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Curie temperature and morphology in ultrathin Co/W „110… films
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The magnetic properties of ultrathin Co films grown on W~110! were studied as a function of Co thickness
~1–5 monolayers!, substrate temperature during the growth~170 K<Ts<420 K), and annealing temperature
(Tan, 800 K) for films grown at room temperature. Magnetic results are obtained by means ofin situ
magneto-optical Kerr effect in static fields and small oscillating fields. The Curie temperatureTC of 1.4–2
monolayers varies linearly from 160 to 450 K. No change of this behavior is found for depositions at 170
K,Ts,370 K. Furthermore, we measure a large ac susceptibilityxmax'3000. This indicates the good mag-
netic homogeneity of the film. Layers annealed toTan.440 K show a much lowerTC and a reducedxmax.
Deposition atTs.420 K yields the same behavior. This is correlated to changes in the morphology of the Co
layers as observed by Auger spectroscopy.
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I. INTRODUCTION

The para- to ferromagnetic phase transition in ultrat
films has attracted considerable interest in the past deca1

For example, the Curie temperatureTC in the monolayer
range is drastically lower than in the bulk due to the fini
size effect.2,3 In the case of Ni~Refs. 4–6! and Gd,7 the
dependence ofTC on the film thickness can be measur
over a large thickness regime. For Fe or Co, on the o
hand—with their much higher bulk Curie temperature~1043
and 1388 K!—it is impossible to determineTC for more than
three to four monolayers~ML ! without strong structura
modifications. Upon heating the overlayer either diffus
into the substrate@above;450 K for Co/Cu~001! ~Ref. 3!#
or changes from a flat film to a three-dimensional island fi
@for example, Co and Fe on Mo~110! ~Ref. 8! or Fe~Ref. 9!
and Gd on W~110! ~Ref. 10!#. In the case of island forma
tion, one expects thatTC increases since the average heig
of the islands must be larger than the thickness of the c
tinuous layer.11 However, if the initial layer thickness is ver
small, one might expect that disconnected islands~clusters!
form which are laterally so small that the whole ‘‘film’’ be
haves as an assembly of superparamagnetic particles.12,13For
example, evidence for superparamagnetic behavior has
reported forD,4 ML Co on Ru~0001!.14 Such a film is
expected to show a decreased ordering temperature w
results from the blocking of thermal fluctuations of ind
vidual ferromagnetic clusters. With a change of island s
and separation a transition from superparamagnetism to
romagnetism may be observable. For example, for
Cu~001! a jump ofTC by more than 150 K at about 1.8 ML
550163-1829/97/55~1!/330~6!/$10.00
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was measured and attributed to a change of morphology.15 In
the case of Fe/W~110!,16 it was found that at about 1.4 ML
long range order may even be suppressed. More recen
sults, however, show that ferromagnetism exists in this thi
ness regime and that an extremely high coercive field~0.3 T!
appears.17 Similar behavior could be expected for C
W~110! and will be investigated here.

The large surface energy (2.9 J/m2) of W compared to
the one of Co (2.0 J/m2) ~Ref. 18! leads to a layer-by-laye
growth at room temperature.19–21Upon heating to 600 K the
continuous film breaks up into islands, while the first C
monolayer is believed to be thermodynamically stable w
no interdiffusion with the substrate.19 Hence the possibly dif-
ferent types of long range order, that is the behavior
TC , can be studied for different thicknesses as a function
temperature without alloy formation. We will present resu
for Co deposited at different substrate temperatures and
films which were annealled up to 800 K after deposition
300 K. After a brief review of the structure of the C
films20–22 we will focus on the magnetic properties of ve
thin films ~below 5 ML!. The magnetic characterization
performed in situ using the magneto-optic Kerr effec
~MOKE!. ac-susceptibility measurements in a small oscill
ing magnetic field~ac-MOKE! and hysteresis loops~dc-
MOKE! recorded as a function of temperature allow one
precisely determineTC . The ac-MOKE signal is calibrated
in SI units, which yields quantitative information on th
magnetic homogeneity of the film.23 We will correlate our
magnetic results with structural changes in our films as
served by Auger spectroscopy.
330 © 1997 The American Physical Society
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55 331CURIE TEMPERATURE AND MORPHOLOGY IN . . .
II. EXPERIMENT

