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Higher-order magnetic anisotropies and the nature of the spin-reorientation transition
in face-centered-tetragonal N{001)/Cu(001)
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Second- and fourth-order constarts, K, of the magnetic anisotropy energy in tetragonally distorted
Ni(001) ultrathin films on C@002) are determined as a function of temperature and film thickness. We measure
a positive out-of-plane constamt,, ~+0.24 ueV/atom and a negative in-plane const#y; near room
temperature. This leads to a continudascond or higher-ordgespin-reorientation transition of the easy axis
from an in-plane below=7 ML to a perpendicular orientation for thicker filmi§,, changes sign al.~6.7
ML which results in a change of the easy axis from ffh80] direction below 6.7 ML to th¢110] direction
above. These results are quantitatively compared (dIN)/W(110) for which no out-of-plane reorientation is
observed[S0163-18287)09105-4

I. INTRODUCTION resonancéFMR) in UHV.® These data agree quantitatively
with the anisotropy calculated from a magneto-elasticity
In recent years, the spin-reorientation transit{&RT) in model which takes the experimentally determined tetragonal
ultrathin ferromagnetic layers has attracted much interestistortion (+2.5% tensile in-plane and3.2% compressive
Ultrathin Fe and Co films have been found to exhibit astrain out-of-planginto account. Also the critical thickness
strongly enhanced magnetic anisotropy enelfAE) with  for SRT, as a function of film thickness, is predicted cor-
an easy axis perpendicular to the surface pfafiedt low  rectly. The possibility that SRT is driven by a structural or
film thickness this perpendicular anisotropy is sufficient Omorphological change at, has been excluded by quantita-
overcome th_e demagnetizing field and align the_magnetizaﬁve low-energy electron-diffractid[I(E)-LEED] and scan-
tion perpendicular to the plane. The SRT from in-plane 0y ynneling microscops? Based on the available data in

out-of-plane is usually found at a critical number of layers : ot
; the literature’ one could argue that the magnetization, as a
2<d.<6 ML, which depends on the temperatdfFurther- ¢ =~ ..~ o thickness, switches abruptly in Ni/@01).

more, a reversible temperature dependen_t SRT from PEIPERI, stable tilted orientation neal,~7 ML was reported.
dicular at low temperature to in-plane at higher temperatureﬁ.his is different from results obtz;ined for wedge-shaped Fe

has been observed:® 4 Col h , p  th .
In Ni films, on the other hand, the magnetization switcheAd ©0 18y€rs, Where a continuous decrease or the remanen

from anin-plane state at low thicknes® a perpendicular perpendicular magnetization was found when the film thick-
orientation abovel.~7 ML for Ni(001/Cu(001),°-*and at  N€SS increased. This was interpreted as a continuous rotation
Cc l

d.~5 ML for Cu/Ni(111/Cu(111).* This reversed thickness ©f the magnetization fromZSout-of-pIane to in-plane with
dependence is due to the opposite signs of the surface anis§t@ble intermediate anglé$: . o
ropy Kg of Ni and of Fe, Cd}'l4WhiCh favors in_p|ane mag_ In the present WOI’k we will ShOW that the magne“za“on
netization for Ni and out-of-plane magnetization for Fe andin Ni/Cu(00) rotatescontinuouslyfrom a perpendicular ori-
Co. The total MAE(Ref. 15 varies as a function of thick- entation above 8 ML to the in-plane direction below 7 ML.
ness according t&,=K4+2K3/d (K" is the volume an- Absolute values for the magnetic anisotropy up to fourth
isotropy). The direction of the magnetization is determinedorder are measured by angular-dependent ferromagnetic
by the balance betweel, K3/d, and the demagnetizing resonancéFMR) in UHV. These data yield the equilibrium
energy 2rM2. In the monolayer range the surface contribu-angles(6., and ¢,y of the magnetization with respect to the
tion usually dominates and determines the easy axis of thg001] (out-of-plang and thg 100] direction(in-plang in zero
magnetization. In the cases of (801) and Ni{111) on Cu applied magnetic field. A stable intermediate out-of-plane
one has a large volume anisotroy which results from the angled,,is found. These results are compared to the ones for
large strain anisotropy due to the2.5% elongated nearest- Ni(111) on W(110 for which the anisotropy, due to strain
neighbor distance in-plane of Ni on Cu. It favors a perpen+elaxation as a function of thickness, must be included in the
dicular magnetization and overrides the shape anisotropysurface” contribution K%d.?*?® The volume part should
27M?2, assume bulk values, which are small. In Ni/Cu, on the other
An interesting question is: Does the transition in Ni/Cuhand, one has a large magnetoelastic contribution, which is
occur continuously or discontinuously, that is to say, is it anot thickness dependeritolume-type, andno strain relax-
first- or second{or highery order phase transition? Theoreti- ation contribution toK%/d in a large thickness regime. It is
cally, this transition, as a function of film thickness, has beerworthwhile to note that no perpendicular magnetization in
discussed in terms of phenomenological anisotropy constantsi(111) on W(110 was observed although thé&11] direc-
only.! No microscopic theory, as for example for the tem-tion is the easy axis of magnetization in bulk Ni.
perature driven SR¥$-2° has been published. For (D1)/ Another interesting issue is the correlation between mag-
Cu(001) absolute values for the second-order anisotropy conretic anisotropy and dimensionality. For both Ni systems a
tributionsK % andK 3 have been measured by ferromagneticcrossover from two- to three-dimension@D) behavior at
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TABLE I. Equilibrium angles of the magnetization in zero applied magnetic field and corresponding
constraints on the anisotropy parameters for f¢dOBIl) on Cu001). Lines(a) to (c) of Fig. 1 correspond to
the inequationga) to (c). For shortness we defirt€,; + (1/4)(3+cos 4pegK4=X.

