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Ni films, 8–10 monolayers thick on a Cu~001! substrate, are studied in UHV by the polar magneto-optic
Kerr effect near the Curie temperatureTC . The films are magnetized normal to the surface. An unusual sharp
drop of the remanent magnetization~Mr! and a large difference of about 10 K are measured between the
temperatureTr at whichMr and the temperatureTH at which the magnetizationM (H) in a static field of
20 G vanishes. We show that atTr the films break up into ferromagnetic domains with perpendicular magne-
tization components and thatTC is larger thanTr . The trueTC is deduced from field-dependent magnetization
measurements.@S0163-1829~97!51718-8#

Tetragonally distorted fct Ni~001! ultrathin films on
Cu~001! have been recently found to present an unusual
spin-reorientation phase transition~SRT! from in plane to
out of plane with increasing film thickness at about 7–8
monolayers~ML !1–3 and increasing temperature.4–7 Fourth-
order anisotropy4 terms make this unusual SRT a continuous
~second- or higher-order! one, as it is proven by ferromag-
netic resonance~FMR! measurements and magneto-optic
Kerr effect ~MOKE! experiments.4–7 In both cases,
thickness- and temperature-dependent SRT, no domain for-
mation was evident near the borders of the SRT, in contrast
to previous findings in ultrathin Fe/Cu~100!8 and
Fe/Ag~100!9,10 films, where stripe-domain configurations
were recorded at remanence.

For films with a thickness slightly larger than the critical
one perpendicular anisotropy is small. As the temperature
increases, anisotropy decreases with a high power of the
spontaneous magnetization11,12and the question arises, what
happens nearTC with the perpendicular magnetization. The
competition between the perpendicular anisotropy and the
demagnetization energy could result in a SRT from out of
plane to in plane or, alternatively, in breaking the film into
magnetic domains nearTC. Indeed, Yafetet al.13 have
proposed that a multidomain state with perpendicular mag-
netization could be stabilized in films with perpendicular
anisotropy. Garelet al. have also shown that increasing
spin fluctuations nearTC favor a multidomain state.14 Upon
describing a critical phenomenon one has to define an ap-
propriate long-range order parameter. For the ferromagnetic
to paramagnetic phase transition the spontaneous magneti-
zation M sp is the order parameter and the temperature, at
whichM sp vanishes, defines theTC of the magnetic system.
However, in static magnetic and magneto-optic experiments,
the observable that is measured is notM sp, but the compo-
nent of the remanent magnetization,Mr parallel to the direc-
tion of measurement.Mr coincides with Msp only if the sys-
tem is in a single-domain state up to TC and measurements
are taken along an easy axis.This is the case for ultrathin
films with the easy axis in plane. Various temperatures may
be distinguished in the experiment:Tr at vanishing rema-
nence,TH for M (H)→0 in small applied fields, and the

proper TC . For an in-plane magnetized 30 nm Gd~0001!
film on W~110! a difference of about 2%~with H5200 G!
betweenTr andTH has been shown to be consistent with a
field induced magnetization.15 The well-known Arrott-
Kouvel plots16 were used to determine theTC of the sample.
The TC was found to be the temperature whereMr
vanishes.15 A difference of about 20% betweenTr and
THhas been observed in an ultrathin 1 ML Co film on
Cu~100!17 in an applied field of 100 G. In that case no
domain formation aboveTr was observed within the spatial
resolution of the experiment~20 nm!, and TC was deter-
mined to be identical withTr . The large difference between
TC and TH was attributed to purely two-dimensional be-
havior at temperatures higher thanTC .

18 Similar results
were recorded later for 1–2 ML thick, in-plane magnetized
Co/Cu~100! and Fe/W~110!.19,20The question of domain for-
mation in a perpendicular magnetized film nearTC stimu-
lated our interest to investigate in detail the behavior of ul-
trathin Ni/Cu~001! films in the thickness range of 8–10 ML.
The lower limit of 8 ML was determined by the onset of
perpendicular anisotropy, while the upper limit of 10 ML
was given by theTC of the samples and the temperature up
to which the samples could be heated without considerable
interdiffusion.21,22

Ultrathin Ni~001! films were prepared in an ultrahigh
vacuum on a Cu~001! substrate, as described earlier.3–7 The
thickness accuracy is better than 0.5 ML, and the tempera-
ture accuracy and stability is better than 0.1 K.

Magneto-optic hysteresis loops in polar geometry were
recordedin situby applying a magnetic field of6100 G. The
Kerr signal~mrad! was calibrated to magnetization units~G!
by comparison with the signal of a 20 ML Ni film considered
to possess the magnetization of bulk Ni at room temperature
and by correcting for the film thickness. ac-susceptibility
measurements were performed via MOKE by applying a
small oscillating magnetic field.23 For all experiments the
earth’s magnetic field was compensated down to 10 mG.