Co films were deposited by electron beam evaporation
a vacuum better than 2310210 mbar on a W~110! single
crystal as described earlier.24 Low energy electron diffraction
~LEED! and Auger electron spectroscopy~AES! were per-
formed to check the structure and cleanliness of the film. T
thickness of the film is calibrated by means of the Co~775
eV!/W~163/169 eV! Auger amplitude ratio: the thickness e
ror is about 10%. The substrate temperatureTs is varied
between 170 and 420 K. The MOKE measurements are
formed in the longitudinal geometry: the external field
applied in the film plane along the easy axis of the
magnetization.22 The Kerr effect is detected by a photoelas
modulation technique described elsewhere.24–26 With the
same setup, we record hysteresis loops in static magn
fields up to 100 Oe and magnetic susceptibilities in a sm
oscillating field (f570 Hz; amplitude51.4 Oe!. It is worth-
while to note that the amplitude of this field is important27

The susceptibility maximum and the accuracy in the de
mination of TC increases for smaller modulatio
amplitudes.23,28We observed the same behavior for our c
balt films. We chose an amplitude of 1.4 Oe, which give
good signal to noise ratio and a small error bar
TC (;1 K).

III. GROWTH

The growth of Co on bcc W~110! has been studied b
several groups.21,22,29 The growth is pseudomorphic up t
;0.7 ML. Further deposition leads to a distorted hcp~0001!
film in the Nishiyama-Wasserman orientation@112̄0# Co i
@001#W up to 10 ML. Above this thickness, the film progre
sively relaxes into the bulk hcp Co~0001! structure. It has
also been shown that the Co film grows layer by layer at 1
K,21 130 K,19 and 300 K.20–22Johnsonet al.19 observed that
a 3 ML thick layer-by-layer Co film deposited at 130
forms three-dimensional clusters above 500 K. Howeve
is possible thatTI ~the temperature above which the laye
by-layer film breaks up into three-dimensional islands! varies
with the thickness of the film as has been shown for Co,
or Ni on Mo ~110! ~Ref. 8!, and Gd on W~110!.10 Our Auger
data versus evaporation time confirm the layer-by-la
growth mode (Ts5340 K!. The thermal stability for five
different Co thicknesses, 1, 1.6, 2.5, 3.5, and 4 M
(Ts5340 K!, as a function of thermal treatment is reflect
in the Auger amplitude ratios Co~53 eV!/W~163/169 eV!
shown in Fig. 1. The Auger ratios of 2.5, 3.5, and 4 M
remain constant up to an annealing temperature of about
K and then strongly decrease with increasing temperat
This change corresponds to a breakup of the flat continu
film into three-dimensional~3D! islands. There is also a
slight, gradual decrease of the 1.6 ML Auger ratios near
K which indicates that some smaller clusters thicker tha
double layer form. The absence of a clear jump as for
thicker films ~2.5, 3.5, and 4 ML! can be explained, if only
the second partially filled layer participates in the island f
mation. The ratio of 1 ML remains constant which indicat
that it is thermally stable. It is interesting to remember th
Co films deposited at 130 K~Ref. 19! show an increase o
the Co~775 eV!/W~163/169 eV! ratio up to;500 K, which
in
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is interpreted as a smoothing of the film. Our films deposi
at 340 K do not need any thermal treatment to improve th
quality. It will be confirmed below by our magnetic measur
ments.

IV. MAGNETISM

The Curie temperatureTC of a ferromagnet is defined a
the temperature above which thespontaneousmagnetization
MS vanishes. However, in many experimental techniqu
such as SQUID or MOKE, the critical behavior atTC is
investigated by measuring the macroscopicremanentmagne-
tizationMR as a function of temperature. AtTC this quantity
becomes very small, which makes it difficult to determi
TC accurately. It has also been shown that in the presenc
structural inhomogeneitiesMR vanishes far above the tru
TC .

5 An easier way to determineTC is to study the internal
susceptibilityx int in small magnetic fields since this quanti
diverges atTC . However, the experimental susceptibili
xexpwhich is measured in a magnetic field applied in the fi
plane is limited by the demagnetization factorNi of the
sample according to

xexp5x int /~11Nix int!. ~1!