(@) Ko+ 3 Kygy— 5 (3+C0S 4pe Ky >27M?2, if X>0

Oeq=0° 2
(b) Ko+Ky >27M2, if X<0
nz K2+K4L_27TM2 (b) K2+K4L<27TM2 and
SIN' Geq= Ker + 2 (34005 4pogKa () 27M?<K,—  (3+c0S 4peKyy, if X<O
4 —g0° (@) Ko+ 3 Kygy— § (3+C0S dpe) Ky <27M?, if X>0
o (C) Ko— % (3+C0S 4p)Ky<27M2, if X<0
®eq=0°, [100] Ky>0
Peq=45°, [110] K4 <0

5-6 ML has been reportéd:*® However, in these studies the from the z axis [001], which is perpendicular to the film
effect on the magnetic anisotropy was not discussed. plane. N, and N, are the demagnetization factors in the
The paper is organized as follows: In Sec. Il we presenplane §,y) and normal to the film plan®K,, K, , andK 4
the phenomenological model for the MAE of a tetragonalare the second- and fourth-order terms of MAE. For cubic
system like N{0OD) on Cu001) and the role of the higher- symmetry one hak,, =Ky, (often denoted aK,). The easy
order anisotropy constants is discussed in detail. In Sec. lljxis of magnetization is determined by the minimum of the
experimental details for Fhe preparation and structure Ofree-energy densitjEq. (1)]. For negativeK 4, the easy axis
Ni(00D on CU00) and Ni111) on W(110 and the FMR s along thg110] direction, for positiveK 5, along[100]. The
experiment are given. In Sec. IV we discuss the role of thgt-of-plane orientation is influenced by all anisotropy terms
second- and fourth-order anisotropy constants for both sysp, Eq. (1), also byK,,. The equilibrium angleg,, and ¢ of

tems. Section V summarizes this work. the magnetization in zero external field are given in Table I.
One can identify three stability regions: in-plane, intermedi-
Il. SPIN-REORIENTATION TRANSITION ate, and perpendicular. In Fig. 1 we show two planes of the

AND MAGNETIC ANISOTROPY 3D stability diagram of the magnetizatiod,, = 0 [Fig. 1(a)]

andK,, =0 [Fig. 1(b)]. For K, =K,, =0 no tilted orienta-
htion is possible, and iK, changes, a discontinuous flip of the
magnetization, that is a first-order phase transition, from in-
yplane to out-of-plane is expected K,=27M?2. Interest-
ingly, a tilted orientation out-of-the film plane can be ob-
Eained if K4, <0 [Fig. (@] or K4<0 [Fig. 1(b)]. In real

The orientation of the magnetization in ultrathin films is
determined by the balance between the intrinsic MAE, whic
arises from spin-orbit coupling, and the shape anisotrop
which is of dipolar origin. The latter always favors an in-
plane easy axis for thin films, the former may either favor

in-plane or perpendicular orientation. The balance betwee stemsK. andK. chanae as a function of temperature and
the two anisotropy contributions changes as a function o y 2 4 g b

film thickness and temperature. In our sign convention a'lm thickness. The system may follow any path within the

o ; ; 2
positive anisotropy constant will favor a perpendicular easyStablllty diagram. For example, varyirkg,/2mM® from left

axis. A SRT to a perpendicular easy axis occurs when th0 Mgt in Fig. 1(b) with K4, <0 yields a continuous rotation

intrinsic anisotropy becomes positive and dominates over th fnt:ihrgﬁlg dnﬁgf:ttlﬁgt \I/:eiCtso(;hfg)r:g ?t;g)larnees;ﬁ tpoerzlpeg(?ilr%l{lar.
dipolar shape anisotropytypically 27M?(T=0 K)~12 9 P y

