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Magnetism and anisotropy of ultrathin Ni films on Cu(002)
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Both magnetic structure and magnetic-anisotropy energies are calculated for cubic and tetragonal Ni films on
Cu(00)) for thicknesses from 1 to 10 monolayers. The magnetic reorientation transition from in-plane to
perpendicular anisotropy can be attributed to the volume contribution in tetragonal films which is discussed in
terms of layer-resolved band energies. The transition takes place at six to seven monolayers, in agreement with
experiments. The layer-dependent magnetic properties are brought into relation to thos€GitlaNiface
and a N{001)/Cu(001) interface, thus allowing the identification of contributions which are due to quantum-
size effects. For films of a few monolayer thickness, the effect of quantized electronic states on the anisotropy
appears to be significarfiS0163-182609)05613-1

I. INTRODUCTION difficult—if not impossible—to conclude from theory on the
second SRT.
Ultrathin Ni films grown on C(001) show a peculiar be- Ni films with thickness of a few or more ML can be

havior regarding the magnetic anisotropy: at film thicknessegegarded as composed by a001)/Cu(001) interface and a
between 5 monolayerdIL) and 7 ML—depending on film Ni(001 surface. These two contributions to the magnetic
preparation and temperature—a sharp spin reorientation traffoments and the MAE should be easy to identify. However,
sition (SRT) from in-plane to perpendicular magnetization is the quantization of electronic states within the film should
observed experimentally. At much higher thickness, in the?/S0 influence these quantities, in particular for very thin
range from about 35 ML to 70 ML, the magnetic momentsfilms where the above decomposition into surface and inter-
reorientate gradually and become again parallel to théace ,ShOU|d become at Ieast questlonable. Sophisticated cal-
surface'™ This remarkable finding is contrary to those for culations of the magnetization profiledayer-dependent

; i : magnetic momenjsor the MAE are very time consuming.
Fe or Co films grown on QOO1): the first show a SRT from Therefore, it appears desirable—for both theoreticians and

perpe_ndlcular to |_n-plane amsotropy at about 5 ML; the lafter xperimentalists—to be able to derive reliable quantitative
show in-plane anisotropy for all thicknesses and thus no SR

ture we refer to Refs. 5-9 for Fe/@0D and Refs. 10-13 gy cting from these the profile for the entire film. In this

for Co/Cu00D]. procedure, one neglects, however, the quantum-well contri-
Ni films grow epitaxially on C(001), but due to the lat-  pytion.
tice mismatch between KI01) and Cy002), the films be- In this paper, we report on calculations of both the mag-

come tetragonally distorted on @01). The first SRT can be netic structure and the MAE of cubic as well as tetragonally
understood by the magnetoelastic anisotropy due to this tefistorted Ni films on C(001) for thicknesses from 1 ML up
tragonal distortion of the Ni films—as has been shown exto 10 ML. In Sec. Il we provide the reader with definitions,
perimentally by Farlet al.}* and theoretically by Hjortstam address our theoretical approach, and discuss the ingredients
et al'® for hypothetical fct-bulk Ni, thus focusing on the used in the numerical calculations. In Sec. Il we consider
volume contribution to the magnetic-anisotropy energythe superposition of magnetization and band-energy profiles
(MAE). However, from calculations for bulk materials with in order to understand better our results. The latter will be
differentc/a ratios it is hardly possible to conclude at which discussed in Sec. 1V, in particular the magnetization profiles
particular film thickness a SRT will occur. For example, bulk (Sec. IV A) and the magnetic anisotro$ec. IV B. Con-
calculations cannot address the quantization of electroniglusions are given in Sec. V.
states within the Ni film which may affect the MAE consid-
erably, in particular for very thin films. Further, the anisot-
ropy at both the surface and the Ni/Cu interface may affect
the MAE—and thus the transition thickness—substantially. Our procedure to calculate the MAE is based on two
Therefore, calculations for ultrathin Ni films which take into steps. First, the scalar-relativistic linear muffin-tin orbital
account the correct boundary conditions as well as the filn{LMTO) method is applied for the generation of self-
relaxation are absolutely necessary in order to explain theonsistent spin-dependent potentials of the semi-infinite sys-
first SRT. tem consisting of substrate layers, ferromagnetic film layers,
The secondgradual SRT can be understood by the for- and vacuum, thus ignoring at this step spin-orbit coupling
mation of films with misfit dislocations which occur due to (SOQ. Second, fully relativistic layer Korringa-Kohn-
strain relaxation, as has been observed experimerithljne  Rostoker (LKKR) calculations yield the layer-resolved
latter lowers the MAE and thus causes the magnetization t&loch spectral functions, from which the MAE is calculated.
switch back from perpendicular to in-plane anisotropy. Fur-Here, magnetic exchange and the SOC are treated on equal
ther, island growth has been reportédvhich makes it footing. This scheme is not self-consistent and therefore re-