For ultrathin films Ni becomes very small, but not zero, a
has been discussed before.23 The Curie temperature of Co
W~110! depends strongly on the thickness as described
low. It turned out that the thickness calibration by Aug
spectroscopy~error bar;10%) was too inaccurate for
TC(D) analysis. Therefore, we have also measured the
ceptibility after successive, precisely timed cobalt deposit
steps which yields a relative accuracy of better than 0.5
Only the absolute thickness of the thickest film has be
determined by Auger analysis. Figure 2 shows the susce
bility peaks calibrated in SI units for five successive cob
depositions at 335 K. The relative error of the thickness

FIG. 1. Co~53 eV!/W~163/169 eV! Auger amplitude ratio versus
annealing temperature for 0.9, 1.6, 2.5, 3.5, and 4 ML Co
W~110!. Each value has been measured at the same temper
(; 350 K!. The error bars for the 0.9 and 1.6 ML data are sma
than the symbols.
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332 55GARREAU, FARLE, BEAUREPAIRE, AND BABERSCHKE
smaller than 0.01 ML. Note thatxmax'3300. We assume
bulk cobalt magnetization 4pM51.76 T for our films. The
Curie temperature, which is determined at the maximum
the peak, increases with increasing film thickness. The g
quality of our data allows a precise determination
TC(,1 K). The finite width of the susceptibility peak a
half maximumDx1/2 could be attributed to a thickness vari
tion in the film11 over the spot diameter of the laser~0.5
mm!. In our case, we findDx1/2510 K, which can be inter-
preted as a variation of only 0.02 ML if one uses theTC
dependence from Fig. 3.

A way to estimate the magnetic homogeneity of a sam
is to determine its demagnetization factorNi ,

23 which cor-
responds to the inverse of the experimental susceptibilit
TC @Eq.~1!#. If we assume that our Co film consists of ultr
thin disks with thicknessh and diameter 2r , the continuum
theory yields a demagnetization factorNi5p/4(h/2r ).23 In
that case, ourNi values, typically 331024, correspond to
magnetic disks of nearly 1mm diameter and about 3 Å
thickness. It indicates that even for a monolayer the magn
homogeneity is not disturbed by monoatomic steps of
substrate surface. If we suppose a perfect layer-by-la
growth forD<3 ML as observed in a recent scanning tu
neling microscopy study,29 the demagnetization facto
should decrease when going from 1.5 to 2 ML. We find t
xmax does not change which indicates that the amplitude
the oscillating field is the limiting factor as discussed befo
The trueNi could be smaller than 331024. Figure 3 shows
the Curie temperature as a function of the thickness for fi
deposited atTs5170, 300, 335, 370, and 420 K.TC is
determined after precisely timed cobalt deposition ste
Only the data forTs5170 K are obtained with two differen
films to avoid a modification of the film by heating.19 The
data withTs5420 K will be described in the second part
the discussion. The small thickness range~1.4 to 2 ML! for
which we showTC is given by the fact that after heating t
above 440 K the Curie temperature was not reproduci

FIG. 2. The real part of the ac susceptibility measured at 70
with a field amplitude of 1.4 Oe for different Co film thickness
deposited at 340 K. The thickness is given with two digits, beca
of the strong change ofTC ; clearly this is only a relative accurac
~see text!.
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The lower limit ~1.4 ML! is due to the lowest temperatur
~150 K! which can be experimentally achieved. This mea
that long range order may be found at lower temperatu
Let us consider the results forTs5170 to 370 K for which
TC(D) is the same. First, one should note that o
TC(1.7 ML);300 K is in excellent agreement with othe
results for Co/W~110!.30 Secondly, there is no indication of
loss of long range order as in the case of Fe/W~110!.16 Fur-
thermore, we find thatTC is a linear function ofD from 1.4
to 2 ML with a slope of ;500 K/ML. Interestingly,
TC(D) cannot be fitted with a power law dependence acco
ing to the finite size scaling ansatz2,6

„TC~`!2TC~D !…/TC~`!5cD21/n, ~2!

c depends on the material and the coordination number.6 The
critical exponentn of the correlation length equals 1 in th
2D case and 0.705 in the 3D case~Heisenberg!. For both
cases a power law fit cannot be obtained with anyc and fixed
TC(`)51388 K. This indicates that Eq.~2! with n50.705
is valid only in the 3D limit6 and cannot be applied in th
monolayer range. But also the 2D critical exponent does
yield a fit, which may indicate that lateral scaling due to
changing width of monolayer patches is not the reason
the observedTC(D). Another possible explanation for th
observedTC(D) may be given by the thickness dependen
of magnetic anisotropy. It has been calculated31 thatTC of a
2D system should increase with magnetic anisotropyK ac-
cording to