wneV/atom for Ni. It was found experimentally that a per- Itﬁ/(jezr:IIEWKOf tf;(e th;ﬁz'g'mﬁﬁ'ﬁga:)&h;?t ?(')?g;)?;nmwl:mn 'S
pendicular magnetization can be stabilized in Fe and Co Iay9 YRar: Bap, 2t ) o : Pie,
ersbelowa critical number of layersl_~3—8 ML, which K4, <0 one can also find a region with tilted orientation for
depends on the film structure and the temperatfigi(001) rKeMio>n2.a|rne ﬁ?tt)elg | the boundary areas between the three
and Ni111) on Cu are the only known systems where this 9 MR . . .
behavior is reversed. In a thin film two major f;e\ctorsscontrlbute ta; (i
Due to the lack of a microscopic model we will review =24,...) according to K;=K{+2K7/d namely: (a a

: . s thickness-independembntribution usually denoted biK 7,
the phenomenological anisotropy mod&&kyvhich is usuall , 2 i
usedIO to describe ?he SRT as g);unctior:Nof thickr?rés\s/.ey and (b) the thickness-dependentontribution K /d. The

start with the anisotropic part of the free-energy density ap_volume anisotropy K i includes allthickness-independent

propriate for a tetragonal ferromagnet like (601 on magnetostrictive cont‘r‘i_butions and diffe:s in most filrsns very
Cu(001)? much fromK,. The |nterfage-§urface anisotropl ; re-
sults from the lowered coordination at the substrate/film and
film/-vacuum interfaces. Also, arthickness-dependentag-
netoelastic contribution, which arises from a thickness-
1 1 ; dependent relaxation of strain, is included in this term. A
2 Kay 3 (3+cos 4p)sir's, @ special case is the epitaxial system with a medium strain like
whereg is the angle of the magnetizatidn with respectto  Ni on Cu001) (7yic,=—2.5%9: The film grows pseudomor-
the [100] direction in the &,y) plane.® measures the angle phic (coherent up to a critical thicknessl, in a state of

E=27(N, —N,)M? cog §—K, cos 6— } K,, cos 6



3710 M. FARLE et al. 55

within the film plané® too. In the above discussion we have
excluded the possibility of domain formatid%?® For our
FMR experiments this is justified, because one applies a
magnetic field of several hundred Gauss, which makes the

[001] film single domain. For completeness, we would like to men-
tion that in a cubic or tetragonal film an uniaxial in-plane
anisotropy may arise from a vicinal cut of the substrate layer.
To account for this contribution one can add a second order
in-plane anisotrop;szzcosze coge, in Eq. (1), where ¢,
measures the angle between the uniaxial symmetry and the
[100] direction in the plané®

Another important parameter in the discussion of MAE is
the temperature. A strong temperature dependence of all or-
ders of MAE is well documented for bulk sampf&sFor
example, the bulk anisotroplf,, of Ni is known to in-
crease from-3x10* erg/cn? (—0.2 ueV/atom atT/T,=0.9
to —6x10° erg/ent (—4.1 ueV/atom at T/T,=0.23? Unfor-
tunately, no general theoretical function for the temperature
dependence of MAE is established in the bulk. In ultrathin
films the situation is even worse. One has to consider the
temperature dependence of surface and volume contribu-
tions. It is theoretically unclear if both terms should behave
similarly as a function of temperature. Until recently there
was only one experimental wotkwhich presented few data

FIG. 1. Stability regions for the easy axis of magnetizati@. points forK 2(T) andK{(T). Alr?ady In tpe eal’sly work’ it
K,, versus<, normalized to the shape anisotropy 2. Note that ~ Was mentioned that the analysis =K+ 2K3/d should
the K ,,=0 plane is shown only(b) K, versusK, normalized to P& done at constarft/T.(d) and not at constant. This is
27M? andKy, =0. A cantedd,q is found in the unshaded regions due to the fact that(d) varies strongly as a function of film
only. The phase separation lines are given in Table |. Note that thicknessX**® Theoretically, it is not clear iK, should be
negativeK 4, yields an easy in-plane axis alofy10]. Experimental ~ analyzed at constant or T/T.. Experimentally, however,
K, values for Ni/Ci001) and Ni111/W(110 projected onto the We** and other found thatT/T, is the thermodynamical
K4 =0 andK,, =0 plane are shown also. relevant quantity which yields a d/linear dependence at

many different temperatures. Here, we extend our previous
constant strain. The magnetostrictive contribution to the totawork to the case of Ni11).3® Experimentally, this involves
anisotropy is then pure volume type. Thickness-dependerihe determination off . and the determination of the anisot-
relaxation contributions t& § are absent and } is pure Nel  ropy at different absolute temperatures for each thickness.
type. Ford>d_, a strain relaxation contribution is contained

