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We investigated the magnetic ordering of Fen/V7 superlattices with Fe layer thicknesses in the range of
1.7ønø2.6 monolayers. The temperature dependence of the magnetization and susceptibility was determined
using the magneto-optical Kerr effect. The ordering temperature was found to vary almost linearly with the
thickness of the Fe layers. Values for the critical exponentb were in the range 0.31–0.48, indicating three-
dimensional behavior belowTC for all samples. A conclusive interpretation of the susceptibility data was
hampered by tailing ofMsTd aboveTC, resulting in a strong dependence on the excitation field. The tempera-
ture of the onset of an imaginary part of the susceptibility corresponded closely to the onset ofsfinite-sized
magnetization. Since this temperature is notTC, the onset ofx9sTd should not be used to directly determine the
ordering temperature.
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I. INTRODUCTION

Most studies of dimensionality aspects of magnetic phase
transitions have historically been performed on bulk systems.
The influence of spatial dimensionality could be investigated
by using layered magnetic compounds.1 For example, the
magnetic MnF4 layers in Rb2MnF4

2 exhibit a strong intra-
layer couplingsJd and a weak interlayer couplingsJ8d, mak-
ing the magnetic properties of this bulk compound two-
dimensional-like. Modern growth techniques allow for the
preparation of layered structures with an accuracy in the
monolayer sML d range. This opens completely different
routes for the study of low-dimensional magnetism. For ex-
ample, two-dimensionals2Dd magnetism has been observed
in few-ML thick films of, e.g., Fe on Ag,3 on Pd4 and on W.5

The effects of interlayer coupling can be investigated in
ferromagnetic-nonmagneticsFM-NMd multilayers.6,7 The
FM layers are coupled over the NM spacer layer by an
RKKY-type of interaction,8 which oscillates in both sign and
magnitude with spacer layer thickness. The ML thickness
control in preparing such multilayers gives a flexibility that
is unequaled by the previously used bulk materials. In, for
example, Fe/V superlattices, the inter- to intralayer coupling
ratio can be varied in a wide range. Using published values
for J9 s<34 meV/atomd andJ8, a ratioJ8 /J<1/250 can be
estimated for a FM coupled Fe2/V5 superlattice sJ8
<125 meV/atomd.6 Choosing instead a 13 ML V spacer,
corresponding to the maximum antiferromagnetic coupling, a
ratio J8 /J<−1/1800 is foundsJ8<−19 meV/atomd.10 The
above estimates were made using the bulk value forJ. Since
this is most likely an overestimation and a simplification11

for a 2-ML film the actual ratiosuJ8 /Ju will be higher.
For multilayers consisting of thin FM layers and having a

weak interlayer coupling, i.e.,uJ8 /Ju!1, a two-dimensional
magnetic behavior is expected. However, close toTC a tran-
sition to three-dimensionals3Dd behavior may occur due to
the divergence of the magnetic correlation length. Recently,
Rüdt et al. reported 2D behavior in a FM coupled Fe2/V5
superlattice.6,12 Fitting susceptibility data down to 10−4 in

reduced temperature, astwo-dimensionald g value of,1.72
was derived. Surprisingly, no crossover to 3D behavior was
found. This observation was explained by a rapid decay ofJ8
when approaching the ordering temperature.6,13

Here we will discuss the magnetic properties of a series of
Fe/V superlattices in the FM-coupled region. This material
combination is well characterized and can be grown with
small roughness and high crystalline quality.14 However, an
intrinsic thickness variation originating from incomplete for-
mation of a monolayer is always present in a non-phase-lock
growth. This intrinsic imperfection might be of great impor-
tance when addressing the magnetic properties of this class
of materials.

An Fe/V superlattice grown with an amount of Fe corre-
sponding to an integer numberse.g., 2d of ML’s is expected
to be flatter and show less roughness than a layer grown with
a deliberate deficit or surplus of Fe. Also, since 1 ML of Fe
sandwiched between V layers is nonmagnetic,15,16 an e.g.,
1.7 ML sample will consist of ferromagnetic 2-ML thick
islands coupled over weak, 1-ML thick links. One may there-
fore expect a reduction of the maximum correlation length
for sub-2-ML samples, and also a percolation transition can
occur at a certain thickness. Note that the magnitude of these
effects depend strongly on the growth process, e.g., the
amount of inter- and surface-diffusion during deposition.

