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Anisotropic susceptibility of ferromagnetic ultrathin Co films on vicinal Cu
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We measure the magnetic susceptibility of ultrathin Co films with an in-plane uniaxial magnetic anisotropy
grown on a vicinal Cu substrate. Above the Curie temperature the influence of the magnetic anisotropy can be
investigated by means of the parallel and transverse susceptibilities along the easy and hard axes. By com-
parison with a theoretical analysis of the susceptibilities we determine the isotropic exchange interaction and
the magnetic anisotropy. These calculations are performed in the framework of a Heisenberg model by means
of a many-body Green’s function method, since collective magnetic excitations are very important in two-
dimensional magnets.
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[. INTRODUCTION different from theeffective temperature dependent anisot-
ropy KC,(T) as measured for a collectively ordered magnetic

The investigation of the magnetic properties of ferromag-state? The effective anisotropy is equal to the microscopic
netic ultrathin films is a field of intense current interést. one forT=0, thusk,(0)=K,. When treated as perturba-
Among the different experimental methods the measuremenion to the exchange interactiot,(T) indeed vanishes at
of the magnetic susceptibility(T) is a very powerful T. .4 However, a vanishing effective anisotropy f6r>T¢
method for the analysis of such thin film systehihe sin-  does not indicate that the microscopic anisotropy vanishes
gularity of x(T) corresponds to the onset of a ferromagneticeither, or that the underlying spin-orbit coupling is strongly
state, i.e., to the occurrence of a nonvanishing magnetizatioparying with temperature. A noticeable drop of the spin-orbit
m(T)=|m(T)| for temperatures below therromagnetit  coupling is expected on a larger temperature stdleus, a
Curie temperatur@ . For T>T. the inverse susceptibility single magnetic moment in the paramagnetic state is still
x~1(T) exhibits the lineaCurie-Weis$ behavior:y "*(T)  subject to the anisotropy even if the net magnetization is
«T—TE™ The paramagnetic Curie temperatd@§®=T.  zero. Here a free energy difference between the easy and
is obtained from the extrapolation of this linear behavior tohard magnetic directions is also preséigaramagnetic an-
x~}(T)=0, which corresponds to the Curie temperature calisotropy”), exhibiting a temperature behavior as
culated in the mean field approximatidrFor an isotropic o (K,)2/kgT for K,<kgT, with kg the Boltzmann constarit.
ferromagnet the behavior of(T) does not depend on the Evidently, the paramagnetic anisotropy is rather smaK as
lattice orientation. is small compared to the exchange interactiorkg T .

In the collectively ordered magnetic state the direction of In the present study we will show that the anisotropy—
the magnetization is determined by magnetic anisotropiesalthough small—has a sizable effect on the susceptibilities in
which are the free energy differences between the hard antie paramagnetic state of ultrathin films in particular when
easy magnetic directions. Due to their relativistic origin re-approaching the Curie temperature. Whereas a vast amount
sulting from the spin-orbit interaction they are usually muchof susceptibility data are available for various systéns,
smaller than the isotropic exchange. As obtained in experieur knowledge the different behavior of(T) measured
ments the anisotropies depend on temperature and are extong the easy and hard magnetic directions has not been
pected to vanish above the Curie temperafuteis known  exploited to gain information about thin films. In this paper
from general considerationghat the mentioned singularity we report measurements gT) for ferromagnetic ultrathin
(or maximum of the susceptibility is only observed ¥(T) Co film grown on a vicinal Cu substrate. This system exhib-
is measured alongasymagnetic directions. Corresponding its an in-plane twofolduniaxial) magnetic anisotropy due to
experiments have been performed for bulk systtmghin  the presence of regularly distributed steps in the Cu surface,
film investigation has been reported for the FEIMMD)  with the easy axis directed along the stépgve find strong
system’ Thus, a signature of the anisotropy is also present irifferences for the magnetic susceptibilities along the easy
the paramagnetic state aboVg. (20 and hard(x) in-plane magnetic directions. With the help