] Ni(111)rough W(110)
O Ni@o1ycuoon

in K{/d. K¥ also becomes different. . EXPERIMENT
The vast majority of recent literature discusses the
second-order contributio,=K 4+ 2K 3/d only. As stated All Ni films were deposited in a vacuum better than

above, this restriction does not allow a continuous SRT. Fotx10 ° mbar (base pressure X80 ' mbay onto a
example, in the case of Q&ef. 30 and Fe(Ref. 3] films it contamination-free \M10) or Cu001) substrate, which
was shown that one can find different types of reorientatiorshow a sharp LEED pattern. Film growth was monitored by
transitions(continuous, special, discontinuguss a function  medium energy electron diffraction in the case of Ni/Cu.
of film thickness if one includes higher-order termddhand  Ferromagnetic resonan¢EMR) and polar and longitudinal
K. The ratios ofK 5 , andK 5 , determine an upped,, and  magneto-optic Kerr effedMOKE) measurements were per-
lower critical thicknessd,, for a tilted orientation of the formedin situ immediately after deposition. For FMR, the
magnetization. 1d.,=<d4, a first-order thickness-dependent magnetic field was applied along the [€uO] direction and
reorientation is possib@. K3, 4 are important for the SRT along the WO010] direction (direction of largest Ni tensile

TABLE Il. FMR conditions used to determine the anisotropy constants ftrIN) (Ref. 36 and Ni001).
Note, that in Refs. 35 and 36 a different free-energy equation with condtarasd k, was used. The
conversion ik,=K,+K,,, andk,=—1/2K,, .

H. film plane HIfilm plane
Ni(111) ) 2k, w\? 2k, 4k,
;:HR_L_47TM+V ; :HRN HW‘+47TM_W_V
fct Ni(002) w 2(Ky+Ky,) w\? 2Ky 2K, Ky
;:HRL_47TM+T (;) :(HR”—V) HR|+47TM—V+V)
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strain within the planewhich is the easy in-plane axis of higher-order magnetic anisotropies quantitativély’~*°The

Ni(111) films as detected by MOKE. Details have been pre-resonance condition for the Ni/Q01) system is derived

sented earliet:?12535:36 from Eq. (1) by including the Zeeman energy due to the
FMR has been proven to be an excellent tool to determinapplied magnetic field4°

w)? 2Ky Ky Ky Kar Ky
—| = —0)+| — +—+—— +|—+
(y) Hg coq 64— 6) 47M M M 2M)c0529 ( M 2M)cos 49]
2K, Ky 2Ka Ky 2Ky
X1 Hg cog 6 — 6) + —4TM+ =+ cos 0+ VI cos 6— ik 2

Resonance is observed at the applied magnetic tigld an intensified background. Such a surface is expected to have
which depends on the equilibrium angl@of the magneti- small, 1-2 layer deep craters with a mean separation of
zation in an applied field and the anglg of the magnetic 20-50 A. The lattice misfit between fcc (4i11) and bce
field with respect to the film normal. The in-plane angle ~ W(110 planes is along the Y@01], i.e., Ni[110] direction

of the magnetic field was chosen along {14.0] direction  fjoon=(ayni—aw)/aw=—21.3% (ay;=2.492 A, a,,=3.165

(¢ =45°) in our experiments. The usual Kittel relations for A) and along the W [1Q], i.e., Ni [112], direction 170,

the magnetic field applied either in the plang;&90°) or = (/3ay— v2ay)/\V2ayw=—3.6%. Up to a coverage of
perpendicular ¢,=0°) to the plane are given in Table Il. 0.75 ML the film grows pseudomorphic with the character-
For the Ni{111 system a different uniaxial free-energy istic (1x1) LEED pattern of W110. At 300 K growth con-
modef>?73>3®was used. As a result one obtains differenttinues layer-by-layéf up to 30 ML. Above 0.75 ML the film
resonance conditions if higher-order anisotropies are inrelaxes from the bd@10) type layer to a fc€l11) structure.
cluded(Table Il). The quadratic anisotropy constants deter-At 6 ML only the symmetric LEED pattern of a f¢t11)
mined from the perpendicular and parallel resonance condsurface with a 3.6% dilated nearest-neighbor distance is
tions for the N{111) and Ni001) can be directly compared. observed?