The magnetic dimensionality is investigated by measuring
the temperature dependence of the magnetization and the
magnetic susceptibility. Close toTC the magnetization can be
described by a power law of the form

M = M0s− tdb, s1d

whereb is the critical exponent relating the magnetization to
the reduced temperature,t=sT−TCd /TC. Similarly, the real
part of the susceptibility can be described by a power law of
the form

x8 ~ t−g, s2d

with g the critical exponent of the susceptibility. The critical
exponents take on discrete values, depending on the mag-
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netic dimensionality or the universality class of the system.
For example, the 2D Ising system is exactly solvable yield-
ing b=0.125 andg=1.75. Bramwell and Holdsworth deter-
mined b to be ,0.23 for the 2D XY model17 and for 3D
modelsb varies between 0.31 and 0.35 andg between 1.25
and 1.38, depending on the spin dimensionality of the model.

Here we will discuss the influence of the thickness of the
Fe layer on the magnetic behavior, e.g., the impact on the
critical exponentsb andg and the presence or absence of a
dimensionality crossover2,18 close to the ordering tempera-
ture. As the thickness of the V layers is fixed at 7 ML, the
inter- to intralayer coupling ratioJ8 /J can be assumed con-
stant throughout the sample series. Lacking experimental
means to deduceJ8 for ferromagnetically coupled multilay-
ers, but with the knowledge thatJ8 crosses zero at approxi-
mately 10 ML of V19 and thatJ8 /J<1/250 for 5 ML of V,12

we estimateJ8 /J to be<1/400.
It is of interest to see if the absence of dimensionality

crossover previously reported6,12 is a result of the smooth-
ness of the magnetic layers and, if so, whether a deliberate
fractional roughness in the magnetic layers can induce a di-
mensionality crossover.

II. SAMPLE PREPARATION AND EXPERIMENTAL
DETAILS

A. Sample preparation

The Fen/V7 superlattices with different Fe layer thick-
nesses were grown on polished MgOs001d 10310
30.5 mm3 single-crystal substrates by dc magnetron sputter-
ing from separate Fes99.95%d and V s99.95%d targets ar-
ranged in a cluster geometry. The MgOs001d substrates were
introduced into the growth chamber and outgassed at about
700 °C for 1 h under ultrahigh-vacuum conditions before
deposition. A growth temperature of 330 °C for the Fe/V
superlattices was chosen according to previous growth
optimization.14 The background pressure was around 5
310−10 Torr and an argons99.99%d gas flow was kept at a
partial pressure of 2.5310−3 Torr during deposition. The bi-
layer sequence was repeated 50 times starting and ending
each sample with a V layer. After deposition of the V and Fe
layers, the samples were cooled down to room temperature
and capped with a 3 nmthick amorphous Al2O3 layer to
prevent oxidation of the top V layer. The deposition rate of
Fe was kept low at 0.04 Å/s to ensure a precise thickness
control of the Fe layer. The deposition rates for the V and
Al2O3 layers were 0.45 and 0.06 Å/s, respectively. These
values were obtained from thickness calibration measure-
ments using x-ray reflectivity analysis.

A series of ten samples was grown, increasing the targeted
Fe thickness with 0.15 Ås0.1 MLd between samples. Low-
and high-angle x-ray measurements were used to character-
ize the samples. Figure 1 shows low-angle scans for all
samples in the series, full scans are shown for the 1.7, 2.2,
and 2.6 ML samples, while only the peak regions are dis-
played for the remaining samples. The Kiessig fringes, ex-
tending up to,7°, are indicative of a well-defined total
thickness. The crystalline quality was confirmed by the nar-

row widths of rocking curves at the high-angle Bragg peak
s&0.1°d. The determined Fe thicknesses are summarized in
Table I, showing the excellent growth control by a
ø0.05 ML difference between real and targeted Fe thickness
sexcept for the 2.5 ML sampled.