At first we comment on the fact that the anisotropy isof an anisotropic Heisenberg model solved within a many-
noticeable also folf >T.. We would like to stress the fact body Green’s function method we are able to perform a
that themicroscopicanisotropy, e.g., the single-ion uniaxial quantitative comparison with experiments. Furthermore, we
anisotropyK, as present in a Heisenberg Hamiltonian, isdemonstrate how the exchange interaction and magnetic an-
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isotropy can be extracted from these susceptibilities. In théormed quasistatically to achieve an equilibrium phase tran-
previous study on Fe/\¥00 films only a qualitative com- sition. Secondly, any spurious magnetic fields have to be
parison in the framework of a renormalization treatment wagprevented as they will alter the manifestation of the phase
possible’ Our present approach represents a new method tansition, particularly when investigating the zero field sus-
study quantitatively magnetic properties of ultrathin ferro-ceptibility. For the latter reason we have used an external
magnetic films with the help of high-accuracy susceptibilitylight source for heating the front side of the sample. Due to
measurements abovig . this arrangement some scattering of our data appear as the

The paper is organized as follows. In Secs. Il and Il wefilm warms up quicker than the thermocouple, located at the
describe the experimental methods and the theoretical modekar side of the sample, on every change of the radiation
Results from measurements and calculations are presentediiriensity. This affects the measurements and causes some of
Sec. IV. A discussion and conclusion is given in Sec. V.  the apparently periodic modulations in the plots for'(T).

Il. EXPERIMENTAL ASPECTS Ill. THEORETICAL MODEL

The experiments, including film preparation and investi- To calculate the susceptibility of the ferromagnetic ultra-
gation of the magnetic properties, were performed under ulthin film with an in-plane uniaxial anisotropy we apply an
trahigh vacuum(UHV) conditions (base pressure-10 1°  anisotropic Heisenberg Hamiltonian with localized three-
Torr) in the same chamber. The film characterization andcomponent spin§ with spin quantum numbes on lattice
surface preparation were made via Auger electron spectrositesi:
copy (AES), low energy electron diffractiofLEED), and
medium energy electron diffracticfMEED).

Vicinal Cu(11n surfaces withn=17 are used as tem-
plates for the ultrathin Co films. These surfaces have been
well studied by means of helium scatterth@nd scanning A thin film with L atomic layers is assumed, spanned by the
tunneling microscopySTM).12 Microscopically, the surfaces xz plane.J;; is the isotropic exchange interaction between
consist of terraces with the normal oriented along @@1)  spinsi andj. The last term is the Zeeman energy, with the
direction, and an average terrace widthrg® atomic dis- magnetic fieldB=(B,0B,) confined to the fiim plane,
tances. The terraces are separated by monoatomic stewdereg is the Landefactor andug the Bohr magneton. The