In our analysis we use the field- and temperature-dependent

magnetizationM of Ni bulk which is proportional to the

integrated intensity of the FMR absorptith.From the IV. DISCUSSION

angular-dependent FMR experim&htne obtains the anisot-
ropy constants which appear in E). The equilibrium
angle 6,4 of the spontaneous magnetization is calculated a
cording to Table I.

A. Second-order surface and volume anisotropy

Before we turn to the discussion of our investigation we
Cill summarize the results reported previously. The reorien-
tation of the magnetization of fct K001) on Cu001) has
A. Cu(00D/Ni(001)/vacuum been studied by several groups. At room temperature the

T ) magnetization is in-plane for film thicknesses belsw ML
by quantitative (E)-LEED (Refs. 9, 11, 12, and 4%nd above~41 ML.10444perpen-
dicular magnetization was reported for the intermediate
thickness interval. Near the upper critical thicknéss ML)
evidence for a tilted out-of-plane magnetization was
reported'® Here, we will focus at thicknesseb<11 ML.
The results foilK 3 andK 3 are summarized in Table 11K}
of fct Ni(001) (Refs. 9, 37, and 45s by nearly two orders of
magnitude enhanced in comparison to the fourth-order-
cubic-bulk anisotropy. The existence of a quadratic “vol-
ume” anisotropy in N{001)/Cu(001) reflects the tetragonal
distortion of the fcc Ni lattice on Q001). We have shown
earlief that the sign and magnitude &f; is in quantitative
agreement with the calculated magnetoelastic anisotropy due
to the 2.5% lateral expansion of (8D1) on CU001) and the
. associated tetragonal distortion. The origin of the perpen-
B. W(110/Ni(11D/vacuum dicular magnetization fod>7 ML is K3 andnot K$. The

Films were grown on smooth and rough(¥0 sub- negative surface anisotrogy3 favors an in-plane magneti-
strates. Smooth substrates with terrace sizes on the order pétion, and below 7 ML € 2K 5/d+27M?) is large enough
>100 A were produced by high-temperature annealing afteto compensate—Kj. In Table Il the anisotropies for
sputtering. Rough surfaces were obtained after “soft” sput-Ni(001) grown on a Cu buffer layer on ®01) (Ref. 10 are
tering at 1 keV (6 pwAlcm?) for 3—-5 min and subsequent also listed K3 andK 4 are different from our values, which
annealing to 800 K. Such surfaces still showed thegibd is most likely due to the differences in the substrates. For
LEED pattern with an increased spot diameter (1.8-and  Ni(001) films capped with a Cu layéf, one finds that the

Recent investigations
analysié! and scanning tunneling microscdpyrave shown
that Ni grows pseudomorphic on @01) with an in-plane
lattice constant,=2.53 A at coverages 3 and 5 ML, and
a,=2.51 A at 11 ML. Compared to the in-plane lattice con-
stanta,=2.55 A of bulk Cu the Ni, is contracted from the
first layers on, which indicates that the surfaggof Cu is
already reduced ta,=2.53 A. This was reported recently.

A tetragonally distortedfct) artificial Ni lattice is stabilized
at least up to 11 ML, which in comparison to bulk fcc Ni
(a,=2.49 A is expanded by 2.5% in the film plane and
compressed by-3.2% along the surface normal. There is no
characteristic structural or morphological changedat7
ML (Refs. 21 and 2Rat which the SRT is observed.



3712 M. FARLE et al. 55

TABLE Ill. Surface and volume anisotropies of fct (801)/

Cu(001) and fcc N{112)/W(110 films around 300 K[T/T.~0.5 e ™ Ni(001)
for Ni(111) and T/T,~0.7 for Ni(001)]. Values for films capped %
with different layers are given als&5V<0 favors in-plane mag- S
netization. For Ni0O1) we use 1 erg/cf=334 peV/atom, 18 g
erg/cn?=6.8 ueV/atom. For the Nil1l) plane one has 1 :
erg/cnf=384 ueV/atom. Note, that the shape anisotropy =
27M?(300 K)=7.5 ueV (M=420 G is contained inKy of Ref. =
24, D
X

K31 ML KY T >

(ueViatom (ueV/iatom (K) Ref. v
Ni(111)/W(110 -88 10.8 T/T,=0.54 25 100 S o
Vac/Ni(111) —184 300 50 0.0 0.2 0.4 0.6 0.8 1.0
Cu/Ni(112)/Cu ¢
d<des —31 +8.8 300 24 FIG. 2. Temperature dependeri€§ (squaresandK} (circles
d>dc_5 +104 —6.2 300 24 for Ni(111)/smooth W110) (open symbolsand Ni/Cy001) (solid
Cu/Ni(001/Cu symbol$. The anisotropy of bulk N{Ref. 32 is given also(solid
d<ds —134 +26.5 300 24 diamonds. Dashed and solid lines are guides to the eyes only.
d>d +301 -10.9 300 24
Vac/Ni(001)/Cu at the W110) interface must be different. In the following,
d<d -77 +30 300 9 we discusK 4, K3 of Ni(001) and Ni{111) as a function of
d<dcs —40 +22 300 10 reduced temperatuf®T.(d) (Fig. 2.