In Fig. 1~a! the magnetization for an 8.4 ML film is
shown measured in a staticH of 20 and 0 G. The data were
collected before~open! and after~closed symbols! 9 hours of
continuous measuring at about 390 K. The effect of such a
prolonged annealing on the magnetic properties of the film
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was found to be negligible. The remanent signal decreases
sharply near a temperatureTr5381.5 K ~which we normal-
ized to unity!. There is quite a large difference of about 3%
betweenTr and the temperatureTH at whichM (H520 G!
disappears. Even with a small applied field of 2 G this dif-
ference is larger than 1%, and it exceeds 5% for 100 G.
Similar behavior has been recorded for all 8–10 ML thick
films. Such a large temperature difference is not expected for
homogeneous ferromagnets obeying the molecular field
theory.24 In the inset of Fig. 1~a! hysteresis loops are plotted
at temperatures 0.99Tr , 1.003Tr , and 1.01Tr . At tempera-
tures just aboveTr even a small field of 0.3 G is capable of
driving the magnetization of the sample to saturation without
any hysteresis effect. Such a sharp increase ofM (H) could be
attributed to either 2D behavior or the change from a multi-
domain to a single-domain state. Superparamagnetism is to-
tally inconsistent with the structure of our 8–10 ML thick
Ni/Cu~001! samples.21,22

A power-law fit is depicted in Fig. 1~a! with Mr consid-
ered to be the order parameter~solid line!. This fitting is
carried out by choosingTC to be the temperature that maxi-
mizes the range of a straight line in a logM -versus-
log~12T/TC! plot.25 An erroneous value of the critical ex-
ponent b50.12 is deduced this way, suggesting two-
dimensional behavior for an 8.4 ML thick film. For 8–10
ML thick films it is rather unlikely to have two-dimensional
behavior. A crossover from two- to three-dimensional behav-

ior is usually found already at approximately 5 ML, for ex-
ample by FMR measurements in Ni~111!/W~110!,26 or by
MOKE in Ni/Cu~001! films.1,27

Even if one selectsTC to be equal toTr , as in Ref. 15, the
result of the fitting is improved, and the value ofb would
only slightly increase to 0.16. If we assume that domain
formation occurs, then the remanence would not be the
proper long-range order parameter. A better parameter would
be, as a first approximation, the magnetization recorded
slightly above the critical magnetic field, necessary for the
formation of a single-domain state. FittingM (H520 G!, a
value ofb50.28 is obtained, while this power law vanishes
at T*5388.0 K, about 1.7% higher thanTr ~dashed line!.
Also for perpendicular magnetized Co/Cu~111! films
M (HÞ0! was found to be the better ‘‘order parameter.’’28

The real~x8! and imaginary~x9! part of the susceptibility
recorded with an ac field of amplitude 0.7 G is depicted in
Fig. 1~b! for the same film. The two parts present a maxi-
mum at slightly different temperatures close toTr .

23 A
maximum ofx8 is expected to occur at aboutTC ~Ref. 29!
for H→0. It depends on the amplitude ofH. As we will
show below, the temperature atxmax8 does not reflect the true
TC in this case.x9 peaks at a slightly lower temperature than
x8 and is sensitive to the absorptive part ofx. An absorption
signal is observed as long as the coercivity is smaller than
the modulation amplitude.23

Further evidence for the existence of ferromagnetic do-
mains aboveTr is obtained by the Arrott-Kouvel analysis. In
this analysis theM2(H/M ) curve is known16 to become a
straight line passing through the origin exactly atTC where
the susceptibilityx5 M /H diverges. Magnetization data up
to H5100 G aroundT* are shown in Fig. 2. The top data set
corresponds toTr(T/Tr51.001!, while the bottom plot is
recorded atTH(TH /Tr51.026!. A downwards curvature is
exhibited in all plots asH approaches zero. A similar curva-
ture is expected to occur in the Arrott-Kouvel plots for tem-
peratures just belowTC in the ferromagnetic region.16 The
intercept of such a plot with theY axis has always to be
positive. This condition is only fulfilled atT/Tr51.001 and
1.007. For the rest of the plots neither the treatment of Arrott

FIG. 1. ~a! Magnetization at remanence~circles! and with an
applied field of 20 G~squares! of 8.4 ML Ni/Cu~001!. Solid and
dashed lines are power-law fits according toMr}(121/Tr)

0.12 and
M (H520 G)}(12T/T* )0.28, respectively. Open~closed! sym-
bols represent data taken before~after! 9 h of measuring at 390 K.
The insets show typical hysteresis loops at the indicated tempera-
tures;Tr5381.5 K,TH5391.2 K.~b! The complex ac-susceptibility
x5x81x9 measured in polar MOKE geometry as a function of
temperature for the same sample.

