly by the difference of¢ = 0° and 90° are plotted together with the band plots for

MCA for ¢ = 0° and 90°, shows a strong strain dependencec pi's with ac, andapy [ML(ag,) and ML(apg), respec-

To identify the different influence of strain for different tively]. The band plots in the bottom panels show that upon
¢, we plot in Fig. 3 the MCA versus band filling curves for jntroducing the 8% strain, the reduced interaction due to the
the free standing Co ML’s foxp = 0° and 90°. The top increased in-plane interatomic distance results in a reduced
panel is for¢ = 0° where the strain effect is maximum. The dispersion of each band. As a result, the most significant
Co ML with ac, shows typical band filling behavior: positive pgng change occurs in broad regions arolindnd M : the
anisotropy dominates the beginning of filling the spin-downgt of planed,> and d,, states which are both occupied

d bands and a negative bump develops near half occupati moty at T (M) for the ML lit int i n

of the_bz_ands. This MCA curve changes significantly Wher?(fmpﬁy)bsgtes(for)th% Mépd)' nggr;gg to t%:zztégﬁg c?lrdozlar
strain is introduced up tapq: the peaks become sharp, and pertyrbation applied to atomic orbitalst., the diatomic pair
most of all, the minimum of the negative bump moves downmodet®), the coupling between the occupiek state and
right at the physical band fillingnine electrons More strain  the emptyd,, state(or between the emptyl,> state and the
(up toang) adds some positive contribution to the negativeoccupiedd,, stat¢ appears as an additional negative MCA
bump without further change in the behavior of MCA. As a contribution(throughL,) for ¢ = 0° while it's contribution
result, Co ML's withapq and asg exhibit a large negative (throughL,) for ¢ = 90° vanishes. Therefore the MCA for
MCA value compared to the ML witlac, at ¢ = 0°. In ¢ = 0° is significantly influenced by the strain while that for
contrast, for¢ = 90° (shown in the bottom panelthe nega- ¢ = 90° is not. This explains the difference of the strain-
tive peaks coincide for all ML’s and the strain effect only induced MCA change for differenp shown in the top pan-
appears in the different magnitude of the peaks. But this peagls. At ¢ = 0° [see Fig. 4a)], for ML(ac,) the MCA is
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positive aroundl” and M where thed, and d,, states are 6.0 ; '
both occupied or empty, while for Mlagy the negative !
MCA prevails in the broad regions due to the coupling be- 3.0 ! (a) 1
tween the emptyd,, and the occupiedi,> states. But the 9&‘;2&‘5“’33&... !
MCA at ¢ = 90° is less sensitive to the band charjgee 0.0 - *’-,,. | .
Fig. 4(b)]: the MCA for both ML's shows no significant °';°-...,.,.'..--~:j;;2;'33'3’”° °
difference in spite of the band change showing negligible a0 | %6 0000 0 |
anisotropy along the symmetry lingexcept some oscilla- | :
tions around thek points where the bands cross near the % ;
Fermi leve). £ -6.0 | | : !

This effect does not increase monotonically, however, 5 !
when we introduce more strain with the assumed Ag lattice = 3.0 - ! (b) 1
constant: we found that the band structure for the Co ML |
(aag) remains similar to that for the Co Mgy but with a 0.0 wfw&o_a,o.e.- SIS0t 00ms susmeesnncy
somewhat reduced band width. As a result, the MCA for the |
Co ML(apg) in Fig. 4@ exhibits a similar behavior to that _30 L : |
for the Co ML(apy except that the magnitude of the peaks is |
reduced for the whole region. Without a significant band ;