B. Experimental details

The temperature dependence of the susceptibility and the
magnetization was studied using a magneto-optic technique.
The samples are placed in an optical cryostats2.2–500 Kd,
allowing wide-angle optical access. In-plane fields up to 2
mT can be applied using a pair of Helmholtz coils outside
the cryostat. The whole system is shielded by three separate
layers of mu-metal to achieve lowsø1 mTd stray fields at
the sample position. The axial stray field can be reduced
further to below 0.1mT by sending a dc current through the
Helmholtz coils. Active compensation of the remaining stray
fields did not significantly affect the results and was, there-
fore, not used.

FIG. 1. Low-angle x-ray reflectivity for all samples in the series.
The scans are offset from each other for clarity. Note the well-
developed Kiessig fringes extending up to,7°.

TABLE I. Thicknesses obtained from x-ray measurements. The
V thickness is fixed at 7 MLs10.60 Åd. Using the bulk lattice
parameter of Fe to convert to MLs, the difference between the real
and intended thickness isø0.05 ML sexcept for the 2.5 ML
sampled.

Intended Fe
thicknesssML d

Bilayer
thicknesssÅd

Obtained Fe
thicknesssML d

1.7 13.02 1.69

1.8 13.22 1.84

1.9 13.32 1.90

2.0 13.48 2.01

2.1 13.57 2.07

2.2 13.76 2.21

2.3 13.89 2.30

2.4 14.03 2.39

2.5 14.00 2.37

2.6 14.25 2.55
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The magnetic response of the sample is detected by the
Kerr rotation of the reflected laser light, using a crossed-
polarizer configuration to convert the small polarization
changes to an intensity variation. For the ac-susceptibility
measurements, a smalls2.8 mTd oscillatory field with a fre-
quency of 213 Hz is applied. No frequency dependence was
observed on lowering the frequency to about 20 Hz, confirm-
ing the quasistatic nature of the experiment. The spatial
variation of the excitation field over the sample is below 1%.
Using a lock-in technique, the detector signal is analyzed
phase sensitively, allowing the extraction of both the real
sx8d and the imaginarysx9d parts of the susceptibility. The
temperature dependence of the magnetization is derived from
magnetization loops measured with the same setup. The
loops are obtained by applying a,7 Hz oscillating field to
the sample and simultaneously recording the detector signal
and the applied field in time. By phase-sensitive averaging of
a number of cycles, low-noise magnetization loops can be
obtained in approximately 20 s, even atTC. No significant
effect of the frequency on the shape of the loops could be
detected for frequencies between 0.1 and 10 Hz.

The 630 nm laser light used in our magneto-optical setup
has a penetration depth of,200 Å. Therefore, only the top
,30% of the,700 Å thick samples is probed. From previ-
ous growth studies on Fe/V it is known that the layer quality
does vary with thickness.14 However, most defects are
formed close to the substrate, while successive bilayers are
of nearly constant quality.

During the measurements the temperature is ramped up
and down in a region aroundTC at rates less than
50 mK/min to ensure thermal equilibrium in the sample. The
sample is clamped to a Cu sample holder surrounded by a
thermal radiation shield ensuring good thermal contact. The
actual sample temperature is measured using a resistive tem-
perature sensor placed close to the sample. The precision of
the temperature reading was confirmed by the lack of hyster-
esis in the magneto-optic signal for increasing and decreas-
ing temperatures.

III. RESULTS AND DISCUSSION

To extract the critical exponentsb andg, the temperature
dependence of the magnetization and susceptibility was mea-
sured for all samples. Figure 2 shows the remanent magne-
tization of a representative sample, as determined from a
series of magnetization loops. A fitting of the data with Eq.
s1d in the region 79–84 K yields aTC of 84.9±0.1 K and ab
of 0.34±0.01. We found that for all samplesTC is relatively
insensitive to the fitting interval used.TC and b were also
determined by a method proposed by Kouvel and Fisher20,21

M

dM/dT
=

T − TC

b
. s3d

By plotting M / sdM /dTd versusT one obtains a straight line
with slope 1/b and the intersect with the horizontal axis
givesTC. The inset of Fig. 2 showsM / sdM /dTd plotted as a
function of temperature. Fitting the data in the linear region

of M / sdM /dTd, similar values forTC andb s84.9±1 K and
0.337±0.007, respectivelyd are obtained.

