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Mapping the magnetic phase diagram of metastable fct F€u(100) using Co atoms
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In ultrathin Fe films grown at room temperature on(820), observed thickness and temperature-dependent
spin reorientations are preceded by structural transformations. We use a method involving Co capping atoms to
generate a magnetic phase diagram for this system in the absence of these structural changes. The phase
diagram shows that the recently observed stripe-phase melting in the(E@0Csystem is related to the onset
of a spin reorientation, rather than to a ferromagnetic-to-paramagnetic transition. In addition, the phase diagram
allows us to determine the temperature-dependent anisotropy constants fof1Bg/Gilms.
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Recent work on perpendicularly magnetized FEADG  ture. Our data have also been used to determine the
ultrathin films has revealed interesting evolution in theirtemperature-dependent anisotropy constants for the Fe/
magnetic-domain structure as the film thickness is varied at &u(100) films.
fixed temperaturé? Two-step disordering of a micrometer- ~ Experiments were performed in an ultrahigh vacuum
sized stripe phase has been observed experimehitatjose ~ (UHV) system with a base pressure lower than 7
agreement with theoretical predictioh&heoretically, the <10 *'Torr. The system was equipped with facilities for
melting of this stripe phase could result from the close proxJow-energy electron diffraction(LEED), Auger electron
imity of the system temperature to either the critical temperaSPECrOSCOPYAES), and magneto-optic Kerr effe@VIOKE)
ture for a spin-reorientation transiticSRT), or the critical ~ Studies. It was possible to operate the MOKE setup in both

temperature for a ferromagnetic to paramagnetic phase traﬁ’-Olar and longitudinal geometries by rotating the magnet
sition (Curie temperatube depending on which one is lower. around the sample. The Cu substrate was prepared by cycles

: ; - . f sputtering with Ne ions and annealing to 900 K until clean
Such an issue can, in principle, be resolved by obtaining .
magnetic phase diagram of the system. ES spectra and sharp K1) LEED patterns were obtained.

: The FéCo) films were evaporated from an D) wire
A considerable number of efforts have been made to mage o g by electron-beam bombardment. The rate of deposi-
out the magnetic phase diagram of the F&ADO)

-6 . . : tion was controlled in each case by flux monitors, which
system.”” The phase diagrams obtained so far, while ®Xere mounted on each source and calibrated by AES. The

tremely interesting, have shown magnetic phase transitiong.c racy of using AES to determine film thickness was cali-

that are grleoatly affected by various types of structuralyrated with scanning tunneling microscopy in a separate
transitions.”™ The aforementioned stripe phase melting, yHv chamber.

however, is likely to be a pure magnetic phase transition The jron films that we studied were always less than 4 ML
since it was observed in the thickngss4 ML) and tempera-
ture regime(<310 K) in which the films are structurally

uniform in a face-centered-tetragortfdt) phase. A thorough 12 | :
understanding of such a phase transition, thus, requires . 1k -
pure magnetic phase diagram obtained in the absence o 44 L _
these structural transitions. s°

. . . . . 0.6
Here, we employ a method involving magnetic capping s~
atoms to obtain information about the magnetic phase dia- %4 |

gram of the underlying Fe/QL0OO films in the absence of 02 } .
structural transitions. It is known that magnetic capping at- ol i
oms can modify the effective anisotropy of a system such 0z

that an SRT can take place when the number of cappinc 7545 0.18 0.21 0.24 0.27 0.3

atoms thickness reaches some critical vafudle have pre- Co thickn ML
viously reported a method for using this phenomenon to de- o thickness (ML)
termine the critical thickness of SRT for the uncapped Fe g 1. Ratio of remanent magnetizatioM() to saturation

film.*2**Here, we use this technique to maparemagnetic  magnetization 1) of a Co capped 2.65-ML Fe/CL00) film mea-
phase diagram that completely separates out the influence gfired with the magnetic field along the perpendic(idled circles
structural transitions. The phase diagram indicates that thgnd in-plane(open circles directions as a function of Co capping
critical temperature for SRT of the Fe/00 system is |ayer thickness. The measuring temperature was 105 K. It is clear
lower than the Curie temperature, which implies that thefrom the disappearance of the perpendicular signal and the appear-
melting of the stripe phase reflects the proximity of the sys-ance of the in-plane magnetization that the capping layer has in-
tem to the SRT temperature rather than the Curie temperatuced a spin reorientation in the underlying Fe film.
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FIG. 2. Isothermal plots of the capping layer thickness requiredvhich a fct—fcc structural transition occurs.
to start the spin reorientation as a function of base film thickness.
Each set of data can be fit with a line that can be extrapolated to the Following this procedure, we have obtained values of
horizontal axis that represents the absence of a capping layer. Thizoth dgg anddgg for Fe films of various thickness at various
gives the thickness at which a clean fct Fe film would begin totemperatures. As mentioned, the Fe thickness was limited
reorient at each temperature. within the untransformed fct thickness regirfve4 ML), and

the maximum temperature did not exceed room temperature

thick and were grown at room temperatyfT) to ensure in order to avoid any possible interdiffusion or structural
that they were of the fct structure. After the growth of the Fechange. In Fig. 2 we show t C"{ values as a function of
films, Co capping atoms were subsequently deposited ontihickness for Fe films obtained at various temperatures. Data
the Fe film at 110 K. The capping atoms were added in steppoints taken at each temperature clearly follow a linear fit, as
as small as 0.005 ML and polar and longitudinal MOKE indicated by the regression lines in the plot. ™axis inter-
measurements were made after each deposition. cept of each isotherm gives the value of the starting thick-