which are aligned along thblTO] in-plane direction. Step unigxia] magnetic anisotropy within a Heisenberg Ha_mil-
bunching has not been observed. The substrate was cleanétfian is usually represented by a magnetocrystalline single-
and prepared by cycles of Ar sputterit@00 eV) and subse- 10N anisotropy— ;Ky;(S)?, impling a spin quantum num-
quent annealing T>>670 °C). The quality of the surface berS=1. However, such a single-ion anisotropy complicates
structure was confirmed via LEED and MEED. Pronouncedconsiderably the solution with the method applied in this
splitting of regular lattice spots were found, indicating theStudy® Thus, for simplicity we consider an exchange anisot-
periodic step arrangement on the surface. ropy —(1/2)2D;;SS; between nearest neighbor spins. Al-
The Co films were grown af =45°C with a rate of one though originating from very different physical mechanisms,
monolayer(ML) per minute. During electron beam evapora-the anisotropic properties obtained from a single-ion term
tion the pressure did not exceeck80 1 Torr. The growth ~ and an exchange anisotropy are quite similar, if one assumes
process was monitored by measuring MEED intensity oscilK>~(g/2)D, with D=D;; and q the coordination
lations, which were used for thickness calibration. number:®*’ A positive value forD indicates the easy direc-
The magnetic characterization has been perforineitu  tion to be parallel to the axis. Note that ferromagnetic thin
using the longitudinal magneto-optic Kerr effect films with a strong surface anisotropy sometimes exhibit a
(MOKE).13-15Hysteresis loops were obtained in static mag-magnetization perpendicular to the film plane. The interpre-
netic fields up tdB~30 mT. With the same optical setup the tation of the susceptibility of such a system is more compli-
magnetic susceptibility(T) was studied. For that purpose, cated due to the shape anisotropy resulting from the dipole
the change of the Kerr ellipticity in an appliect magnetic ~ interaction. The magnetic ground state in this case is a stripe-
field has been determined via phase sensitive detection. N&@main structure, and not the single-domain stéthis
additional bias fields were used, hence the zero fieldus- complication vanishes for am-plane uniaxial anisotropy,
ceptibility is measured® In this paper we monitor the static Since then the dipole interaction favors a single-domain, fer-
susceptibility, which is obtained for sufficiently low mag- romagnetic ground state. Thus, this coupling is not consid-
netic fields and frequencies. The modulation frequency wasgred explicitely in the present study.
set to approximately 110 Hz, while the modulation amplitude The Hamiltonian Eq.(1) is solved by a many-body
Bmoq has been varied on purposg(T) was measured for Green’s function approachyhich is suited to consider si-
different in-plane directions of the applied magnetic field, multaneously both expectation values,;(T)=(S) and
with angular uncertainties of abott5°. Due to the optical m,;(T)=(S).® Furthermore, collective magnetic excita-
setup we have monitored the magnetic response along th®ns (spin waveg are taken into account, which are particu-
magnetic field directiorflongitudinal susceptibility. larly important for low-dimensional systems. The long range
Sample heating is a very delicate issue while performingnagnetic order of an isotropic two-dimensional Heisenberg
zero-field measurements. At first the heating has to be pemagnet becomes unstable against collective magnetic excita-

1
H=-3 2 (3;S-S+DyS'S)-gus2 B:S. (1
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tions with long wavelength§Mermin-Wagner theoreirt®  wherey, = 2[cosk,/ag)+cosk,/ay)], ao the lattice constant,

Already weak anisotropies, however, induce a magnetizatioand N the number ofk points in the first Brillouin zone.

with a Curie temperature of the order of the exchangeFrom Egs.(3) and(4) the susceptibilitiesy,, and y,, along

coupling?® the easy and hard axes, which we denote by “parallel” and
We consider the set of anticommutator Green’s functionstransverse” susceptibilities, will be determined numerically.

in frequency spac&{j(w) =((S";S; )),, where the ladder The Curie temperatur€.=Tg " is calculated from

operatorsS™=S*+iS¥ have been introduced and=+, L L

—,z. These Green’s functions are solved in the usual way by _ B 1

the equation of motioR.The vanishing eigenvalues occur- 4kgTe N zk: [I(a=»d+Day] ©

ring in the set of equations motivate the use of anticommu- . .

tator Green’s functions. The higher-order Green’s functiond\0t€ that the value off ¢ is determined not only by the

appearing within this procedure are approximated by thasotropic exchange interactiahbut depends also on the ex-

generalized Tyablikov-decouplingRPA) for i#k (Refs. 3 change anisotropy.'®*"** The mean field approximation
and 16 (MFA) is obtained by putting/, =0 in Eqgs.(6)—(9), yielding

the corresponding ordering temperaturg®™ =q(J
acf. g\~ (GO 5.5\ 4 @.go\y +D). We point out that the paramagnetic Curie temperature
(SS SO =(SUE S NI @ TR calculated within the Green’s function method is equal
Interactions between spin waves are partly taken into acto T“C’”:A.3
count, allowing for the determination of the magnetic prop-  Secondly, to allow for a quantitative comparison with the
erties with a reasonable accuracy in the whole temperaturg ML Co/Cu thin film system as investigated experimentally
range. It has been shown recently that the magnetization arid the present study, we consider a homogeneoug o)
the Curie temperature of a weakly anisotropicfilm with L=2 layers and spinS=1/2. For a magnetic field
(S=1)-Heisenberg monolayer calculated by this approachilong the easyz) axis [B,=m,(T)=0] we calculate the

agrees very well with the values as obtained from a Quanturmagnetization componemt,(T)=m, 1(T)=m, »(T) from
Monte Carlo method*