All measuredMsTd curves show finite-size tailing. Inho-
mogeneities in the sample can result in finite-sized regions
with slightly differentTC, causing a broadening of the tran-
sition and thereby a tail toMsTd. The inhomogeneities will
also put an upper limit on the divergence of the correlation
length. This results in a second type of finite-size tailing
often encountered in numerical simulations,22 and possibly
also in experiments.4,23,24One way to deal with the tailing of
MsTd is by assuming asGaussiand distribution ofTC’s. This
method has, for example, been used to describe the magne-
tization of ML thick Fe films deposited onW.25 Fitting mag-
netization data down toT=0.95TC with a power-law decay
convoluted with a Gaussian distribution of critical tempera-
tures we findTC=85.9±0.1 K andb=0.34±0.09, cf. the
dashed line in Fig. 2.

In Fig. 3 the remanent magnetization of all samples is
compared. The magnetization is plotted as a function of re-

FIG. 2. Magnetization versus temperature for the sample with
2.3 ML of Fe. The full line is a fit using Eq.s1d, resulting inTC

=84.9±0.1 K andb=0.34±0.01. The dashed line is a fit using a
distribution of TC’s, yielding TC=84.9±0.3 K andb=0.34±0.02.
Tstart=0.95TC marks the start of the fitted region. The inset shows
M / sdM /dTd vs T, where the straight line is a linear fit with slope
1/b sb=0.337±0.007d where thex-axis intercept marksTC sTC

=84.9±1 Kd.

FIG. 3. Normalized M vs reduced temperature for all samples in
the series. The magnetization curves are normalized att=−0.05.
The full and dashed lines are plots of Eq.s1d with b=0.35 and 0.23,
i.e., the 3D Heisenberg model and 2DXY model, respectively.
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duced temperature and is normalized to 1 att=−0.05. The
data should therefore collapse on a single curve when be-
longing to the same universality class. Apart from finite-size
differences close to the ordering temperature, all curves
show the same functional behavior. The full and dashed lines
in Fig. 3 represent Eq.s1d for, respectively,b=0.35 s3D
Heisenbergd andb=0.23 s2D XYd, showing a far better cor-
respondence with the former.

Directly fitting the individual curves with the power law
of Eq. s1d yields b values in the range 0.34–0.48, cf. Fig.
4sad sclosed trianglesd. Using aTC distribution,b values be-
tween 0.31 and 0.47 are obtainedsopen trianglesd. No corre-
lation between theb values and the Fe thicknesses is found
for any of the fitting methods used. On the other hand, the
TC’s obtained from fitting theMsTd curves with Eq.s1d fFig.
4sbd, closed trianglesg and using aTC distribution sopen tri-
anglesd show an almost monotonic increase ofTC with the Fe
thickness. This confirms the accurate control of the Fe thick-
ness in the different samples. No ferromagnetism was ob-
served for the sample with 1.7 ML of Fe down to a tempera-
ture of 5 K. In summary, the magnetization data show three-
dimensional critical exponents for all samples and an almost
linear increase ofTC with the Fe layer thickness.

Apart from the magnetization, also the magnetic suscep-
tibility has been measured for all samples in the series. Fig-
ure 5 shows the temperature dependence of the real part of
the susceptibility for two samples having Fe thicknesses of
2.0 and 2.6 ML. As is seen in the figure, both peak position
and width vary between samples. The inset of Fig. 5 shows
the relation between the full width at half maximum
sFWHMd of x8 and the tailing ofMsTd, the latter expressed
as the standard deviation of the GaussianTC distributionsTC

.
Note that all values are reported as reduced temperatures
usingTC’s derived from the magnetization data.