Figure 1 demonstrates a typical spin reorientation of aness dEel) at which an fct Fe/C@00) film would undergo a
2.65-ML Fe film induced by Co capping layers at 105 K. Thespin reorientatiorwithout Co cappingat that particular tem-
ratios of remanentN],) to saturation 1) magnetization as perature. For example, the easy axis of magnetization of a
determined from both polatfilled circles and in-plane clean fct Fe/C(L00) film at 210 K would begin to reorient
(open circles MOKE hysteresis curves are displayed as afrom perpendicular to inplane at a thickness of 4.4 ML, if the
function of the amount of added cobalt. A perpendicular topreviously mentioned fet-fcc structural transformation did
in-plane SRT clearly starts to take place at about 0.22 ML ohot occur. The finishing point of the SRT of the Fe films
Co thickness, as evidenced by the decrease of perpendiculgtt$) has been determined in a similar way from% vs Fe
M, and the increase of in-plard, . When the Co thickness thickness plot.
reaches 0.27 ML, the inplard, reaches saturation and the  This data directly results in a magnetic phase diagram for
perpendiculaiM, decreases to zero, indicating the comple-fct Fe, as shown in Fig. 3. The shaded area represents the
tion of the SRT. We denote the starting point of the SRTtransition regime over which the easy axis of the film reori-
(0.22 ML) asdgg, and the finishing point0.27 ML) asdgg. ents from the surface normal to the in-plane direction. The
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17 Recently, Millev and co-workers were able to deduce both
e Ko Fe(T) i ol first- (K15) and second-orderK(,s) surface anisotropy con-
o 4 stants with® and without” an external field. In principle,
since we have the data of the first and second critical thick-
s ness of SRT at various temperatu&sy. 3), we should be
P . able to obtain the values of temperature-depen#iggtand
, K, following the same approach. However, the calculation
’ 1 cannot be made without values for the firsk,() and
. ] second-order K,,) bulk anisotropy constants of fcc Fe,
’ which are lacking due to the fact that fcc Fe does not exist
below 1150 K in bulk. It is not proper to use the bulk anisot-
ropy constants of bcc Fe in this case. This is not only be-
cause bcc Fe has a different crystal structure, but also be-
cause the Fe/QUO0) films have a greatly distorted fcc
FIG. 5. Temperature-dependent anisotropy constants for the Cstructure. This should lead to considerably larger bulk anisot-
capped Fe/Q.00) system. All anisotropy constants display a linear ropy constants than those of undistorted bcc Fe.
dependence on the temperature. The dashed lines are present toFor the reasons described above, we decide to concentrate
guide the eye. only on obtaining first-order anisotropy constants for both
surface and bulk. This, in fact, is nontrivial since the spin
left and right boundaries of the transition regime define thephase diagram alone does not provide enough information to
onset and completion of the SRT of Fe films, respectively. Tadeduce both the surface and bulk anisotropy constants of
make the phase diagram more complete, we have includemgle/Cy100) films. We, therefore, designed an experiment by
the Curie temperature@illed squarep of Fe films that are using Fe capping layers to introduce a reversed SRT in a
thinner than four atomic layers. These values are in goo¢o/Fe bilayer on C(100), as shown in Fig. 4. In the reversed
agreement with Ref. 10. SRT experiment, a 1.2 ML Co/1.2 ML Fe bilayer structure
From the obtained phase diagram, it is immediately cleagvas first grown on top of Qd00) at room temperature. This
that the critical temperature of SRT is slightly lower than thepjlayer structure has an in-plane easy magnetization axis.
Curie temperature in the Fe/CD0) system. The system Additional Fe atoms were then deposited on the Co/Fe bi-
would first undergo an SRT before becoming paramagnetidayer at 105 K until the film was fully magnetized in the
when increasing thickness or temperature. Since the markgserpendicular directiofimarked by the arrow with dashed
region, in which the stripeless phase was observed in Ref. line in Fig. 4a)]. The amount of Fe needed to complete this
is closer to the SRT temperature than to the Curie temperaeversed SRT is denoted dgg/Fe, the temperature depen-
ture, we believe that the melting of the stripe phase is causegence of which is shown in Fig.(d). Based on the argument
by the onset of an SRT rather than by paramagnetism. This inade in Ref. 16, the first-order crystalline anisotrafy-
not surprising, since the system no longer has enough pegjyding both surface and bylkancels out with shape anisot-
pendicular anisotropy to sustain the up-down stripe domaingopy at the thickness, where SRT has been completed, i.e.,
when approaching the SRT. A similar breakdown of perpenyk, =K,, + 2K,./d.,=27M2. We have determined the
dicular domains has been observed in the low temperatufgmperature-dependent values df, for three SRTTs,
grown Fe/C{100) system’ _ namely, the SRT of Fe/Gu00) (d¢3), the Co-induced SRT
It is interesting that a temperature-driven SRT has NeVept Fe/CL(100) (dgg), and the Fe-induced SRT of Co/Fe bi-

