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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 orf20) were studied as a function of Co thickness
(1-5 monolayers substrate temperature during the growtii0 K <T,<420 K), and annealing temperature
(Tan, 800 K) for films grown at room temperature. Magnetic results are obtained by meainssiti
magneto-optical Kerr effect in static fields and small oscillating fields. The Curie tempefiatuoé 1.4—-2
monolayers varies linearly from 160 to 450 K. No change of this behavior is found for depositions at 170
K<T¢<370 K. Furthermore, we measure a large ac susceptibjlity~3000. This indicates the good mag-
netic homogeneity of the film. Layers annealedTig>440 K show a much lowef: and a reduceo ay-
Deposition afT;>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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[. INTRODUCTION was measured and attributed to a change of morphdfoy.
the case of Fe/\110),'8 it was found that at about 1.4 ML
The para- to ferromagnetic phase transition in ultrathinlong range order may even be suppressed. More recent re-

films has attracted considerable interest in the past décadesults, however, show that ferromagnetism exists in this thick-
For example, the Curie temperatufe in the monolayer ness regime and that an extremely high coercive fi@ld T)
range is drastically lower than in the bulk due to the finite-appears! Similar behavior could be expected for Co/
size effect? In the case of Ni(Refs. 4-6 and Gd’ the  W(110 and will be investigated here.
dependence of ¢ on the film thickness can be measured The large surface energy (2.9 J)of W compared to
over a large thickness regime. For Fe or Co, on the othethe one of Co (2.0 J/f) (Ref. 18 leads to a layer-by-layer
hand—with their much hlgher bulk Curie temperat(ﬂ:643 growth at room temperatuﬂ@__21[_}p0n heating to 600 K the
and 1388 K—it is impossible to determin&c for more than  continuous film breaks up into islands, while the first Co
three to four monolayersML) without strong structural  monolayer is believed to be thermodynamically stable with
modifications. Upon heating the overlayer either diffuses,q jnterdiffusion with the substraté Hence the possibly dif-
into the substratgabove~450 K for Co/CU00D) (Ref. 3] ferent types of long range order, that is the behavior of

or changes from a flat film to a three-dimensional island filmy- ; ; ; ;
¢, can be studied for different thicknesses as a function of
[for example, Co and Fe on Mb1O (Ref. § or Fe(Ref. 9 temperature without alloy formation. We will present results

322 C;geogx\/(gcltg) t(hF;I(taf. iigr]éallgetgesiﬁizetr?ef :\llirr]: Z)T;?'htfor Co deposited at different substrate temperatures and for
' P ¢ 9 9Miims which were annealled up to 800 K after deposition at

of the islands must be larger than the thickness of the con; . .
tinuous layer! However, if the initial layer thickness is very nﬁ%‘) Sz}éizf J\fgrw?ll ?gf:srg\:%ve ?;atgr?et?érléigup:grtgs tcr)]l?vgr?/

small, one might expect that disconnected islafdissters L : AN
form which are laterally so small that the whole “film” be- thin films (below 5 ML). The magnetic characterization is

haves as an assembly of superparamagnetic particlésor ~ Performed in situ using the magneto-optic Kerr effect
example, evidence for superparamagnetic behavior has be&MOKE). ac-susceptibility measurements in a small oscillat-
reported forD<4 ML Co on RY0001.2 Such a film is ing magnetic field(ac-MOKE) and hysteresis loopgdc-
expected to show a decreased ordering temperature whiddOKE) recorded as a function of temperature allow one to
results from the blocking of thermal fluctuations of indi- Precisely determindc. The ac-MOKE signal is calibrated
vidual ferromagnetic clusters. With a change of island sizén Sl units, which yields quantitative information on the
and separation a transition from superparamagnetism to femagnetic homogeneity of the filAi.We will correlate our
romagnetism may be observable. For example, for Comagnetic results with structural changes in our films as ob-
Cu(001) a jump of T¢ by more than 150 K at about 1.8 ML served by Auger spectroscopy.
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Il. EXPERIMENT ——