The set of linear equations of the corresponding correla- 1 1 sinr(ﬁ”/kBT)
tion functions(S;"S") can be solved numerically for films 2~ My < cost{H; /kgT)— cosmH , /kgT)’
with an arbitrary numbel of layers, for inhomogeneous I°78 Z LB (10)

coupling constants;; andD;;, and for arbitrary spin quan- )
tum numbersS This will be investigated in a forthcoming denoting
study? In the remainder of this section we present two cases

for which analytical solutions can be derived. Hy=m,H+gugB;, (11
First, to give some insight in the structure of the solutions _
we consider a homogeneous squdf®l) ferromagnetic Hj=J(q+a.—»)+D(a+q.), (12)

monolayer L =1 and g=q;=4) with spins S=1/2. The H =\ (13)
coupling constants are put equal 3Jg=J>0 andD;;=D L0k

>0 if i and]j are nearest neighbors, and zero otherwise. Avhereq, =4 is the coordination number between neighbor-
Fourier transformation into the two-dimensional wave vectoting layers and\ =4 cosk,/2a,)cosk,/2a,). For comparison
spacek=k|= (ky,k;) is applied. By considering the proper- a simple-cubic(001) film is characterized byy, =\ =1.
ties for (S=1/2)-spin operators, the magnetization compo-The Curie temperature for this two-layer film is given by
nentsm,(T) andm,(T) are given implicitly by the equations

1 1 H (14)
1 1« H N4~ o2 o 2
5=m,= > - coth(HI2kgT), 3 4kgTc NI (H)?—(H,)?
K
’ From a fit to experimental data the coupling constants are
1 1 H determined. This can be done by using both(T) and
—=my= >, = coth(H/2kgT), (4)  Xxxx(T), see Eqs(3) and(4). Alternatively, one can employ
2 N % H, solely x,AT), since the increase of,,'(T) for T=Tc de-

pends sensitively on the anisotropy. The latter method is used
for the determination of andD of the present 2 ML case,
_ since for 2 ML an analytical expression is only available for
H=\H2+H.H,, (5  myT), see Eq(10). A corresponding expression fam,(T)
along the hard axis needs for additional numerical work.

with the denotations

H,=m,[J(q;— v«) + D]+ 9gueB;, (6)
IV. RESULTS
Hy=m,J(q;— vi) + gueBy, (7 The transition temperatures for the Co(Qd1) and the
Co/Cul 1 19 thin films exhibit a similar dependence on
Hy=my[ J(dj— ) — D yi]+9ueBx, (8)  film thickness?” Due to the high instability against surface
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FIG. 1. Parallel and transverse susceptibilitiggT) (open symbolsand y,,(T) (closed symbolsin S| units measured along the easy
and hard in-plane directions of a vicinal CofQu 17 thin film as function of temperature. The nominal film thickness is 2.2 ML, the Curie

temperature i-=134.7 °C. The modulation amplitude B,,;—=4.86 uT along the easy axis, ar8,,.=24.3 uT along the hard axis,
respectively. To preseng(T) in Sl units we have assumed that the saturation magnetization corresponds to the bulk Cogwalué3
x 10 A/m. A half-logarithmic plot has been used in order to show the temperature behavior of both susceptibilities simultaneously. In the

inset the corresponding linear plot is shown.
Xx‘xl(T) around the Curie temperature. For elevated tempera-

diffusion of Co films on Cif>**and the steep increase B
with increasing film thicknes¥, a very thin Co film of about  tures T=145°C the scattering of the data points is strong,
2.2 ML was chosen WItH—C well below 180 °C?3 The real and the temperature dependencq;}f*('r) andX;Xl(T) can-
part of the susceptibility (T) in Sl units as a function of the ot he given precisely. As mentioned in Sec. Il this scattering