In Fig. 6 the real and imaginary part of the susceptibility
of the sample with 2.3 ML of Fe is shown, measured using
two different excitation amplitudess2.8 and 14mTd. The
dashed vertical line marksTC as determined fromMsTd ssee,
e.g., Fig. 2d. Despite the small excitation amplitudes used, a
clear excitation field dependence is observed. The differ-
ences occur even aboveTC, e.g., the peak inx8 shifts from

T.TC to T,TC on increasing the excitation amplitude. Also
this effect is related toMsTd tailing in combination with the
very low coercivity of the investigated samples. Figure 7
shows the coercivityHC of the 2.3 ML sample versus tem-
perature, as determined from magnetization loops. The
dashed horizontal lines represent the excitation amplitudes
used in the susceptibility experiments. The figure shows that
for the lowests2.8 mTd excitation ferromagnetic switching
will contribute to the susceptibility signal26 for 85.5&T
&87 K, where the upper bound is the approximate maxi-
mum temperature at which a finiteMsTd is observedscf. Fig.
2d. For the samples studied, having almost square hysteresis
loops, the effect is severe and will manifest as a shifting of
the susceptibility peak toward lower temperatures when the
excitation field is increased and subsequently the lower tem-
perature bound is decreased. Indeed,x8 peaks very close to
85.5 K for the 2.8mT excitation, while the susceptibility
measured with the higher field of 14mT continues to in-
crease even belowTC. What appears to be a similar shift is
seen in susceptibility data of Elmerset al.25 The same effect
is also responsible for the variation in peak position between

FIG. 4. Results of power law fitting ofMsTd data. Closed tri-
angles represent a direct fit, open triangles represent results assum-
ing a Gaussian distribution of critical temperatures.sad Obtained
values ofb vs Fe thickness. The horizontal lines represent theb
values of the a. 2D Ising, b. 2DXY, c. 3D Ising, and d. 3D Heisen-
berg models.sbd Obtained values ofTC vs Fe thickness, the solid
line serves as a guide to the eye.

FIG. 5. Normalized susceptibility for two samples with 2.0 and
2.6 ML of Fe, measured using an excitation amplitude of 2.8mT.
The inset shows the relation between the FWHM ofx8sTd and the
standard deviation of the GaussianTC distributionsboth in reduced
temperatured.

FIG. 6. Realsx8d and imaginarysx9d parts of the susceptibility
for two different excitation amplitudes, 2.8 and 14mT. The vertical
line shows the position ofTC as determined from power-law fitting
of magnetization data. The arrow indicates the onset ofx9 , D is its
difference with respect toTC. Inset:D andsTC

vs Fe thickness.
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samplesscf. Fig. 5d, which is strongly dependent on the co-
ercivity.

A conclusive analysis of susceptibility data is complex, as
a number of factors cause deviations from Eq.s2d. For ex-
ample,x generally does not diverge nor peak atTC due to,
for example, a finite demagnetization factor, imperfections
that limit the divergence of the correlation length and domain
wall movements belowTC.27,28 Also, when measuring only
the susceptibility,TC has to be estimated fromxsTd. Differ-
ent empirical methods exist to deal with these issues, e.g.,
excluding data close toTC, assumingTC at the peak29,30or at
a second peak or “hump”31 in the susceptibility data or by
fitting several parameters includingTC.32

In the paper by Rüdtet al., showing 2D behavior in an
Fe2/V5 multilayer, a different approach is taken.TC is cho-
sen at the onset of the imaginary part of the susceptibility,x9,
a temperature noted to correspond to the onset of finite re-
manence as determined from magnetization loops. Only the
effect of the demagnetization factorN is considered and cor-
rected for. Assuming thatx diverges atTC, N can be deter-
mined from the measured susceptibilityxmeas. The true inter-
nal susceptibilityxint can then be derived from the following
relation:33

xint
−1 = xmeas

−1 − N. s4d

We see some problems with the foregoing analysis. First of
all there are problems with respect to the determination of
TC. From our measurements ofMsTd and xsTd on similar
samples, we find thatTC is always considerably lower than
the temperature at the onset ofx9 , Tonset. In the inset to Fig.
6, the differenceD=Tonset−TC is plotted as a function of Fe
thicknesssopen squaresd. Also shown issTC

sclosed circlesd,
a measure of the finite-size tailing toMsTd. The strong cor-
relation betweenD and sTC

shows thatTonset indicates the
onset of hysteretic losses and a finite magnetization, rather
thanTC. Only for samples with a negligible tailing willTonset
correspond toTC.