TC52TC~`!/ ln~p2J/K !, ~3!

with J the exchange interaction. UsingJ526 meV/atom es-
timated for a Co~111!/Cu~111! monolayer32 and the out-of-
plane magnetic anisotropyK' 35 m eV/atom measured fo
'0.4 nm Co/W~110!,22 one calculatesTC5312 K. This
lies well in the temperature range found for 1.4 to 2 ML~Fig.
3!. To explain the thickness dependent slope ofTC one can
assume that the ratioJ/K varies with a certain powerN as a
function ofD, that isJ/K}DN. However, we find that only
an unrealistic exponentN'10 yields a reasonable fit to
TC(D). As a result we conclude that each theoretical mo

FIG. 3. Curie temperature as a function of Co thickness
different substrate temperatures. The dashed line is a linear fit o
data withTs5335 K.z
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55 333CURIE TEMPERATURE AND MORPHOLOGY IN . . .
considered individually only does not explain the experim
tal behavior. One may speculate, however, that the comb
tion of both, that is finite size effect and change of anis
ropy, contribute to the linear behavior.

For completeness we mention, that Fritscheet al.22 find
D50.9 ML ‘‘dead layers,’’ that is, vanishing magnetic o
der, from torsion oscillation magnetometry at room tempe
ture. A linear extrapolation of our data would suggest t
D51.1 ML do not order ferromagnetically at finite tem
perature~Fig. 3!. However, measurements at lower tempe
tures are required to verify that possibility. Deposition
Ts5420 K yields a much lowerTC ~Fig. 3! with a different
slope, which suggests that even submonolayers are fe
magnetically ordered if deposited under this condition. W
will come back to this below.

As mentioned previously Co films thicker than 1 ML an
deposited at 340 K are structurally unstable abo
;500 K, and irreversible changes of the coercive field,
shape of the hysteresis, and the susceptibility peak are
served above 440 K. We will focus on the changes at
phase transition only. Figure 4 shows the influence of th
successive annealing steps on the susceptibility of a 1.9
thick Co film. The high and sharp susceptibility peak of t
film deposited at 340 K progressively shifts tolower tem-
peratures and becomes smaller and broader with increa
Tan. The two last effects are due to an increase of the rou
ness of the film, that is an increase inNi @Eq. ~1!#. Above
Tan'520 K, no peak is detected because either the dem
netization factor is too large, or the Curie temperature
lower than 150 K. In Fig. 5 the characteristics of the a
susceptibility peak, that is the peak heightxmax and the half
width at half maximumDx1/2, are shown as a function o
Tan for 1.8, 1.9, and 2.7 ML. A decrease ofTC as a function
of annealing is found for all films thinner than 3 ML. Abov
440 K there is a correlation between the decrease
xmax, Dx1/2, and TC @Figs. 5~a!–5~c!#. xmax decreases by
three orders of magnitude for a change ofTan by 100 K only.
Also the half width increases dramatically, whileTC de-
creases by almost 40%. Interestingly, most of these cha
occur for annealing temperatures where no change in
Auger ratios is observed. This shows how sensitively
magnetism of ultrathin films reacts to morphologic
changes, which are hardly detectable by Auger spectrosc

FIG. 4. ac susceptibility of 1.9 ML Co deposited at 340 K aft
successive annealing at 430, 493, and 519 K.
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or LEED. One should note thatTC of 2.7 ML Co deposited
at 340 K should be much higher than 490 K~according to
Fig. 3! which is experimentally found~Fig. 5!. There is evi-
dence from hysteresis loops recorded during heating~a sud-
den decrease of the coercive field above 440 K! that the
morphology changes beforeTC of a continuous layer is
reached.

Interestingly one finds that films which are deposited b
low 370 K and subsequently annealed up toTs have the same
Curie temperature as the films which are deposited atTs .
Also the height of thex peak atTC is similarly small
~,300!, andDx1/2 is larger than 70 K.