Co films were deposited by electron beam evaporation in % %E} O 4ML
a vacuum better than>210 ° mbar on a W110) single %%‘ ,]I:,é @ o iv
crystal as described earli&Low energy electron diffraction 0 '#é' é O 16ML
(LEED) and Auger electron spectroscopiES) were per- E ® 1M
formed to check the structure and cleanliness of the film. The g9
thickness of the film is calibrated by means of the(TT® &
eV)/W(163/169 eV Auger amplitude ratio: the thickness er- % I
ror is about 10%. The substrate temperatiiteis varied © éééééé O
between 170 and 420 K. The MOKE measurements are per- 3 AR
formed in the longitudinal geometry: the external field is ?5110— A2 o i
applied in the film plane along the easy axis of the Co © o
magnetizatiorf?> The Kerr effect is detected by a photoelastic > V.o W%
modulation technique described elsewh@ré® With the < o R, O
same setup, we record hysteresis loops in static magnetic .O ec00e o o
fields up to 100 Oe and magnetic susceptibilities in a small 0 s D e e
oscillating field =70 Hz; amplitude=1.4 Ose. It is worth- 400 600 T, K

while to note that the amplitude of this field is importaht.
The susceptibility maximum and the accuracy in the deter-

inati i . FIG. 1. Cd53 eV)/W(163/169 eV Auger amplitude ratio versus
mination of T. increases for smaller modulation 453 eVIW( VAug P

. 2328 . annealing temperature for 0.9, 1.6, 2.5, 3.5, and 4 ML Co on
amplitudes™“*We observed the same behavior for our CO'W(llO). Each value has been measured at the same temperature

balt films. We chose an amplitude of 1.4 Oe, which gives & 350 k). The error bars for the 0.9 and 1.6 ML data are smaller
good signal to noise ratio and a small error bar forgan the symbols.

Tc (~1 K).

is interpreted as a smoothing of the film. Our films deposited
at 340 K do not need any thermal treatment to improve their
quality. It will be confirmed below by our magnetic measure-

The growth of Co on bcc 10 has been studied by ments.
several group$?2?° The growth is pseudomorphic up to
~0.7 ML. Further deposition leads to a distorted k6p01)

film in the Nishiyama-Wasserman orientatiph120] Co | The Curie temperatur of a ferromagnet is defined as
[001]W up to 10 ML. Above this thickness, the film progres- {he temperature above which tpontaneousnagnetization
sively relaxes into the bulk hcp @001 structure. It has 1 yanishes. However, in many experimental techniques
also been shown that the Co film grows layer by layer at 10Q,c as SQUID or MOKE, the critical behavior &t is

K,?* 130 K" and 300 K°~?2Johnsoret al.'® observed that investigated by measuring the macroscagimanenmagne-

a 3 ML thick layer-by-layer Co film deposited at 130 K ;4ti0n M, as a function of temperature. At this quantity
forms three-dimensional clusters above 500 K. However, ihecomes very small, which makes it difficult to determine
is possible thafl, (the temperature above which the layer- _ accurately. It has also been shown that in the presence of
by-layer film breaks up into three-dimensional islaneries gy cryral inhomogeneitied, vanishes far above the true

with the thickness of the film as has been shown for Co, Fer sa ; ; ; ;
. 10 c.> An easier way to determin€&; is to study the internal
gr Ni on Mo (110 (Ref. .8)’ aqd Gd onf\_/(/llO)H Cl)ur Al:)gelr susceptibilityy;,; in small magnetic fields since this quantity
ata r\]/ersug eva_pgzzt'on t_:_r;:e cr:]on '"T t %_I_ay?r— ¥ Y€liverges atT.. However, the experimental susceptibility
growth mode Ts= K). The thermal stability for five XexpWhich is measured in a magnetic field applied in the film

different Co thicknesses, 1, 1.6, 2.5, 3.5, and 4 ML o e -
_ S ’ ' rS plane is limited by the demagnetization factyy of the
(Ts=340 K), as a function of thermal treatment is reflectedSample according to

in the Auger amplitude ratios C83 eV)/W(163/169 eV
show_n in Fig. 1. The Auger rat.ios of 2.5, 3.5, and 4 ML Xexg=Xint! (14N Xinp)- (1)
remain constant up to an annealing temperature of about 500