FIG. 2. Arrott-Kouvel plots for the 8.4 ML Ni/Cu~001! film at
temperatures close toTC with a maximum applied field of 100 G.
The correctTC is found by extrapolating the high-field data to zero
~dashed lines!.
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and Kouvel16 nor improved versions taking into account
critical fluctuations30 could give a satisfactory explanation.
On the other hand, such an abrupt curvature could be ex-
plained if one considers domain formation at a critical field
at temperatures belowTC . ThenTC would be correctly de-
termined by extrapolating the high-field data to zero~dashed
lines!. The TC evaluated this way is 2.6% higher thanTr
~Fig. 2! and even 0.8% above the one evaluated by the
power-law fitting. This suggests that the 20 G field is not
capable of creating a single-domain state for all temperatures
up to T* @Fig. 1~a!#. The extrapolation of theT/Tr51.026
data obviously has a large error bar. And it seems likely that
the trueTC lies at a higher temperature. For a more accurate
determination ofTC a largerH would have been necessary.
However, the scope of the present work is to provide evi-
dence that domain formation causes the abrupt disappearance
of Mr at Tr and not the precise determination ofTC itself. It
may be of some use for other discussions in the literature that
M25 f (H/M )curves, as in Fig. 2, forT/Tr51.001 or 1.007
could also be observed for a two-dimensional ferromagnet
exactly atTC due to the high value of the critical exponentd
515 ~Ref. 20! for M (H) atTC . In such a caseTC of the film
would be equal toTr . However, as discussed above, two-
dimensional behavior for our 8.4 ML film is not likely.

Let us now come back to the ac-susceptibility results,
shown in Fig. 1~b!. At temperatures close toTr the saturation
field is very small, as is shown in the inset of Fig. 1~a! for
T51.003Tr . For such temperatures our ac-field amplitude of
0.7 G is capable of creating a single-domain state, and a
maximum of the temperature-dependent susceptibility is re-
corded at aboutTr . At higher temperatures the ac-field am-

plitude is not large enough to produce a single-domain state,
and the susceptibility is almost equal to zero. This interpre-
tation is supported by the extremely narrow ac-susceptibility
x8 peak ~less than 3 K! compared to the ones usually re-
corded at a realTC .

29,31

In Fig. 3 we show a typical hysteresis loop~a! and its
derivative~b! recorded aboveTr . It is interesting to note that
there is a characteristic difference between the shape of the
reversible hysteresis loop@Fig. 3~a!# recorded for our films
and the ones recorded previously10 for films exhibiting
stripe-domain configurations. In the latter case the suscepti-
bility x~H! showed two sharp peaks at the positive/negative
critical field for domain formation.10 In our filmsx~ H! @Fig.
3~b!# has a single peak at zero field only. This behavior could
indicate another type of domain configuration than stripe-
domains with the spontaneous magnetization normal to the
film plane. For example, a complicated canted domain con-
figuration may exist.3–5

In order to find a further indication for the correctTC of
our film an additional experiment was performed. We re-
corded hysteresis loops at a temperature slightly higher than
Tr in two ways. First, by varying the field normal to the film
plane between610 G. A small field of less than 2 G satu-
rates the film magnetization while there is no remanence, as
is shown in Fig. 4~solid line!. Secondly, with the same per-
pendicular field, but applying in addition a static magnetic
field of 16 G parallel to the film plane~Fig. 4, open symbols!
there is no difference between the two data sets. This sug-
gests that the sample presents perpendicular anisotropy at
temperatures higher thanTr , and the anisotropy field is
much higher than 16 G. Since there is no isotropic~that is
paramagnetic! behavior at temperatures higher thanTr , as
one would expect ifTr5TC , it seems more reasonable to
consider the small saturation field of 2 G as acritical field for
domain formation.

In the present work we show that domain formation at
temperatures belowTC occurs in perpendicular magnetized
Ni/Cu~001! ultrathin films and yields an abrupt decrease of
the remanent signal far belowTC . In this case the remanent
magnetization, which is usually taken as the order parameter,
leads toerroneous conclusions about TC and eventually to
an erroneous determination of a critical exponentb. The

FIG. 3. Hysteresis loop~a! and the corresponding susceptibility
x~H)5dM (H)/dH ~b! at 1.01 Tr for the 8.4 ML NI/Cu~001!
sample. Note thatx8 shows only one maximum value at zero mag-
netic field.

FIG. 4. Hysteresis loops at 1.005Tr with ~open symbols! or
without ~solid line! an in-plane bias field of 16 G, for the 8.4 ML
Ni/Cu~001! film.
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magnetization recorded in a small field becomes a better
choice for the order parameter.28 Interestingly, the ac suscep-
tibility recorded in polar geometry was found to present a
maximum nearTr . However, the width of the peak is much
smaller than the one usually found atTC . This indicates that
the maximum of the ac susceptibility is related to domain
formation. Finally, we have shown that two-dimensional or
multidomain behavior cannot be strictly distinguished in
such cases. In our 3D case, where we find perpendicular
magnetized domains just belowTC , the correctTC needs to

be determined by an extrapolation of the high-field~i.e.,
single-domain state! data to zero. In our particular film~Fig.
1! TC seems close toTC'398 K, that is about 20 K above
the apparent value at whichMr vanishes.
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