As mentioned earlier a decrease ofTC after heating is
unexpected, since one would expect that thicker islands f
which have a largerTC . To explain the different behavio
we discuss two possibilities.TC starts to decrease already
Tan'440 K, at which temperature no structural modificati
is evident by Auger spectroscopy. Hence one might ar
that between 440 and 500 K strain in the layer is releas
and the stress induced anisotropy is decreased. Accordin
Eq. ~3! the decrease of the anisotropy will contribute to t
initial decrease ofTC . Also a slight modification of the to-
pography, that is the demagnetization factor of the film, m
be present. This is seen in the changes of thex peak@Figs.
5~a! and 5~b!#. At T'500 K island formation becomes de
tectable by Auger analysis, and the susceptibility peak
comes progressively small and broad. The peak of the
ML film vanishes at 500 K, the one of 1.9 ML at 570 K, an
the one of 2.7 ML above 700 K. The gradualdecreaseof
TC aboveTan'500 K and the broadening of thex peak may
indicate that superparamagnetic islands of decreasing la
size and increasing separation grow. That is to say a cont
ous transition from ferromagnetic order with a Curie te
perature to superparamagnetic behavior with a blocking t
perature is observed. From the available susceptibility d

FIG. 5. ~a! The half width at half maximumDx1/2, ~b! the
maximum of the real part of the ac susceptibilityxmax8 , and~c! the
Curie temperature (TC), for different Co thicknesses as a functio
of annealing.
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334 55GARREAU, FARLE, BEAUREPAIRE, AND BABERSCHKE
however, one cannot unambiguously distinguish betwee
superparamagnetic blocking and a ferromagnetic order
temperature. Above 3 ML the Curie temperature increa
because enough material has been deposited to form late
large enough islands, so that the lateral finite size effect pl
no role and the height of the islands determinesTC according
to Eq.~2!. Surprisingly the decrease of the Curie temperatu
occurs forD,3 ML only. ForD.3 ML we do not find a
susceptibility peak from 150 K up to 800 K. From Fig. 3 w
estimateTC@600 K for an unannealed, flat film which is
much higher than the temperature (;500 K) for 3D island
formation ~Fig. 1!. As a result,TC(D.3 ML! cannot be
determined without changing the structure of the film irr
versibly. The lack of a susceptibility peak, however, does n
prove thatTC is higher than 800 K unambiguously, sinc
xmax may be too small for the experimental sensitivity du
the increase ofNi when islands are formed.23 Therefore we
recorded hysteresis loops up to 800 K—our highest achi
able sample temperature—which confirms that the layers
ferromagnetically ordered. ForD.3 ML we observe that the
coercive field of a film deposited at 340 K first decreas
slightly as a function of temperature and forT.440 K in-
creases continuously~not shown here!. This indicates an in-
crease ofTC or an increase of the uniaxial magnet
anisotropy32 above 440 K. The latter is unlikely, since th
breakup of Co film into 3D islands relieves the strain a
decreases the uniaxial magnetoelastic strain anisotropy.22 As
a consequence, the increase of the coercive field most lik
results from a largerTC . This is the same magnetic behavio
as found for 5 to 11 ML Gd films on W~110!.11 In this
system we found in increase ofTC when the film breaks up
into large 3D islands. Hence we conclude that forD.3 ML
Co islands form during heating that have lateral dimensio
which do not limit the divergence of the correlation leng
a
g
s
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ys

e

-
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similarly to the case of Gd/W~110!. This interpretation
agrees with our Auger results~Fig. 1! which show that large,
nearly uncovered W areas should exist between the islan

V. CONCLUSION

Ultrathin cobalt films deposited on W~110! have been
studiedin situ by ac- and dc-MOKE. The Curie temperatur
for 1.4 to 2 ML is precisely determined by ac-susceptibili
measurements.TC (1.4,D,2 ML) varies linearly as a
function of film thickness for films deposited at 170 and 3
K. After thermal treatment atTan.440 K the magnetic
properties are not reversible. A transition from a flat fil
~below 440 K! to a 3D-islands film~above 500 K! is ob-
served. ForD,3 ML, TC continuouslydecreaseswith in-
creasingTan.440 K, whereas forD.3 ML TC increases.
This different behavior is tentatively ascribed to the form
tion of islands with different sizes and can be interpreted a
transition from superparamagnetism to ferromagnetism a
function of coverage and thermal treatment. That is to s
below 3 ML the islands are most likely small and disco
nected, while above 3 ML the coverage is high enough
form large islands which are ferromagnetically coupled.
recent scanning tunneling microscopy study on thick
films29 seems to confirm our structural interpretation f
D.3 ML. A magnetic ‘‘frustration’’ or an enhanced coer
cive field as for 1–2 ML Fe on W~110! is not observed.
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