II. THEORETICAL AND COMPUTATIONAL ASPECTS
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lies on a good approximation of the potentials. On the other 7 ' ' ' ' ' '
hand, the SOC is not treated as a perturbation. OpF—————— e T T f
The Green function(GF) technique of the LMTO *
method’*8was developed by Skriver and Rosengaiemd 21 s
is used in the calculation of the self-consistent potentials in m Y ¢ ]
the tight-binding?® frozen-core, and atomic-sphere approxi- & -4 ™. ]
mations in conjunction with the local spin-density approxi- P ]
mation as parametrized by Vosko, Wilk, and Nugaiit 6 el 1
does not rely on a slab or supercell geometry. Thus, a correct 12 _1'2 _1'0 ‘:8 P - » 2 o
description of the loss _of translatu_)nal symmetry perpend|cu_- Re E (eV)
lar to the surface—as is present in semi-infinite systems—is
ensured. Furthermore, the principle-layer techrifueads FIG. 1. Contour and mesh used in the complex energy integra-
to minimal computational effort which scales linearly with tion. Solid circles represent points on a logarithmic angular mesh;
the number of layers taken into account. The results of thisf. Eq. (6). The open circle is the center of the semicircle contour
first step are spin- and layer-dependent muffin-tin potentialith radius 0.5 Ry; the Fermi energy is at 0 eV.
(the Wigner-Seitz radius is 2.669 g.which are used as
input for the LKKR calculations. one in the case of in-plane magnetization—in order to avoid
The method used in the calculation of the LKKR Greenany inconsistencies. Convergence was checked for sets from
function should also be sketch&iThe layer-diagonal part 120 points with up to 1830 points. For films thicker than
G, is obtained by first calculating the GF of an empty layer,about 5 ML we found convergence for point sets with
i.e., a layer with zero potential, embedded in the host systerﬁOO—SO@H. Thin films, in particular 1 ML and 2 ML,
and taking into account the correct boundary conditibrs  showed rather slow convergence. The results of the calcula-
flection at the surface side and at the bulk side of the emptyions presented here were obtained with a 1275 point set.
layen. Then the Dyson equation for this empty layer is Note that the number dé-points is rather small compared to
solved, giving the|2”- and energy-resolved scattering-path that used in calculations of the bulk MAE22But due to the

operator* Because only matrices related to single layers aré€alculation of the layer-resolved GF of a semi-infinite sys-
involved in this computational scheme, the computing timetem, the integration ovek, is in principle included(al-
scales linearly with the number of layers, without using anythough it is not performed explicitly due to the computa-
screened representatiofi‘tight binding”). The layer- tional scheme for the GF and we thus use—roughly
nondiagonal part§). (not used in this paper, thougban  speaking—a sampling over symmetry-adapfetdirections.
by obtained fronG, and the multiple-scattering transfer ma- ~ The band energ§{), of layerl is given by
trices from layed to layerl’. Details of this method will be
published elsewhere.

The LKKR calculations were performed for two collinear

magnetic configurationsM () with all local magnetic mo-
ments aligned parallel to the layers and) with all local

V)

Ei)'rio(h?w:ffF<E—EF>N<'><E;M>dE, 3

with Er denoting the Fermi energy. The total band energy of

i ts aligned dicular to the | a system withn ferromagnetic layers on a nonmagnetic sub-
magnetic moments aligned perpendicu’ar to the aypas- strate, in brief Nj/Cu(001), is then simply a sum over all
allel to the surface normalWe applied the so-called force magnetic layers

theorem; i.e., both calculations used the same potentials. The
layer-dependent electronic structure for a magnetic configu- n
ration M is conveniently discussed in terms of the Bloch Epnd M) = >, EL(M). (4)
spectral functiorD (", =1
Note that in principle the magnetic filrtNi) induces mag-
(1) netic moments in the substrate layé@u) at the interface.
This can be accounted for by extending the above sum, Eq.
(4), over all energetically perturbed layers. For the energy
which for layerl, energyE, and surface-parallel wave vector integration in Eq.(3) we exploit the analytical properties of
|Z” is calculated from the layer-diagonal part of the GF,the GF and replace the integral along the real energy axis by
Gy (K|, E—i7;M), 7>0. The layer-density of statésDOS) & contour integration. Becaudg,,y of the core levels are

is obtained fromD() by integration over the surface Bril- €XPected not to depend significantly on the magnetization
louin zone(SB2) direction, we take into account only the valence-band regime

(frozen-core approximation As contour we chose a semi-
R R R circle with radiusR and centelE—R (see Fig. 1 The ap-
N(')(E:M)=f DU (K, E;M) dk;. (2)  plied Gaussian quadrature with 16 sampling points on an

sBz angular logarithmic mesh appeared to be very accurate and
For the above integration we generated special-point sets Bpbust, and has the advantage that sampling on the real axis
the Monkhorst-Pack method for two-dimensional is avoided. The sampling poing are given by
lattices?>2® Although in the case of perpendicular magneti- _ ,
zation the point group i€, (in Schflies notation, we used zj=Ep+Rlexp(id;))-1], j=1,...,16, ®)
the IZH mesh for the point grou©,—which is the relevant with anglesd; on a logarithmic mesh if— 7,0],

| N .
DV(ky,E;M)=— lim ImTr Gy (kj,E=in;M),
7—04
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exp(B) —exp(BX;)

S =—a . j=1,....,16, 6 vacuum Ni film

T Texpp) e B)’ ) © =
andx;e|-1,1,j=1,...,16, are theeros of the respective N nterface (R)
Legendre polynomial used in the Gaussian quadrétlifae +
density of the sampling points near the Fermi energy is con- : N Cface (L
trolled by 8>0. The radiusR is chosen in such a way that vacuum o ! | surface (L)
the whole valence-band regime is covered. In the calcula- -
tions presented below we chosg=-3.22232 andR SN “ | bulk (B)
=0.5 Ry. - -