5 varies almost linearly as a function @f T, in both
systems. Extrapolation of the linear behavior Te=0 K
second Ni/Cu interface roughly doubles the magnitudi f  yieldsK 4~ 72 ueV/atom for N{001) andK 4~ 25 ueV/atom
in the coherent growth regimeld.) and modifies the vol- for Ni(111). A total-energy calculation for bulk fct K002)
ume contribution by 10% only. If one assumes that the inwith the lattice parameters of Ni/Q01) (Ref. 21) yields
terface of Ni on Cu is the same as that of Cu on Ni, oneK 4~ 140 ueV/atom atT=0 K.*° The agreement is not sat-
estimates that the vacM0i0l) interface anisotropy is isfactory and becomes even worse if one considers an ex-
negligible?° Due to the enhancel $, the lower critical trapolation based on experimental bulk Ni magnetostriction
thickness for perpendicular magnetization increases for theonstants® One finds that the strain anisotrop,.=3/2
Cu/Ni/Cu system. Moo (8, — &) (€11~ C1p) (Ref. 40 calculated withe,=2.5%,

Results on the magnetism of (ML1)/W(110 (Table IlI) €, =—3.2% and, taking the temperature dependencesqgf
have been reported previougR?>®At about 5 ML a cross-  c,,, andc,, of bulk Ni (Ref. 48 into account, agrees within
over from three- to two-dimensional behavior is found. Thethe error bars withK 4. It is also worthwhile to mention that
analysis of the ferromagnetic resonance data fot Ni) was  there may be errors in the calculation since the same theory
performed with a free-energy model appropriate for a hexyields a wrong MAE for bulk Nf*® K% of Ni(111) is always
agonal systerit with negligible in-plane anisotropy. Based smaller than that of fct NDO1). At first this seems surprising
on the LEED finding this seems appropriate tbr5 ML, since the average in-plane strair-3.6% for Ni111) (as
where isotropic strain is observed. The results obtained inletected by LEED s larger than the one for fct K001).
our earlier publications are summarized beldd). No di-  However, the magnetostrictive constant; is by a factor of
mensionality effect in the anisotropy is observed as a func2 smaller than\,q,. This explains why for a larger strain a
tion of film thickness(2) K35 is negative an&} is positive,  smaller anisotropy results.
and the total anisotropl{, is for all thicknesses smaller than  Interestingly, the surface anisotropy of (801) (d<dJ)
27M?. The magnetization lies in the plane for all thick- and Ni111) is nearly the same for all temperatures. Consid-
nesses(3) The largeK} at T/T.=0.54 (Table Ill) corre-  ering that for N{111) there is a magnetoelastic and adie
sponds to an additional magnetoelastic anisotropytype contribution toK3 and in Ni001) only a Neel-type
KpuktKme With K,e=1.5\¢. Using the bulk magnetostric- contribution, this agreement seems to be accidental. The
tion constant\=—2.5x10"° one calculates a tensile strain simple explanation that the ‘Mktype contribution in both
&=4.2%?° which is in reasonable agreement with the mea-=tructures is the same and dominates over any small magne-
sured 3.6%.(4) The volume anisotropy of NL11) films  toelastic contribution seems unlikely to us. No straightfor-
grown on rough W110) is smaller than the one for films on ward explanation can be given, since there is no possibility
a smooth substrafé. This indicates the effect of the in- to analyze the temperature dependence of the magnetoelastic
creased number of defects in the rough films, which cause and the Nel contributions separately. Also, no microscopic
faster relaxation to the unstrained bulk lattice. The surfaceheoretical model for the temperature dependendé Hex-
anisotropy, however, remains the sa(able Ill). This is ists to our knowledge. For lack of better models we have
surprising since one would expect that the strain relaxatiomdded a linear fit t&< 3 of Ni(001) which should be seen as
contribution toK3$ is different for the rough and smooth a guide to the eye only. If one follows the linear trend to
surface. Consequently, the &leype interface contribution T/T.=0, one findsK$ (T=0 K)~—180 ueV/atom which
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T T T T ] 8 7.5 7 (ML)
5 ML a) - K ' ' $ S [j_oo]

41

Loy
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[110]

1
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!