Second, by using Eq.s4d one assumes that the only lim-
iting factor to the divergence ofx is a finite demagnetization
factor. However, finite-size effects will also limit the diver-
gence of the correlation length and thereforex, invalidating
this simple analysis. Moreover, it is questionable whether
one can experimentally determinex at TC using a finite field
excitation. Due to the finite magnitude of the excitation and
the saturation ofMsHd , xmeassTCd will inherently not di-
verge. Also, any finite-size tailing toMsTd will affect xsTCd
by contributions from ferromagnetic switching.

Analysis of xsTd using TC’s determined fromMsH ,Td
data, fitting the data to Eq.s2d and above the tailing-affected
regime, e.g., fromt<2310−2 to t<1310−1, yields poor fits
and g values in the range 1.7–3.4. It is apparent that no
generalized conclusions about dimensionality can be drawn
from these results.

The changes in remanent magnetization with temperature
are consistent with 3D fluctuations below the ordering tem-
perature. Therefore, the transitions must be regarded as 3D
when TøTC. Due to the excitation field dependence of the
susceptibility and the resulting uncertainties, we cannot de-
termine the dimensionality of the fluctuations aboveTC.
Hence, no general conclusions can be drawn on a dimension-
ality crossover for this particular set of samples.

IV. CONCLUSIONS

We have studied the magnetic properties of Fe/V super-
lattices as function of the thickness of the magnetic Fe layers
with intermediate interlayer coupling. The critical tempera-
ture TC showed almost linear and close to monotonic in-
crease with increasing Fe layer thickness, consistent with a
high level of control of the growth parameters. Directly fit-
ting a power-law decay to theMsTd data yielded critical
exponentsb in the range 0.34–0.48. Fits assuming a Gauss-
ian distribution ofTC resulted inb values in the range 0.31–
0.47.

No clear trend inb as a function of the fractional thick-
ness of the Fe layers was observed. However, the correspon-
dence between our data and the power-law decay withb
=0.35 is obvious. We thus conclude 3D magnetic interac-
tions and fluctuations below the ordering temperature for all
samples in this series. The observed 3D nature of the fluc-
tuations indicate thatJ8 is not negligible with respect toJ,
possibly due to a much weaker intralayer interaction in the
few-ML thick Fe sheets.

The analysis of the susceptibility data proves difficult.
The magnetization shows a very low coercivity and a ferro-
magnetic component extending aboveTC. Therefore, ferro-
magnetic switching contributes toxsTd even at the lowest
excitation fields used. A power-law fitting of the susceptibil-
ity data outside the ferromagnetic region yielded poor fits
andg values in the range 1.7–3.4, not allowing for a conclu-
sive statement on the dimensionality aboveTC.

We believe that for a proper interpretation of susceptibil-
ity data, knowledge ofMsH ,Td is crucial. The susceptibility
data alone contains no clear markers ofTC, e.g., neither the
peak in x8 nor the onset of a finitex9 corresponds toTC.
Finding TC by extended curve fitting is mainly based on the

FIG. 7. Coercive field vs temperature for the sample with 2.3
ML of Fe. The horizontal dotted lines mark the values of the ap-
plied fields used in our measurementss2.8 and 14mT, respec-
tivelyd. The vertical line marksTC as determined from magnetiza-
tion data.
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belief thatxsTd is over a large range best described by the
sapproximated power law. Also, the effects of tailing could
not have been inferred from the susceptibility data alone.
Although a relation between the peak width and the tailing to
MsTd was found, the width will depend on other sample
specific factors as, for example, coercivity and domain wall
mobility. Hence, the relation between peak width and tailing
is only relevant in comparing samples of the same type.
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