The magnetic-anisotropy ener@y,, is finally given by FIG. 2. Schematic construction of a Ni film on Qop). Starting

the differences of the band energies and the dipole-dipolgom Ni bulk (bottom, light grey, two semi-infinite solids are re-

interaction energieEy4(M) for in-plane MDYy and perpen-  placed by vacuuntwhite) and by Cu(dark grey, yielding the sur-

dicular magnetizationl\fl(“) face(L) and the interfacé€R) system, respectively. For lettegs L,

’ and R see Sec. Ill. The mathematical signs( +, —) refer to

- - - N Egs.(9) and(14).

Euin = Eond M) + Egd M)~ By M) — By, =09 20009
(7) Dyson equationG?=Gg+ Gg(V+VR)G7. Its series ex-

We used the Ewald summation technique as outlined in ReP2nsion can be written as

30 for the calculation oE4(M). - _
In order to check the numerical accuracy, the band ener- G’=>, GI[(VI+VZGI] (8a)
j=o

gies were calculated foM |[001] and M|[010] for semi-
infinite Ni(001) (in the Cu latticg. We found an energy dif- _ o o o o — 4
ference less than 0.4.eV for bulklike layers (=10). Note Cat oGL+oCRT oCow, == (80)
that in the bulk the above difference should be zero. As willThe second and third tern&;” and SG§ describe perturba-
be seen below, the above value is about two to three ordetons due to scattering solely on the left or right boundary,
of magnitude smaller than the MAE in thin films. respectively, and thus comprise only expressions Witror

The Ni layers are assumed to continue epitaxially the Cwe, respectively. The last termGg,, collects all expres-
fcc lattice in the[001] direction. We distinguish three cases gjons with bothV? and V& and thus results from multiple
of relaxations in the Ni films(i) In the “fcc case,” the  geattering between both interfaces, i.e., due to scattering in
interlayer distance is that of bulk Cdi) In the “fct case, the quantum wellQW) formed by the two interfaces. The

the interlayer distance is reduced by 6.9% in order to retaif,or may give rise to spin-polarized QW states in the Ni
the volume of the bulk-Ni unit cell(iii) Using low-energy

electron diffraction(LEED), Muller et al., obtained experi- If 5Ggw is neglected, the properties of the film can be

Tlerlc/lti”fy'l thfl u;;n_eﬂayer cfilst?nces;hfolr‘f ?'&LE’D‘T’,'ML’ e}nd regarded as a superposition of perturbations originating from
i ims™-which we reter o as the "ic case. N he two independent interfaces. In particular, the magnetiza-

all three cases, we use the in-plane lattice constant of bul on profile of the filmM (1)—I being the layer index—can

Cu, i.e., a nextnearest neighbor distance of 2.55 A. A theobe regarded as a superposition of the magnetization profiles

retical LEED analysis on Q001), however, found best LI . . )
agreement with experimental data with a slightly reducedgﬂﬂgglpﬂg lzrlc;m the Ni/Cu interfacéM (1), and from the Ni
’ L l

in-plane lattice constanf0.8%), indicating strain even at un-
covered C(001) surfaces? For convenience, we denote the M(D~M_(1)+Mg(l)—Mg, 9)

surface layer by5, the second layer b$—1, etc.
where Mg is the magnetic moment of bulk Ni. Since the

contribution from the QW term usually gives rise only to
1. SU:ESPB?;\:S(QE&F '\\/'(AP(;NEFT”'_ZEAT'ON small constant shifts of the magnetization profiiehe su-
; G o S perposition provides a good estimate of the magnetization

In the fo”owing, we show that magnetization and band_proﬁles in films. By deﬁnition, quantum'size effects show up
energy profiles of Ni/Cu films can essentially be regarded ads the difference between the superimposed and the true
superimposed by profiles which originate from two indepen-nagnetization profile of the film.
dent perturbations at the two boundaries of the film, i.e., the The above approximative decomposition is not limited to
Ni/Cu interface and the Ni surfacg. magnetization profiles. Indeed, the response to additional

We describe unperturbed bulk Ni by a spin-dependenperturbations can be estimated by a superposition of inde-
nonrelativistic Green functio$, o=+ being the spin in- Pendent interface perturbations as well. This way we are, for
dex. We construct a Ni film on a Cu substrate by replacin€X@mple, able to analyze different contributions to the MAE
an infinite Ni crystal[bulk (B)] by Cu (R) on the right-hand N films, as will be discussed in the following.
side and by vacuurfL) on the left-hand side of the Ni layers  Regarding spin-orbit coupling as a perturbation of the
which constitute the filncf. Fig. 2). The film layers are then I—I|arr?|lton|_an, t_he Green function will de_pe”q on the magne-
influenced by spin-dependent perturbatiors and Vg, at  tization direction, for example perpendiculavi () or par-
the two boundaries. The film G&“ thus has to fulfill the allel (M(“)) to the interfaces. Further, the spinis no longer
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a good quantum number. In matrix representation, the resulstituents has to be regarded in order to understand the mag-

ing Green functions can be written a2 block matrices

netic anisotropy of layered structures. In analogy with earlier

where each block has the size of the unperturbed GF matrixanalysis:®*” we may thus regard the MAE of thin films as
We denote the corresponding SOC perturbation operator ake sum of a surface, an interface part and a bulk contribution