K4 (ueV/atom)

411

013 014 015
1/d (1/ML)

e
(1 7] FIG. 4. Fourth-order anisotropy constari€g, and K, as a
Tt function of reciprocal film thickness for K001) near T/T,~0.8.
29 ] Ky, changes sign ad~6.7 ML.

aboutT/T.=0.7. Already, the reversed angular dependence
[Figs. 3a) and 3c)] for the 5 and 8 ML film unambiguously
shows that the easy axis of magnetization is parallel and
perpendicular, respectively. This is confirmed by the fit
(solid line) according to Eq(2), which yields the parameters
K,, K4, , andK 4. The demagnetization energyr®1%=7.5
peViatom of bulk Ni is used. Figure(B) shows only a
small, unusual variation dflg (note the differenty scale.

The fit determines anisotropy constaits, which yield an
a(?qu_ilib_rium anglef=29° of_the magnetization in zero mag-
T/T.~0.7 for three thicknesses of Ni/@01) (solid circle 9 GHz; netic ﬁ?ld(Table I)._From th.ls we conclude t.hat the SRT a.s
(open circle 4 GHz. Fits according to Eq(2) (solid lines with a function of film thickness is of secor]d or higher order. This
M~420 G,g=2.18 yield:(a) K,=1.6,K4, = —0.48,K 5= —0.55; was reproqluced for several other thlcknesses and a narrow
(b) K,=6.59, K, =—0.15, Ky=-0.14; and (c) K,=9.5, thlckness_mter\_/al from 7 to 8 M_L is foun(_Jl where stable
Ka, =0.1,Kg = — 1.7 ueViatom. canted orientations of the magnetization exist.

Results forK,, andK,, as a function of film thickness at

yields KM =K 4+ 2K $= — 270 peV/atom atT=0 K for the T/T,~0.8 are given i.n Fig. 4 One finds th#t,, ~0.24
Ni(001) “monolayer. This value does not agree with peV/atom is nearly thickness independent for 6 ¥idl<<8

KM'="94 yeViatom calculated for a K801 monolayer ML,“° and much smaller thak,~10 ueV/atom. Interest-
with the Cu lattice constadf. On the other hand, if one Ingly, due to the negligible thickness dependekge is not

chooses an extrapolation as indicated by the dotted line, orfXPected to be the dominant mechanism for the thickness-
obtains KM= (T=0 K)=—98 weV/atom in much better dependent out-of-plane SRKy,, on the other hand, shows a

agreement with the calculation, but with a large error barStronger thickness dependence and followscalaw within

We like to point out, however, that this extrapolation is am-{h€ €rror bars. One may conclude that the fourth-order con-
biguous and was added only to reflect the fact that there is &ibution K, is the intrinsic origin for the continuous out-of-
curvature in thek 5(T/T,) data. All anisotropies in Nivanish Plane reorientationk,, changes sign at approximately 6.7
at the Curie temperature. This is not generally true in ferroML (Fig. 4. This indicates that an in-plane SRT occurs. The

magnets. For G@002 films on W(110) it was found that ©aSy axis of magnetization rotates frd00] in the film
v remains finite afl,,3 as it is also known for the bulk. plane to[110] for d>6.7 ML at this temperature. However,

a clear correlation between in-plane and out-of-plane SRT in
the sense that they dependent on each other cannot be con-
cluded from our data.

As pointed out in Sec. Il, an analysis of the anisotropy in  Linear regression of the data in Fig. 4 yields the fourth-
quadratic order only is a severe restriction in the investigaorder surface K 3,,K3,) and volume K},,K},) anisotro-
tion of SRT. In the following we will discuss the reorienta- pies given in Table IV. The second- and fourth-order contri-
tion transition in Ni/C001). The fourth-order contributions butions are different in sign, that is to say for an infinitely
in Eg. (1) can be determined by angular-dependent FMRthick fct Ni K4 favors the[001] andK j, the[110] direction.
according to Eq(2). The experimental resonance fi¢lgk as K4, and K3, differ by two orders of magnitude and have
a function of magnetic field anglé, is shown in Fig. 3 for negative signs. This is different to the cubic anisotropy of
three different thicknesses. The temperature for all films idulk Ni K, ~+10"2 ueV/atom[0.75<T/T,<0.87 (Ref.