K and then strongly decrease with increasing temperaturd=or ultrathin films N becomes very small, but not zero, as
This change corresponds to a breakup of the flat continuousas been discussed befdfeThe Curie temperature of Co/
film into three-dimensional3D) islands. There is also a W(110 depends strongly on the thickness as described be-
slight, gradual decrease of the 1.6 ML Auger ratios near 500ow. It turned out that the thickness calibration by Auger
K which indicates that some smaller clusters thicker than spectroscopy(error bar ~10%) was too inaccurate for a
double layer form. The absence of a clear jump as for thd (D) analysis. Therefore, we have also measured the sus-
thicker films (2.5, 3.5, and 4 ML can be explained, if only ceptibility after successive, precisely timed cobalt deposition
the second partially filled layer participates in the island for-steps which yields a relative accuracy of better than 0.5%.
mation. The ratio of 1 ML remains constant which indicatesOnly the absolute thickness of the thickest film has been
that it is thermally stable. It is interesting to remember thatdetermined by Auger analysis. Figure 2 shows the suscepti-
Co films deposited at 130 KRef. 19 show an increase of bility peaks calibrated in Sl units for five successive cobalt
the Co(775 eW/W(163/169 eV ratio up to~500 K, which  depositions at 335 K. The relative error of the thickness is

. GROWTH

IV. MAGNETISM
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different substrate temperatures. The dashed line is a linear fit of the
FIG. 2. The real part of the ac susceptibility measured at 70 Hzjata withT,=335 K.
with a field amplitude of 1.4 Oe for different Co film thicknesses
deposited at 340 K. The thickness is given with two digits, becausghe lower limit (1.4 ML) is due to the lowest temperature
of the strong change dffc; clearly this is only a relative accuracy (150 K) which can be experimentally achieved. This means
(see text that long range order may be found at lower temperatures.
Let us consider the results far,=170 to 370 K for which
smaller than 0.01 ML. Note tha{ma,=3300. We assume 1 (D) js the same. First, one should note that our
bulk cobalt magnetization #M =1.76 T for our films. The To(1.7 ML)~300 K is in excellent agreement with other
Curie temperature, which is determined at the maximum ofagits for Co/W110).2° Secondly, there is no indication of a
the peak, increases with increasing film thickness. The googss of long range order as in the case of FE/Y0).1 Fur-
quality of our data allows a precise determination Ofhermore, we find thal. is a linear function oD from 1.4
Tc(<1 K). The finite width of the susceptibility peak at (5 2 ML with a slope of ~500 K/ML. Interestingly,
half maximumA y,,, could be attributed to a thickness varia- 1 (D) cannot be fitted with a power law dependence accord-
tion in the film'* over the spot diameter of the lasé.5 inZ] o the finite size scaling ansifz
mm). In our case, we finad y,,=10 K, which can be inter-
preted as a variation of only 0.02 ML if one uses fhg (Te()=T(D)) Te(e)=cD ™, (2

dependence from Fig. 3.

A way to estimate the magnetic homogeneity of a samplec Qgptlands on the mfatﬁnal andlth.e C(Tordir;]ation r}urﬁﬁmh
is to determine its demagnetization fact\:b‘[,23 which cor-  critical exponent of the correlation length equals 1 in the

responds to the inverse of the experimental susceptibility a%D case and 0'705_ in the 3D caéel_eisenperg For bOth
Tc [Eq(D)]. If we assume that our Co film consists of ultra- CaS€S @ power law fit cannot be obtained with amnd fixed

thin disks with thicknes® and diameter &, the continuum 1 c(*?)=1388 K. This indicates that E¢2) with »=0.705

theory yields a demagnetization factj= wl4(h/2r).2 In is valid only in the 3D limif and cannot be applied in the

that case, oulN; values, typically 3<10°%, correspond to monolayer range. But also the 2D critical exponent does not
magnetic'disksH of near’Iy um diameter’and about 3 A yield a fit, which may indicate that lateral scaling due to a
thickness. It indicates that even for a monolayer the magneti hanging width of monolayer patches is not the reason for

homogeneity is not disturbed by monoatomic steps of the be obsz;_vedTC(D). ﬁnot_her pbosski‘bleh_exkplanat:jon fordthe
substrate surface. If we suppose a perfect Iayer-by—laye? servedT¢(D) may be given by the thickness dependence

growth for D<3 ML as observed in a recent scanning tun-Of Magnetic anisotropy. It has been calcqléfetdatTC of a
neling microscopy stud§l9, the demagnetization factor 2D system should increase with magnetic anisotrspgc-