©(M), emphasizing its dependence on the direction of théf multiple-scattering effects are neglected. However, all

magnetic moments. The GF of the perturbed Ni fi(E(J\7I),
is implicitly given by

G(M)=G+GO(M)G(M)=G+5G(M). (10

The Green functiofts is diagonal in spin spad@o spin-orbit
coupling and constructed frors™ andG™~ of the film with

GSW being neglected; cf. Eq8b). Here56(|\7l) is given by
the Dyson series

SG(M)=GO(M)G+GO(M)GO(M)G+ - - - (12)
=GgO(M)Gg+GO(M)GgO(M)Gg+ - - -
+ 686G, O(M)SG, + 5G, O (M)
X 8G O(M)SG, + - - - + 5GRO (M) 5Gg
+ 8GRO(M)SGRO(M)
X 8Gr+ - - -+ 8Gow(M).

Eventually, we obtain the grouping of terms

(12

8G(M)=6Gg(M)+ G (M)+ 6Gr(M)+ 6Gow(M),
(13

where 6G, (M) and 8Gr(M) include contributions solely

from scattering at the left-hand and right-hand side perturb
tions, respectively. The terrﬁGB(l\7I) represents the spin-

orbit perturbation of bulk Ni, ancBGQW(IVI) includes mul-

a

three contributions will be of importance and may give rise
to a broad spectrum of possible effects on the MAE of thin
films.

IV. RESULTS AND DISCUSSION

In this section we discuss the layer-resolved spin mo-
ments and the magnetic anisotropy. For the latter we address
in particular the effect of lattice relaxations on the band-
energy contribution to the MAE and higher-order contribu-
tions.

A. Layer-resolved magnetic structure

As is well known, an increase in volume—as well as a
reduction of the coordination number—usually favors an in-
crease of the magnetic moment. Thus, the bulk spin magnetic
moment of Ni (0.67Zg) in the fcc casdwith Cu lattice con-
stan} is slightly enhanced with respect to that of bulk Ni
(0.62ug, with Ni lattice constant®

In Fig. 3 the spin magnetization profiles of fcc Ni films on
Cu(001) are depicted for coverages from 1 ML up to 10 ML.
At 1 ML coverage the magnetic moment is only 44%
(0.296ug) of the Ni bulk value. For 2 ML the magnetic
moments are increased to 0.¢&land 0.49% for layersS
and S—1, respectively. This increase is continued for the
3-ML film. The surface layer of the latter has the largest
moment of all systems considered here (0iZg2 At 4 ML
coverage the building up of a plateau region starts: the inte-
rior Ni layers start to show nearly the moments of bulk Ni,

tiple scattering at both interfaces. If we neglect the latter, thgyhile that of the surface layer is enhanced and those at the

band energy can be expressed as
Epnd M)~ Epna( M)+ Epnar( M)— Epnag( M), (14)

with

R 1 (E .
Ebnag(M)=— ;f :Im TrESGg(M)AE

(15
and

- 1 (Er - .
Ebnd,D(M):_;f mlmTrE[&GB(M)Jr&GD(M)]dE,

(16)
whereD=L,R. According to Eq.(14), this is simply a su-

perposition of three band-energy profiles which result fro
two independent interfaces on the left- and right-han

sides—Eq. (1) andEgpgr(l1)—in conjunction with the sub-
traction of the bulk contributiofE,,,g . It provides a picture

derived from individual contributions from different kinds of
finite-size effects ca
be obtained from the difference between the superimpos

interfaces and surfaces. Again,

"C]}t\liXCul,X when the concentratioxis adjusted to correspond

€

interface are reduced by about 30% for the first interface Ni
layer (adjacent to the first Cu substrate lay8r, n+1) and
3% for the second interface Ni layeB{ n+2). This “evo-
lution” of the magnetization profile is completed at about 7
ML coverage.

The surface magnetic structure of films witke 7 shows
a nearly complete agreement with that of semi-infinite
Ni(001) (n=cc in Fig. 3). The magnetic moment of the out-
ermost Ni layer §, 0.746ug for n=«) compared to those
of the interior Ni layers of the film and that of bulk Ni with
Cu lattice constant (0.6@uw) is enhanced by about 12%.
This enhancement of moments is typical for surface layers
and is due to the reduction in coordination number.

The reduced Ni magnetic moment at the interface can be
understood from the behavior of binary bulk alloys

o the Ni-Ni coordination number at the {@91) interface®

The magnetic properties of binand3ransition-metal alloys

are often essentially determined by the nearest-neighbor cor-
relation, i.e., the local environment of a particular atom. The

rgi atoms at the Ni/Cu interface can be regarded as constitu-

nts of a “perfectly ordered alloy” where only 8 of 12 near-

and the true band energy for the thin film. Consideringegt heighhors surrounding an interface Ni site are of the same

the band-energy differences AEygp=Epnap(M )
—Epngp(M™),D=B,L,R, only a small number of con-