structure change, the magnitude of the crystalline anisotropy ‘6'070_0 71‘_0 72‘_0 73.0 74:_0 75.0
may be reduced due to the strain since the increase of the
atomic distance makes the effect of directionalityystal-
field) weaker, and the environment of every atom becomes FIG. 5. Band filling dependence of MCA for Co/Qu10) at(a)
more isotropic. ¢=0° and(b) $=90° for unrelaxedcircles and relaxedsquarep
Returning to the Co overlayers on Cu, the reduced surfac@verlayers.
and the presence of the nonmagnetic Cu atoms have a sig-
nificant influence on the magnetic moment of Co: it is re-ferent¢, as can be seen from the MCA versus band filling in
duced to 1.7@ for the unrelaxed overlayer, which is 20% Fig. 5. The top panel shows a large negative peak developing
smaller than that of the free standing Co Mdee Table). ~ around the physical filling73 electronsfor ¢ = 0°. The
For the relaxed overlayer, the equilibrium structure is deterfelaxed overlayer has a significant positive MCA contribu-
mined by atomic force calculations in which all firitirec-  tion developed around the physical band filling. But for=
tion forces on all atoms are negligible<(3 mRy/a.u) and 90°, the MCA exhibits totally dlffgrent behavior: any peak
thus the total energy reaches its minimum. Compared to thi&voked by the change of band filling that appeared for most
unrelaxed structure, the fully relaxed surface Co layer if the Co thin films studied previously has disappeared and
found to undergo a downward relaxation by 0.62 a_u_’t_he structural relaxation mtro_ducesasr_n_all positive contribu-
whereas the interface Cu atom expands upward by 0.11 a.{on to MCA around the physical band filling. As a result, the
and the next Cu layer from the interface Cu atom contract§lifference of MCA for ¢ =0° and 90° (which gives the
inward by 0.15 a.u. This relaxation of tii&10) overlayer is IN-plane MCA is reduced by the relaxation. _
quite large compared to the case of tfid1) overlayet’ In c_onclu5|on_, we performed first prlnC|pIe_s calculations
(0.30 a.u. for the Co laygrAs a result, the magnetic mo- Of the interface in-plane MCA for fc€110) Co (i) as a free
ment of Co is reduced by 0.1 (see Table)l i.e., about stanq_lng ML with assumed Cu, Pd, and Ag lattice constants
7% smaller than the unrelaxed cdsempared to a 3% re- and (i) as unrelaxed .an(_j. relaxgd overlayers on a pu sub-
duction for the(111) overlayet”]. strate. We f(_)und a S|gn|f|'cant in-plane MCA showmg the
By comparing the MCA of the unrelaxed Co overlayer necessity of involving the in-plane dependence in the deter-
with that of the free standing Co ML with the same lattice Mination of MCA for these systems. The large enhancement
constant(Fig. 2), we find that a pronounced change of MCA of the in-plane MCA by Fhe. strain is attributed to the differ-
is induced by the nonmagnetic Cu substrate. More interesnt |_nfluence of the straln—mdu_ced change of band structure
ingly, the effect is totally different for differenp: thenega-  for different ¢, where the coupling between the out of plane
tive MCA increases in magnitude by 0.84 meV @t0° d states plays a crucial role. The m—pla_ne MCA is found to
while it increases in magnitude by 0.77 meVdat90° (and be mcreasgd largely by the nonmagnetic Cu substrate, wh!le
changes sign Therefore, the strength of the in-plane MCA the relaxation causes a decrease in th_e strength of the in-
is changed by about three times from the value of the freé)lane MCA. In_splte of the Iarg_e change in the str_ength of the
ML [from —0.95 to —2.56 (meV)]. When relaxation is in- in-plane MCA induced blstram or a nonmagnetic substrate,
troduced, the MCA shifts upward from the unrelaxed casdghe easy axis lies alongl 10], which is the direction of the
for the whole range ofp (see Fig. 2 — in agreement with in-plane nearest neighbor atoms.
our recent calculation for the same system in th&l) ori-
entation, which we attributed to the increase of the interfacial This work was supported by the Office of Naval Research
hybridization due to the close interatomic distance betweefiGrant No.N00014-94-1-0030and by grants of computer
Co and Cu atom¥’ The strength of the in-plane MCA de- time at the Pittsburgh Supercomputing Center supported by
creases by 20% of the value for the unrelaxed overlayethe NSF Division of Advanced Scientific Computing and the
which is also due to the different relaxation effects for dif- Arctic Region Supercomputing Center.

number of valence electrons
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