temperature is shown in Fig. 1. Both parallel and transversg; gye to the fact that the signal becomes very small, and that
susceptibilities for magnetic field directions along the easyy, measuring time cannot be increased appropriately as the

and hard axes are displayed. The semilogarithmic plot allowe ystem properties might change due to the onset of surface

for a comparison of both quantities. The inset shows th diffusion. The oscillations obtained foy,,'(T) are most
likely caused by too large steps of changes of the heating

corresponding linear plot. The parallel susceptibility exhibits
a strong peak at:=134.7 °G=407.8 K, with a full width : s ) _
half maximum(FWHM) of 2.7 K for the actual modulation POWer, which were indeed larger than in casg:pf (T). We
amplitude B,,,, = 4.86 »T. The FWHM can be reduced to have noF s_ystematlcally explored these effects. On the other
values around 1.5 K for smaller modulation amplituyfes. nand, within the temperaﬂre range t}‘ftWér?ﬁTC and T

For Bog=1.62 u T an imaginary part of the parallel suscep- =150 °C the behavior of;; (T) and x,, (T) is clearly re-
tibility is observed, while for the smallest applied modulation Solved. We remark that the inverse susceptibilities cannot be
field (Byoq=0.81 uT) the imaginary part vanishé$. described by straight lines in this temperature range, rather

While a peak was found in the susceptibiligy, along the  they exhibit an upward curvature. Evidently,,'(T) is

easy axis, the magnetic respongg along the hard axis was shifted upwards with respect te,,"(T) by an almost con-

not detectable for smalB,,,<5 w«T. In order to increase the stant, temperature independent amount. Thus, at any tem-
magneto-optical signal and thus the detection limit, theperature abovd ¢ the inverse susceptibility,,(T) along
modulation amplitude along the hard axis was increased by the hard axis is larger than the corresponding vajig(T)
factor of five. However, the response is still small, exhibitingalong the easy axis. This is in accordance with measurements
a weak maximum nedf, as shown in Fig. 1. Obviously, for bulk magnet$, and is also expected theoreticallye

the phase transition is reflected only weakly in the transverswiill show that the temperature range as displayed in Fig. 2 is
susceptibility signal. Thus, the phase transition for this thinstill far below the linear regime of the inverse susceptibili-
film system with an in-plane magnetization exhibits aties.
strongly anisotropic behavior. At first we have carried out corresponding calculations for

Figure 2 displays the temperature dependence ofrthe the parallel susceptibility of a fc€001) ferromagnetic film

verse parallel and transverse susceptibilitigs,'(T) and  with two atomic layers using E410). The atomic magnetic
184417-4
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bond and the exchange anisotropy
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moment wc,=1.7 ug and the atomic volumevc,=1.1 from the mean field approximati&nFor the parameterd
X102 m? appropriate for bulk Co are assumed. The ex-andD as given above we obtaifig " =1091 °G=1364 K.
change couplingl and the exchange anisotrojly are ob-  Only for temperatures abovel ™ a Curie-Weiss behavior
tained by fitting the results calculated with Exf) to the  will emerge. The difference betwedh, and T¥™ and thus
measuredy,/(T) in the temperature range betwerTc  the range of the curved behavior of the inverse susceptibili-
and T=143°C. We obtainJ§(S+1)=44.1 meV/bond, ties depicted in Fig. 2 is determined to be very large for this

which is close to the Co bulk valuelcoS(S+1)  jtrathin film. The reason is that the influence of collective
=39 meV/bond. Furthermore, we gbt=7.0 mK/atom for i aqnetic fluctuations is much stronger in such two-

the exchange anisotropy, which corresponds to the Single'ioaimensional systems as compared to bulk magnets.

in-plane  uniaxial  anisotropy K,=(1/2)(g+q,)D Finally, we would like to demonstrate the behavior of
=28mK/atom=2.4 yueV/atom. From this value the anisot- _; T dyv-XT) i | ¢ t bW
X2z (T) andy,, (T) in a large temperature range abolg.