kind. This corresponds to a local Ni concentration of
=2/3. According to the Slater-Pauling cu®! there is a
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S S-2 S-4 S-6 S8 S10 S12 We now turn to the picture of the magnetization as a
. superposition of magnetic profilg¢Sec. Ill, in particular Eq.
1.8 F \ n=c0 Ni,/Cu(001) ) - (9)]. In Fig. 3, the superimposed profiles are compared
n=1,..,10;if; oo with their exactly calculated counterparts. Except for the
1-ML film—where the superposition is apparently
guestionable—we find excellent agreement which means that
QW contributions to the spin magnetic moment are generally
very small. The largest deviations are found for 2 ML and 4
ML but are smaller than 0.Q3;. As mentioned above, the
3-ML film shows the largest surface magnetic moment. This
can easily be explained within the superposition picture: The
moment of the surface laye3 is obtained from the surface
layer S of the surface system and the third Ni layer of the
interface systenflayerS—8 in Fig. 3. Both show the largest
moments of their systems and, therefore, give rise to the
enhanced surface moment of the 3-ML film. In conclusion,
one can construct layer-dependent spin magnetic profiles of
films from the surface and the interface profiles with high
accuracy, the only exception being the 1-ML case.

Finally, the magnetization profiles shown in Fig. 3 exhibit
no spectacular features but rather the expected behavior: en-
hancement at the surface, reduction at the interface, oscilla-
tions in between. Relevant for the discussion of the anisot-
ropy, in particular the band energy, may be the building up
of a plateau, i.e., the appearance of bulklike layers, which
starts at 6—7 ML.

Spin-magnetic moment (pg)

B. Magnetic anisotropy

The magnetic-anisotropy energy is composed of two

T . ————— e ——— parts, the dipole-dipole interaction energ¥ 4= Edd(l\7I(H))
S 52 54 Liﬁ:r 58§10 512 —Edd(Mfl)) and the band-energy contribution Epng
=Epnd M) —Epnd MU, Eq. (7). The former is negative
FIG. 3. Layer-resolved spin magnetic moments of fcc Ni films for all thicknesses, thus favoring in-plane anisotropy, and
on Cu00Y) (squares, solid lingswith thicknesses=1,...,10 as  depends almost linearly on film thickness. Therefore, the first
obtained by LMTO calculations. The moments of a(@dl)/  spin reorientation transition can exclusively be attributed to
Cu(00Y) interface[n=if, diamonds; interface at layeS-10 (N)  the band-energy part which is discussed in the following by

andS—11 (Cu)] and semi-infinite Nj001) (n=0, open circles— means of the laver-resolv and-ener ifferendd)
both with Cu lattice constant—are shown in addition. Magnetic eans of the layer-resolved band-energy differe &E’“d

moments obtained by superposition of the surface and the interface Ef)'%q(l\./l(”)) - ESrZQ(M.(L))v W.'th | denoting the layer. .
profile—cf. Eq.(9)—are indicated by solid circles and dotted lines. ~ We first address films with fcc structufécc case, solid
For clarity, the data sets are shifted by ®1)ug (1.0ug for  lines in Fig. 4. An interface between XD01) and Cy001)
n=if, 1.1ug for n=w); their respective zeros are represented byfaVOYS an in-plane orientation of the magnetic moments

dash-dotted lines. Layers are label§fS—1,5—2, ..., starting (AEp,¢=—65 pneV<0), as is evident from the n=if"
with the surface laye8. Solid and dotted lines serve as guide to the curve in Fig. 4. Here, the last Ni layer -9, and the first
eye. Cu layer isS—10. Further, there are oscillations within the

Ni half-space with a wavelength of approximately five lay-
substantial reduction of the nickel magnetic moment to apers. The surface of semi-infinite (001) (“ n=c" curve in
proximately 0.3cg in the Ni,Cu, _, alloy. Fig. 4 also favors in-plane anisotropy AEp.—=

The Cu layers next to the interface show induced mag—43 weV). Remarkably, the second and third outermost
netic moments of about 0.0&% with an antiferromagnetic layersS—1 andS—2 appear to have a rather large positive
coupling to Ni. For example, this common antiparallel spinband-energy difference which, however, is overridden by the
behavior has been observed for Fe films o001 by Szu-  subsequent layers. Regarding only the first three outermost
nyoghet al* layers, AE,,=22 meV. The most significant layers, i.e.,

The small oscillations of the size of the magnetic mo-those layers which show the largest absolute value of band-
ments in the interior of thicker Ni filmsn(>6) can be re- energy difference, are the first outermost four layers in the
garded as ‘magnetic’ Friedel oscillations due to the spincase of semi-infinite NDO1) and the nearest and second-
dependent perturbations from the surface and the Ni/Cmearest Ni layers to the Ni/Cu interface.
interface [they were also found for Co films on (@01 The layer-resolved band-energy difference of the 10-ML
(Ref. 37]. In Fig. 3, both the surfacen=«) and the inter- film can be regarded as composed by the interface and the
face (h=if) system show oscillations which decay rapidly. surface profiles. This is evident by comparing its profile ob-
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S S-2 S-4 S-6 S-8 S-10 S S-2 S-4 S-6 S-8 S-10
n= fce Ni,/Cu(001),n=1, ..., 10; ooc; if n= fet Ni,/Cu(001),n =1, ..., 10; oc; if
a4 H oo =t 0 a4 ~o—0—0