should decrease when going from 1.5 to 2 ML. We find thatCorOIIng to

Xmax does not change which indicates that the amplitude of _ 2

the oscillating field is the limiting factor as discussed before. Te=2Tc(=)/In(m"J/K), ®
The trueN; could be smaller than:810 *. Figure 3 shows with J the exchange interaction. Usidg= 26 meV/atom es-
the Curie temperature as a function of the thickness for filmgimated for a C6111)/Cu(111) monolayef? and the out-of-
deposited aff,=170, 300, 335, 370, and 420 K- is  plane magnetic anisotrogy~ 35 n eV/atom measured for
determined after precisely timed cobalt deposition steps=~0.4 nm Co/W110 22 one calculatesTc=312 K. This
Only the data foiT;=170 K are obtained with two different lies well in the temperature range found for 1.4 to 2 KHig.
films to avoid a modification of the film by heatifd The  3). To explain the thickness dependent slopélgfone can
data withTs=420 K will be described in the second part of assume that the rati/K varies with a certain powe¥ as a
the discussion. The small thickness rartgiet to 2 ML) for ~ function of D, that isJ/K<DN. However, we find that only
which we showT ¢ is given by the fact that after heating to an unrealistic exponeniN~10 yields a reasonable fit to
above 440 K the Curie temperature was not reproducibleT (D). As a result we conclude that each theoretical model
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considered individually only does not explain the experimen-

tal behavior. One may speculate, however, that the combina- g 5 (3 The half width at half maximums y,,, (b) the

tion of both, that is finite size effect and change of anisotyayimum of the real part of the ac susceptibiligg,,., and(c) the

ropy, contribute to the linear behavior. Curie temperatureT(), for different Co thicknesses as a function
For completeness we mention, that Frits@teal® find  of annealing.

D=0.9 ML “dead layers,” that is, vanishing magnetic or-

der, from torsion oscillation magnetometry at room tempera-

ture. A linear extrapolation of our data would suggest that’” LEED- One should note thaic of 2.7 ML Co deposited
D=1.1 ML do not order ferromagnetically at finite tem- &t 340 K should be much higher than 490(&ccording to

perature(Fig. 3. However, measurements at lower tempera-19- 3) which is experlmentally foundFig. 5) There 1S evl-
tures are required to verify that possibility. Deposition atdence from hysteresis loops recorded during heangud-
T.=420 K yields a much loweT (Fig. 3 with a different den decrease of the coercive field above 440tlkat the
slope, which suggests that even submonolayers are ferrporphology changes befor€c of a continuous layer is

magnetically ordered if deposited under this condition. Wereached.
will come back to this below. Interestingly one finds that films which are deposited be-

As mentioned previously Co films thicker than 1 ML and low 370 K and subsequently annealed uf tdhave the same
deposited at 340 K are structurally unstable aboveCurie temperature as the films which are depositedat
~500 K, and irreversible changes of the coercive field, theAlso the height of they peak atT: is similarly small
shape of the hysteresis, and the susceptibility peak are oh<300), andA x4, is larger than 70 K.
served above 440 K. We will focus on the Changes at the As mentioned earlier a decrease'bcf' after heating is
phase transition only. Figure 4 shows the influence of threginexpected, since one would expect that thicker islands form
successive annealing steps on the susceptibility of a 1.9 Miyhich have a largef.. To explain the different behavior
thick Co film. The high and sharp susceptibility peak of the e giscuss two possibilitied,. starts to decrease already at
film deposiied at 340 K progressively shifts Itmx\_/er tem- ¢ =440 K, at which temperature no structural modification
peratures and becomes smaller and proader with 'ncreas'ri‘gevident by Auger spectroscopy. Hence one might argue
-rl;ggsT:fetﬁg Ofill?‘nSt tehf;etﬁf :;eir‘:\jgreeg;:n |n[cI::_reaEsle)]of ;givrgugi}'hat between 440 and 500 K strain in the layer is released,

’ M LEg. ' and the stress induced anisotropy is decreased. According to

T,~520 K, no peak is detected because either the demag- ) . .
ng?ization factorpis too large, or the Curie temperature is 9. (3) the decrease of the anisotropy will contribute to the
lower than 150 K. In Fig. 5 ,the characteristics of the aC_lnitial decrease off . Also a slight modification of the to-

susceptibility peak, that is the peak height,, and the half pography, that is .the demggnetization factor of the fiI.m, may
width at half maximumA y,.,, are shown as a function of D€ present. This is seen in the changes ofjtheeak|Figs.