ropy energy d.en3|ty Is calculated to tb’e§:K2/900=3.3 In Fig. 3 the calculated inverse parallel and transverse sucep-
X 10* J/m?. This value should be compared with the one.;, .. ) :
I1,||_b|I|t|es for a single square ferromagnetic layer are shown,

obtained from independent measurements of the effective ausmg Eqs.(3) and (4). In order to reveal clearly the differ-

isotropy for the same systetm.By means of a thermody- _1 1 .
namic perturbation theofywe calculate thenicroscopican- ~ €Nce between;, (T) andx,, (T) a strong exchange anisot-

isotropy energy density =0 to beK}=2x 10* I/ from ropy D/J=0.05 is assumed for these calculations. The tem-
the data of Ref. 15, which is in reasonable agreement witiperature is given in units of c=T¢"'=0.63). For T>T¢
the result based on the measured susceptibilities presentf@th susceptibilities differ by a temperature-independent
here. The resulting small value &f, is comparable to the shift, exhibiting the same curvature. The linear behavior of
sixth-order anisotropy energy densi§fu*=1.2x10% J/n? x5, (T) and x,, (T) is reached for elevated temperatufles
in the hexagonal plane, and is about 20 times smaller thak Tc, Where the inverse susceptibilities approach the ones
the second-order uniaxial anisotropy energy densifj/  obtained from the MFA. Their extrapolations yield the char-
=76.6x10* J/n? of bulk hcp Co?® The calculated inverse acteristic temperaturdgT,=q(J+ D)/4 andkgT,=qJ/4,
parallel susceptibilityy,,'(T) is depicted in Fig. 2. A good Which differ by the anisotropyD/4. The larger valud, is
agreement with experiment is obtained. We note that an inthe paramagnetic Curie temperat@i@g™=T¢™=1.05). We
crease of the anisotrop® will result in a corresponding point out that the behavior of the inverse susceptibilites as
decrease 0f,T) for T>Tc. calculated by the MFA is even qualitatively wrong, since it
We emphasize that the susceptibilities measured in thpredicts a Curie-Weiss behavior for 1(T) for all tempera-
accessible temperature range up to 155 °C are still far belowres above the Curie temperature.
the linear(Curie-Weis$ range. As mentioned in the Introduc- In contrast, both inverse susceptibilities exhibit a consid-
tion, the paramagnetic Curie temperature extrapolated frorarably different behavior foT<Tc. x,,'(T) vanishes aff
the inverse susceptibilities as calculated by the Green’s func= T for an infinitely small modulation amplitude, and in-
tion method is equal to the Curie temperatlité” obtained creases strongly fof <T.. On the other handy,,(T)
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T T T T T
ferromagnetic monolayer

over to the Curie-Weiss behavior. Any extrapolation
X;zl(T)—>O from the experimental data, assuming appar-

400 D =005 1 ently linear parts in Fig. 2, will yield a wrong value for the
z — Rea v paramagnetic Curie temperatufg™®= TYF . To reach the
32 hard axis P 1 linear behavior of the susceptibilities the measurements ha\_/e
5 to be extended to temperatures around 1100 °C, which is
£ 200 & casy axis - impossible for the Co/Cu thin film system due to its instabil-
=

ity against surface diffusion and alloying.
The good agreement between theory and experiment jus-
tifies a methodological generalization for exploring magnetic
. . properties by investigating the susceptibility in the paramag-
1 2 3 netic regime. While the effect of the anisotropy in the para-
Temperature T/ T, magnetic regime for bulk systems has been known for a long
time >® for ultrathin ferromagnetic films improved theoreti-
FIG. 3. Calculated inverse parallel and transverse susceptibilicg| approaches considering collective magnetic fluctuations
ties x,, (T) and x,,(T) along the easy and hard magnetic direc- haye to be applied. A successful realization of corresponding
tions of a ferromagneti@01) monolayer as function of temperature experiments is challenging as the susceptibilities have to be
(full lines). The calculations have been performed with a Green'sj,aasured in very small modulation fields with very high
function approaciRPA), using Eqs(3) and(4). For the exchange 500,50y The measurements should be extended to as large
anisotropy we have assumed/J=0.05, with J the iSOUOPIC 4o haratires as possible in order to allow for a comparison
UWith theory over a wide temperature range. From such a