2.8 28
S e
g €94
S 24 =~
E o*
° =
= 53]
2
420 <

AN s S2 S4 S6 S8 S-10
S S-2 S-4 S-6 S-8 S-10 Layer
Layer

FIG. 5. Same as Fig. 4, but for tetragonally distorted Ni films
FIG. 4. Layer-resolved band-energy contribution to the (fct case.

magnetic-anisotropy energy of fcc Ni film{fcc cas¢ on CUu001 . . .
Wm? thicknessesniyl N _gilo (squarel oom(open grcle$, L;nd )a For small film thicknesses, 1-5 ML, the above-mentioned

Ni/Cu interface at laye6—9 (diamonds, “if”). Solid circles con- §ignificant ranges of layers of semj—infiqite Ni and the Ni/Cu
nected by dotted lines refer to band-energy differences obtain bgﬂerfaoe overlap In_t_he querposmon picture. From 3 ML to
superposition of the surfacé€«) and the interfacen(=if) con- Y ML, the superposition yields the correct shapes of t_he pro-
tribution [cf. Eq. (14)]. For clarity, the data sets are shifted by files and also correct signs of the values, but mostly gives too
0.4(n—1) meV (4.0 meV forn=c, 4.4 meV for “if"); their small absolute values compared to those of the.full calcula-
respective zeros are represented by dash-dotted lines. Layers df@n- For 1 ML and 2 ML, the value for the lay&is over-
labeledS, S—1, S—2, ... ,starting with the surface lay& Solid ~ €stimated in absolute value. Further, the sign is wrong in the
and dotted lines serve as guide to the eye. case of 2 ML. We regard these deviations as manifestations
of the QW part of the band-energy difference.
tained from the LKKR calculations with that obtained from a  In the whole range of film thicknesses, except for 1 ML,
superposition of the latter profiles using E44). We find  we find no significant contribution t&E,,  from the Cu
this agreement also for film thicknesses of 6 ML, 7 ML, andlayers. For the 1-ML film, however, the Cu layg+ 1 shows
9 ML. The composed profile of the 8-ML film shows slightly a considerable positive band-energy difference, although the
too high values; the shape of the profile, however, is nicelyayer shows only a very small magnetic momérmpared
reproduced. In conclusion, the superposition of profileso that of the Ni layelS). This finding emphasizes that there
works well at higher film thicknesses, meaning that the QWis no simple relation between magnetic moment and band-
part of the band-energy difference is small. Further, this corenergy difference. Note that the latter is the first energy mo-
responds nicely with the onset of bulklike magnetization pro-ment of the formeicf. Eq. (3)].
files (Sec. IV A) which we observed in the interior of thick We now focus on films with fct structuréct case, the
films (n=6). tetragonal distortion of which leads to an uniaxial system.
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FIG. 6. Layer-resolved band-energy contribution to the —_— fec O AE
. . - . . 0.1F bnd R
magnetic-anisotropy energy of Ni films on @01) with thick- ™| / ..... fot { AR, superpos.
nesses1=3 (left) andn=5 (right) for cubic (solid lines, fcg, ho- ® fctLEED O AEy Il
mogeneously tetragonal distorte@lotted lines, fot and in- i 2 é zlt ; é ; é ; 1'0
homogeneously tetragonal distortddashed lines, fct LEED Ni-film thickness (layers)
systems. Arrows mark averages over the Ni layers. The layers are
labelledS,S—1,S-2, ..., starting with the surface layed Lines FIG. 7. Magnetic-anisotropy energies per atom of Ni films on
serve as guide to the eye. Cu(00)). Their band-energy contributiodsE,,q are represented by

squares, their dipole-dipole interaction energyEyy by open
circles. Diamonds denote band-energy contributions obtained by

For bulklike layers we find a volume contributioff) of
Y 0 superposition of the surface and the interface profiles; cf.(E4).

0.081 meV/atom which corresponds nicely with theone‘tlcalSolid lines refer to cubic Ni filmgfcc casg, dotted lines to homo-

apd experlmen.tal resulfé.At f'r_St glance, ‘t‘he kljz’;l,nd-e.nergy geneously tetragonal distorted Ni filrffst case. Solid circles show
difference profile of the Ni/Cu interfacef. “ n=if" in Fig. band-energy data obtained for in-homogeneously tetragonal dis-
5) appears to be just shifted to positive values but also theyrted Ni films of 3 ML and 5 ML thicknes&ct LEED casé. Lines
wavelength of the oscillations has decreased to approxiserve as guide to the eye.

mately four layers. Also the profile of semi-infinite (801) ) ) ) o

can be regarded as shifted by the volume contribution; it$ion that—despite possible QW contributions—the result of
shape remains nearly unchanged. Evidently, both the surfa¢dd: 6 is consistent with a volume contribution to the MAE.
and the interface system clearly favor perpendicular anisot-. FOr the 5-ML film, however, we observe a completely
ropy (AE,.¢0) due to the tetragonal distortion. If the su- different dependence on the relaxatioight panel in Fig. §.