been reported for the RT grown Fe films, although the Obsgrl'ayer on Ci(100) '(dgg/mj_ For the SRT of Fe/Q100), we
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vation is difficult in practice because the SRT temperature IS ave
ver%/5 close to the structural-relaxation temperat(re310
K). . . i 2KEY(T)
The magnetic phase diagram can be used to calculate the KT+ —p=—=27MgdT)2 )
temperature-dependent anisotropy constants of the Fe films. deaAT)

TABLE I. Temperature-dependent parameters in Efjs.(2), and(3). Note that values oK‘ff,’(T) and
K$(T) are taken from Ref. 17.

Temperature  dE%(T) dSy(T) dgFe KSAT) KSIT)
(K) (107%cm) (10°%cm) (10 %cm) o(T) &(T) (10°erglcni) (erg/cnt)
105 9.31 0.69 0.77 0.41 0.43 -9.78 —0.478
140 9.20 0.67 0.80 0.39 0.44 —-9.97 —0.437
175 9.11 0.64 0.86 0.38 0.48 —-10.16 —0.399
210 8.80 0.62 0.91 0.36 0.51 -10.34 —0.360
245 8.44 0.58 0.96 0.34 0.53 —10.53 —-0.320
280 8.05 0.55 1.00 0.32 0.56 —-10.72 —0.281

224409-3



J. P. PIERCE, M. A. TORIJA, J. SHEN, AND E. W. PLUMMER

For the Co-induced SRT of Fe/CiD0), we have
KEE(T) X deet KE(T) X dy(T)

deet dg,%(T)
. [2= o(MIKEAM + o(MIKAT) + KT}
[deetdSYT)]
Med T) X det MCO(T)XdE%m)z
=2 o , (2
dpetdga(T)

wheredg, is the thickness of the Fe base film, aa(T) is
the coverage of the Co capping layer at the critical thicknes
of the SRT, which is the same agg(T) when it is expressed
in units of monolayers.

For the Fe induced SRT of Co/Fe bilayer on(0R0), we
have

KES(T)X[dEt+de rd )]+ KEXT) X dE,
+dSYT) +dE,

[1+e(T)][KE
+

*

AT +KEF

SR T+ [1-e(T)IKEAT)
Fetd

) +dg

Co/F
c,2

Mg T) X [dE+dSTTT) ]+ Mo T) X dE,) 2

+dSYFT) +dE,

2

*

©)

where di, and di, are the thickness of Fe and Co in the
Fe/Co bilayer, respectively, ane(T) is equal tod$9™in
units of monolayers.

The first-order bulK$(T)] and surfacd K$(T)] an-
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temperatureg77 and 295 K it is reasonable to assume a
linear temperature dependence and get anisotropy constants
at other temperatures. By further taking bulk values of the
magnetization of HM(T)] and CoM(T)], we have
three unknowns, i.eK5(T), KE(T), andK{2FYT), leftin
Egs. (1), (2), and (3). For the convenience of readers, the
known values of dE(T), dS3(T) (at dee=0), dS9*®
KSXT), KSAT), «(T), ande(T) at various temperatures
are summarized in Table I. After some calculations, we have
obtained values ok [5(T), KT(T), andK$OF{T) as a func-
tion of temperature, as shown in Fig. 5. From Fig. 5 it is
obvious that all these contributions to the anisotropy are
positive (favoring perpendicular magnetizatioand have a
finear temperature dependence. The value:KEﬁT) and
Kf;"Fe(T), as expected, decrease with increasing tempera-
ture. It is somewhat surprising th&t&(T) increases with
increasing temperature. In light of the possibility tK{ﬁ(T)
most likely originates from strain-induced anisotropy, the in-
crease ofog(T) might be caused by an increase in film
strain due to the different thermal-expansion coefficients of
fct Fe and fcc Cu. Similar behavior was also observed for Co
ultrathin films on C100).'8

In summary, we have demonstrated that magnetic capping
layers can be used to generate a magnetic phase diagram for
metastable magnetic Fe/Q00) ultrathin films. The mag-
netic phase diagram uncovers important information about
the phase transitions of the Fe/CQ0) system. In addition,
we have shown that the anisotropy constants of Fe films
display a linear temperature dependence. We believe that this
method can be generalized to other metastable magnetic
thin-film systems.
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