is given in units of the Curie temperatukgTc=TR"=0.63]. For ; . ! - .
. ) S . comparison values for isotropic exchange interactions and
comparison the inverse susceptibilities as obtained from the mean

field approximation(MFA) are shown(dashed lines yielding the anls%troples asdpr'ssenthln t?]e Helsenb_e_rg H?mlltoman
Curie temperatumBThCAFAzl_OEl Here x;,X(T) is depicted only can be extracted. Note that these quantities refer to constant

for T>TUFA. microscopic parameters and not teffective anisotropies
measured at finite temperatufes.

In the previous study on Fefld/L0 films a quantitative
comparison between experiment and theory has not been

7 . .
. ) T drawn! Here a different theoretical approach has been ap-
directly extract the anisotropy by measuringr,, (Tc), and plied, namely, a renormalization group treatment, allowing at

determineJ from T . This is an alternative treatment to the y . - only for a qualitative comparison. Thus the cou-

one as applied for the 2 ML case where both coupling con-_. L . ;
stants are derived from the parallel susceptibility,(T) pling constants for thin films cannot be determined by this

| 4 has t K that i method. It should be mentioned that the Polyakov renormal-
alone. FIOWever, one has {0 make suré that seconaary pryaqiqon scheme applied in Ref. 7 has been strongly criticized.

cesses in the ordered phase are not effective._ The apparedilyaral authors argue that this scheme might not be appli-
peak of the transverse susceptibility observed in Ref. 7 WaS e for two-dimensional ferromagnéfs

attributed to vortex and domain wall excitations. These result In future theoretical work we will explore the behavior of

in a nonconstant behavior o (T) for T<Tc, asis als0 he magnetic susceptibility with increasing film thicknéss
seen in our experiments presgnted in Fig. 2. For a quantitarp,q range of the curved behavior §{T) for T>Tx(L),
tive comparison such domain processes or multidomaify hich is very pronounced for ultrathin films as considered in
states have to be considered as well. These complications ajj&, present study, is expected to reduce for thick films, ap-
not expected to occur for>Tc. proaching the one of the corresponding bulk system. With an
improved theory for general spin quantum numbg&rthe
V. DISCUSSION AND CONCLUSION consideration of single-ion anisotropies becomes feasible.
tﬁquch anisotropies are more appropriate fat-tBansition
o : etal magnets. A similar treatment forparpendicularan-
susceptibilitiesy,(T) and y{T) of a 2.2 ML Co film isotropy ngeeds the additional considergﬁo% of the magnetic

grown on a vicinal Cd 1 17 surfage. Corrgspond?ng Cal' dipole coupling. Anisotropies with a different symmetry, e.g.,
culations have been performed within an anisotropic He|sené1 quartic in-plane anisotropy, are also accessible within the
berg model by applying a many-body Green’s function '

; scope of such a treatment, resulting in a considerably differ-
method. We have dgm_ons_trated that the Cur_le temperatu%qqt behavior of the susceptibilities with respect to the
Tc and the susceptibility in the paramagnetic reginfe ( .

. . uniaxial case.
=Tc) gives access to the exchange interactiband the
anisotropyD of ultrathin films.
Using these coupling parameters a quantitative agreement
between experiment and theory is obtained at least in the P.J.J. gratefully acknowledges the invitation and the hos-
limited temperature range accessible by our measurements.gitality of the I. Institute for Theoretical Physics of the Ham-
is evident that this temperature range is far below the crossurg University.

merely exhibits a cusp &, and assumes the constant value
X;X1(T)=q||D in the ferromagnetic phase. Thus, one could
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