perposition of profiles works as well as in the fcc case, WeHere, t'he average contraction Is 3'8(;/0’ bUt. with an outward
expect that films with larger film thickness will also show re_laxatlon of the s_,urface layer by 1.7%. Th|_s outward rela>_<-
perpendicular anisotropy ation could explain that the band-energy difference for this

a - - layer is the lowest of all three cases. Further, the fcc profile is
_ The overall enhancement &Ep is clearly visible for 5001 than the fct case for all layers, but the fct LEED profile
films with n=6 (cf. Fig. 5. For example, both the surface gpows the smallestiayer S) as well as the largest values
layersSand the interface laye8—n+ 1 show values around (layersS—3). Considering the averaged band-energy differ-
zero, in the fcc case negative values, though. The profiles argyces AE,q, arrows in Fig. 6, both fct cases show nega-
again well reproduced by the superposition, an exception beive values, i.e., favor in-plane anisotropy. In conclusion, we
ing layersS—6 andS—7 for n=9. For thinner films, the find no simple relation between relaxation and band-energy
shape of the profiles is not as well reproduced by the supeiontribution to the magnetic anisotropy for thin films.
position as for the thicker filmgcf. in particularn=2 and We now turn to the magnetic-anisotropy energy. The total
n=3), which means that QW contributions are important.band-energy difference per Ni atom, Ed), together with
Thus, a shift inAE{), due to the tetragonal distortion is hard the dipole-dipole interaction energy per Ni atom is shown in
to detect because it might be covered by the QW contribuFig. 7. For the lattefopen circles in Fig. ¥ the tetragonal
tion. So the origin of the significant shift for 2 ML and 3 ML, distortion leads to a slightly stronger interaction of the local
compared to the fcc case, cannot be unambiguously detemagnetic moments and thus to an insignificant lower
mined. AEyq/atom. As mentioned earliep E 44 Shows negative val-
For the 3-ML and 5-ML films we now discuss the effect ues throughout the whole thickness range and depends al-
of the tetragonal distortion on the band-energy difference inmost linearly on film thickness. TherefordE q/atom is
more detail. In Fig. 6 the layer-resolved band energies for th@early independent on the film thickness for films thicker
fcc, fct, and fct LEED cases are shown. As the fct LEEDthan three layers. Thus, as was mentioned before, the band-
case can be regarded as an intermediate case between the éoergy contribution to the MAE must be considered as re-
and fct cases, one would expect that its band-energy profilsponsible for the first spin reorientation transition.
lies between those of the latter. For the 3-ML film this is In the fcc caseAE,,q/atom (squares connected by solid
apparently trudleft panel in Fig. 6. The interlayer distances lines in Fig. 7 is positive for films withn<5 and negative
in the fct LEED cas# are reduced by about 2.6% with re- otherwise. Summing up both contributions yields perpen-
spect to that of bulk Cu. So one would be led to the concludicular anisotropy for film thicknessas=1, 2, 3, and 5.
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Thus, it completely fails to reproduce the experimental find- 30.0 225 45.0 67.5 90.0
ing of in-plane anisotropy for thin filmsn<5) and perpen- ' o ' j
dicular anisotropy for thicker filmsn=6). However, in the Ni;/Cu(001) R

fct case(squares connected by dotted lines in Fig.vie
observe a volume contribution to the band energy for thicker £ 0.2 | sin”(8) + a, sin’(9))-fit
films. This gives rise to an almost linear increaseAd,,q 2 3= 0306 meV, a, =-0.038 meV
with film thickness fom=6. It overridesAE 44 and therefore ‘é
yields perpendicular anisotropy. For thin films, in particular
the 2-ML and 3-ML films, we observe also a strong positive <
band-energy contribution which results in perpendicular an-

isotropy. We recall that the fct case by far overestimates the

01 ,
A (ay sin*(d)fit

=0.272 meV
tetragonal distortion. So the fct LEED case is more appropri- 1 . N . ) .

ate (solid circles in Fig. 7 but leads also to perpendicular 0'00‘.'0 225 45.0 67.5 90.0
anisotropy for the 3-ML film.(To our knowledge, LEED J(deg)

investigations for all relevant film thicknesses have not been

published up to date.We would like to note that other FIG. 8. Higher-order contribution to the band-energy difference
calculation”*® also show perpendicular anisotropy for 2 AEbna 0f 7 ML fct Ni on Cu(00). 9 is the polar tilt angle of the
ML and 3 ML films with band-energy differences of compa- magnetic momentgcf. Eq. (17)]. Circles represent results of the
rable size. This corroborates that—at least—the thinner film@umerical calculations. The dotted line is a fit taking into account
are ideali.zations of the experimental ones. In experimen nly the first-order contributiona;; ); the solid line is a fit for both
in-plane anisotropy is observed for thin films, but one shoul Irst- and second-order contributiona;(anda,).

keep in mind that experimental samples are not as “ideal” as i . . ' .
thospe in a zero-terrF:perature theorF))/ due to, e.g interfacgnd effect the film thickness at which the first SRT will

roughness, vacancies, and impurities, all of which lower théceur. In partpular, very thin fet f||_mée.g., 2ML and 3 _Ml)
MAE.® Recent experimerfts show that the quality of Ni ShOW perpendicular anisotropy—in contrast to experiment—
films on CUY001) indeed increases with film thickness. We which mdmat_es dnfferences between the exp_erlmental films
have therefore performed simple test calculations within thénd the idealized films in theory. Our calculations show that
virtual crystal approximation and the averageahatrix ap- the correct geometrga_s, for example, _obtamed _by LEEBS
proximation in order to investigate the effect of interface Well as film imperfections have to be included in future work

roughness. For thicker films, the effect on the MAE is veryln Order to explain this disagreement. To conclude on the
small, but for thin films we observe a strong decrease of t

héecond SRTtransition from perpendicular to in-plane mag-
MAE or even in-plane anisotropy. These calculations fully

netic moments which occurs around 35-70 M& difficult
confirm the expectations, but we are aware that they can onge to strain relaxation in thick films and island growth in
reveal trends. More sophisticated calculations are therefo periment:* _ _—
needed and are currently in progress. At last, we .addre_ss higher-order _contrlbutlons to the