T for 1.8, 1.9, and 2.7 ML. A decrease Of as a function 2@ and Sb)]. At T~500 K island formation becomes de-
of annealing is found for all films thinner than 3 ML. Above tectable by Auger analysis, and the susceptibility peak be-
440 K there is a correlation between the decrease ofomes progressively small and broad. The peak of the 1.8
Xmax» Ax12, and Te [Figs. 5a)—5(c)]. xmax decreases by ML film vanishes at 500 K, the one of 1.9 ML at 570 K, and
three orders of magnitude for a changélgf by 100 K only. ~ the one of 2.7 ML above 700 K. The graduggcreaseof

Also the half width increases dramatically, whilg. de- Tc aboveT,~500 K and the broadening of thepeak may
creases by almost 40%. Interestingly, most of these changésdicate that superparamagnetic islands of decreasing lateral
occur for annealing temperatures where no change in thsize and increasing separation grow. That is to say a continu-
Auger ratios is observed. This shows how sensitively theous transition from ferromagnetic order with a Curie tem-
magnetism of ultrathin films reacts to morphological perature to superparamagnetic behavior with a blocking tem-
changes, which are hardly detectable by Auger spectroscomerature is observed. From the available susceptibility data,
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however, one cannot unambiguously distinguish between similarly to the case of Gd/N{L10). This interpretation
superparamagnetic blocking and a ferromagnetic orderinggrees with our Auger resultig. 1) which show that large,
temperature. Above 3 ML the Curie temperature increasesearly uncovered W areas should exist between the islands.
because enough material has been deposited to form laterally

large enough islands, so that the lateral finite size effect plays V. CONCLUSION

no role and the height of the islands determifigsaccording

- . Ultrathin cobalt films deposited on W10 have been
LCLCEl?r'S(Zf)O'rSDULFgISmEI)(;;Tye ?:i(r;rgfg R;Ehv?/ec ggenﬁn;izzrztur%tudiedin situ by ac- and dc-MOKE. The Curie temperature

susceptibility peak from 150 K up to 800 K. From Fig. 3 we for 1.4 to 2 ML is precisely determined_by a_c—susceptibility
estimateT->600 K for an unannealed, flat film which is meas_ureme_ntsTC_ (1'4<D<2. ML) varies linearly as a
much higher than the temperature 500 K) for 3D island function of film thickness for films deposited at 170 and _370
formation (Fig. 1). As a result, To(D>3 ML) cannot be K. After thermal treatment afl,,>440 K the magnetic

. , . . properties are not reversible. A transition from a flat film
dete_rmlned without changing _th_e_ structure of the film irre (below 440 K to a 3D-islands film(above 500 K is ob-
versibly. The lack of a susceptibility peak, however, does noserved FoD<3 ML T. continuouslvdecreasesvith in-
prove thatTc is higher than 800 K unambiguously, since ' » C Y

: o creasingT ,>440 K, whereas foD>3 ML T¢ increases
ﬁgxinmc?eyagg ct)cl)\I(T \sl;vnr;erI: EI;::; Z):gig?::e%a.:_ﬁ:gg?gtzvsueThis different behavior is tentatively ascribed to the forma-
| .

recorded hysteresis loops up to 800 K—our highest achieyiion of islands with different sizes and can be interpreted as a

able sample temperature—which confirms that the layers o Lansition from superparamagnetism to ferromagnetism as a

I . .
ferromagnetically ordered. F@r>3 ML we observe that the function of coverage and thermal treatment. That is to say,

coercive field of a film deposited at 340 K first decreasesbeloW 3 ML the islands are most likely small and discon-

: . : nected, while above 3 ML the coverage is high enough to
ilrlggggsa;ﬁtifr?ungﬂg&gg stﬁg]vf/)r?rﬁgi)reeﬁ?sdirfgigﬁgs I;r:nm form large islands which are ferromagnetically coupled. A
: o ._recent scanning tunneling microscopy study on thick Co

crease of Tc or an increase of the uniaxial magnetic

. 5 . : . films*® seems to confirm our structural interpretation for

e 50 e ovas o Sne 3 WL A magrel ustaon” o an ennanced cor.
o . . ; cive field as for 1-2 ML Fe on W10 is not observed.

decreases the uniaxial magnetoelastic strain anisotfopy.
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