90 0,

0° 30°  60°

FIG. 3. Angular dependence of ferromagnetic resonance field

B. K4, , Ky, and the spin-reorientation transition
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TABLE IV. Second- and fourth-order surface and volume an- . . — . ] . |
isotropy constan_ts for rgmop (T/TC~O_.8_) and N{111) on rough 2 15 ML 10 ML 75 M
W(110). For easier comparison the original(Mi1) data(Refs. 27
and 36 have been recalculatéd@able Il) in terms of the free energy E
given in Eq.(2). %

S B
KV K1 ML o 0
ueViatom (ueViatom ~
~
Ni(002) Ka ~9.8 +33 < Ni(111)W(110) rough
Kay -0.08 +1.0 X ol O K,
K, +29 -77 O K,
Ni(111) K, +2.3 -18 -
Kay +2 -20 . ' ' ~
0 0.04 0.08 0.12

1/d (1/ML)
48)], and shows that the tetragonal distortion not only intro-
duces a second-order terky, [Eq. (1)] but also changes |G, 5. Second- and fourth-order anisotropy fo(Nil)/rough
fourth-order contributionsK 3, andK 3, are both positive in (110 as a function of reciprocal film thickneés ML=2.035 A).
difference to a negativi 5. For completeness we would like values for 15, 10, and 7.5 ML were obtained at 550TKT.=0.9),
to mention that this evaluation holds only at the given tem-300 K (T/T,=0.5), and 300 K {/T,=0.6).
perature and has been obtained in a narrow thickness interval
only. Preliminary results which will be discussed elsewherehis thickness regime. This is different to the(®01) fct
indicate thatk,; also strongly depends on temperature anccase, where the strongly enhanced second-order term reflects
sample history. the large tetragonal distortion. The magnitudekd}, rela-
According to Fritschet al*° three different types of SRT tive to K$ has no special implications, since there is no
as a function ofl can be distinguish if one considers second-thickness dependent SRT at any thickness.
and fourth-order contributions. Following their arguments
we calculate the critical thicknesé&dor full in-plane and
out-of-plane orientation at/T.~0.8: V. SUMMARY
s s The out-of-plane reorientation of the magnetization in fct
_ 2(Ka+Kg) — (3  Ni/Cu(001) has been identified as a second- or higher-order
2T 2aM2—(K3+KY,) T ' phase transition. Between 7 and 8 ML stable intermediate
angles of the magnetization have been measured by angular
2K5—Kj, dependent FMR. Near 6.7 ML a reorientation within the film
dcl:27TM2_Kv+0 oo 1 ML (3b)  plane from[100] to [110] is also found. The origin for the
20l continuous transition is tentatively ascribed to the fourth-
Within the error bar these values are equal and lie within the@rder in-plane MAEK,,, which is experimentally deter-
thickness interval for a canted magnetization observed bynined. A consequence &, may also be the occurrence of
angular FMR. Frond.;~d,, one might have concluded that the in-plane reorientation at about the same thickness. Theo-
the thickness-dependent reorientation is of first-order or @etically, however, both reorientations are not expected to be
specialtransition. Note that according to Fritzsceeal®*® a  related. Furthermore, we have studied the temperature de-
specialtransition ford;;=d., is the only one at which the pendence of the surface and volume magnetic anisotropy in
total anisotropy really disappears. Figure 3, however, unamNi(001)/Cu(001) and in Ni{111D)/W(110. A linear extrapola-
biguously demonstrates that a stable canted magnetizatidion of K5 as a function ofT/T, yields experimental values
exists and that the SRT is of second- or higher order. Fofor the anisotropy 80 K of tetragonally distorted N00O2)
Ni(111)/W(110 an analysis of fourth-order anisotropy at dif- bulk and isotropically strained Kil1) bulk, which can be
ferent film thicknesses was only possible for the roughcompared to theoretical calculation. For fct(001) we ex-
substraté® For shortness we will not repeat the free-energytrapolate K 3~ +72 ueV/atom. An extrapolation ofK 3
model used in the analysis of (4i11),%® but present the re- (T—0 K) yields a monolayer magnetic anisotropy 608
sult only (Fig. 5. To ease the comparison between the dif-ueV/atom which agrees very well with a theoretical value
ferent free-energy models we recalculated the originaKg"L=—94 peViatom obtained for the Ni monolayer on
Ni(111) data in terms of Eq(1). The recalculated N111)  Cu(001).*’
data are shown in Fig. 5 as a function of film thickness and Note added in proofAfter submission of this manuscript
are also plotted in Fig. (&) normalized by 2-M?2. Unfortu-  an SRT calculation by Millewet al>* was published, which
nately, the FMR measurements were not taken at the sanig in good agreement with our analysis.
reduced temperature, resulting in the scatter of the data
points in Fig. 5. Nevertheless, one can estimate the higher- ACKNOWLEDGMENTS
order surface and volume contributions given in Table IV
(last two lineg with a large error bar. Interestingly, in Discussions with P. Jensen, W. bher, and A. Hucht are
Ni(111) the magnitude oK}, is comparable td 4, which  gratefully acknowledged. This work has been supported by
may indicate that uniaxial distortion plays a negligible role in Deutsche Forschungsgemeinschaft, Sth290, TPAO2.
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