The band-energy differenctE,, ,/atom obtained by su- MAE. For the f|lm thickness of 7 ML in the fct case, the
perposition[diamonds in Fig. 7, Eq(14)] show identical band-energy differencAE,,q was calcuLated fo[ magnetic
general shapes in both the fcc and fct cases: at very thin film@oments tilted at an polar anglé: M(9)=M)cosy
(one and two layejsthere is a strong increase whereas for+M{sing. The dipole-dipole interaction energy is propor-
thicker films (1=3) the energies are nearly independent ontional to sirf9.3” For the band energy we make the ansatz
the film thickness. Due to the volume contribution to the
MAE, the latter curve is shifted to higher energies. This re- Epnd ¥)=a, Sit9+ a, sinftd (17
sults in perpendicular anisotropy for film thicknesgses?2 in
the fct case, but in-plane anisotropy for all thicknesses in th@nd determined the coefficienés anda, by least-squares
fcc case. Thus, the latter fails completely to reproduce thditting to the numerical results; cf. Fig. 8. The dotted line in
experimental observed spin reorientation transition. Thdrig. 8 is the best fit when setting,=0, i.e., taking into
former, however, is able to reproduce the experimentally obaccount only the first-order contributiomf=0.272 meV).
served trends correctly but fails to reproduce the SRT filmApparently, it deviates visibly from the numerically obtained
thickness. Quantum-size effects show up in the deviation oflata. Taking into account the second-order contribution we
band-energy contributions obtained by the full calculationfind a perfect fit 6,=0.306 meV, a,=—0.038 meV). As
and the superposition of the surface and the interface profils experiment, the first-order contribution is positive while
(squares and diamonds in Fig. 7, respectively both the the second-order contribution is negathfelo compare the
fcc and fct cases, quantum-well contributions to the bandtheoretical anisotropy constantéobtained in a zero-
energy contribution are strong and influence the anisotropyemperature modglwith experimental ones is difficult be-
considerably. cause they depend significantly on temperatofeFig. 6 in

In conclusion, we observe a strong perpendicular anisotRef. 45. Thus, experimental values should be extrapolated
ropy from 6 ML and beyond which corresponds well with to zero temperature which is—at present—hardly possible.
the experimental findings of the first SRT. The interior partAt a reduced temperatuf® Tc=0.2 Baberschke and Faftfe
of the film—roughly speaking the volume contribution to thefound for 7-8-ML films a,~0.101 meV and a;~
MAE—can be regarded as responsible for the first SRT—0.019 meV. Thus, theory gives values approximately a
However, quantum-well contributions to the MAE are strongfactor of 2-3 too high which—besides the finite
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temperature—can be attributed to sample imperfections iserved spin reorientation transition from in-plane to perpen-
experiment(which lower the MAB or an overestimation of dicular anisotropy at around six monolayers Ni can be
the lattice relaxation in theorgwhich increases the MAE attributed to this volume contribution. The surface anisot-
Having focused on the film-averaged anisotropy con-opy, i.e., perpendicular anisotropy at the outermost two to
stants, we now address briefly the layer-resolved valuas of three layers, is too small compared to the volume contribu-
anda,. A closer analysis reveals thap follows the band- tion and thus cannot account for the observed transition. Fur-
energy difference profile very closelgf. Fig. 5; in other ther, the interface contribution favors an in-plane anisotropy
words the first-order contribution is dominant for all layers. which partially cancels the surface anisotropy.
a, is negative for all Ni layers except for lay8 1 where it In thin fct films (with thicknesses less than 6 MEeffects
is positive but very small<0.0005 meV). Multiplied by a due to the quantization of electronic states within the Ni film
factor, it agrees surprisingly nicely with the band-energy dif-are found to be significant. For these, we observe also per-
ference profile but appears to be shifted down in energy. Thpendicular anisotropy, in particular for 2 ML and 3 ML
largest deviations are at laye8s S—5, andS—6, i.e., atthe thickness. This is in contrast to experiments but in agreement
surface and at the interface. Furthes, and a, show the  with other calculatiorf®*3and, thus, gives evidence that ide-
same sign for layerS, S—1, andS—3. As a rule of thumb, alized theoretical systems do not fully describe the experi-
the layer-dependent first-order contributiap can in good mental situation. Especially, mechanisms which lower the
approximation be taken from the band-energy difference proband-energy contribution to the MAE—such as surface and
files, the second-order contributi@y as layer-independent interface roughneé—are yet not taken into account.

and negative for all layers. Simple test calculations for the effect of interface roughness
yield a decrease of the MAE—as expected—but should be
V. CONCLUDING REMARKS followed by more advanced work.

Film geometry, i.e., tetragonal distortion, and magnetic
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