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Dynamic evolution of the magnetic anisotropy of ultrathin Co/Cu(110) films
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We have studied the magnetic properties of the CACO system (5 MI<d,<40 ML) at 300 K, using
the magneto-optic Kerr effect. The magnetic easy axis is found to switch through 90° for a constant Co
thickness, typically over a period of one hour. We attribute this behavior to the reversal in sign of the effective
in-plane uniaxial anisotropy constant, due to the adsorption of submonolayer quantities of residual CO gas in
the UHV chamber. Scanning tunnel microscope images reveal the growth of elongated island structures
preferentially oriented along tH@&01] direction providing edges for gas adsorptif80163-182608)01214-4

It has become clear in recent years that the morphologyterms of the effect of residual gas adsorption at sites revealed
growth mode, and crystalline structure of ultrathin magnetiddy scanning tunnel microscog8TM) images.
films can strongly affect the magnetic behavior. For ex- The magnetic measurements were carried out under UHV
ample, it has been shown that variations of the film roughconditions with a base pressure of £.00"'° mbar. The
ness when going from a filled to an incompletely filled layer Single-crystal ClL10 substrate was prepared via cycles of

o , . :
can cause oscillations in the uniaxial anisotropy int KV Ar" sputtering and annealing to 700 K, until Auger

Co/Cu001).? The reduced symmetry at surface steps in thee!ectro_n SpeCtrOSCOpy(AE.S). and low-energy electron-
same system, which result in an additional twofold contriby-diffraction measurements indicated a clean, well-ordered sur-

! . . face. Co was evaporated from a commercial electron-beam
tion to the surface anisotropy has also received a great de

. aporator with an integral flux monitor, at a constant rate of
of attention. Webeket al. have observed that submonolayeraround 0.4 ML min’. The pressure remained below 3.0

coverages of Cu, Fe, Ag, or O on the dellberatgly MISCUL, 15-10 mpar during Co deposition and the thickness of the
Co/Cu001) sgepped surface can cause the magnetic easy 8 was evaluated from the relative heights of the Co and
to switch 90°, from a direction parallel to the step edges tqcy, auger peaks recorded at the end of the experiment. This
one perpendicular 1o the step edgésSimilarly, Buckley  hrocedure gives an error in the absolute thickness 25%.
et al have observed easy axis direction changes, when subiowever, by keeping the evaporation rate constant, the rela-
monolayer coverages of Cu are grown on CdDd) for tjve thicknesses are known much more accurately. The STM
crystal miscuts of only 0.5{three times smaller than the measurements were performed at Liverpool IRC using the
miscuts on the substrates used by Wgbdhe question same crystal under the same pressure conditions, and using
arises as to whether or not in-plane easy axis switching cathe same model of Omicron evaporator.
occur in structures that have not been miscut. Structural studies indicate that that growth of Co on

The Co/C110) system has received relatively little at- Cu(110 does not exhibit the near ideal layer-by-layer
tention. However, with the combination of a three- growth mode seen for G001) substrate&:’ Studies at 300 K
dimensional(3D) growth modé& and a lower order twofold indicate that the growth is far from layer-by-layer below 5
symmetric surface, one might expect the Cdl)) system  ML. Even after 5 ML of deposited Co, 20% of uncovered Cu
to display very different magnetic properties to the Co/still remains® To our knowledge nan situ magnetic mea-
Cu(001) system. The(110) orientation contains th€111) surements have been performed on the CATY system in
directions(the bulk easy axis of fcc Qas well as th€001) the ultrathin regime. Brillouin light scatterin@BLS) mea-
and (110 directions, which are the symmetry axes for surements of fcc Au/Cu/Co/Qi10) ex sity between 8 and
uniaxial anisotropies. Thél10) surface therefore allows us 110 A Co thickness, show an unexpected suppression of the
to differentiate between the cubic and uniaxial anisotropymagnetocrystalline anisotropy contribution below+500 A
contributions due to different symmetry axes. Co8-1% The magnetocrystalline anisotropy contributitn

In this paper, we present the results of a study of thébecomes vanishingly small at Co thicknesses below
magnetic properties of the Co/Ql0 system at 300 K in  ~15ML. They find a strong in-plane uniaxial anisotropy
the thickness range 5ML(6.15 A)dc,<40 ML(49.2A) that they attribute to magnetoelastic effects at the Co/Cu sub-
using the magneto-optic Kerr effe@OKE) in the trans- strate interfacé.
verse geometry. For a given thickness of Co in the range Measurementsfa 6 ML Co film grown on C¢110) are
mentioned above, the system exhibits a uniaxial anisotropghown in Fig. 1. The top and bottom panels sHdwH loops
favoring an in-plane easy magnetization direction alongobtained with the field applied parallel to th@01] and[1-
[001]. With no further Co deposition, the uniaxial anisotropy 10] directions, respectively. The time elapsed after the end of
switches 90° to favor thgl-10] direction over a repeatable the Co deposition is given in minutes underneath each loop.
duration dependent on the thickness of the Co film and thé square loop with unity remanence is observed along the
time elapsed since chamber bakeout. To our knowledge n@01] direction five minutes after the end of the Co deposi-
such temporal evolution of the magnetic properties of ultration, indicating that this is a magnetic easy axis. Angle-
thin films has been seen before. We discuss these results dependent studies show that tHe10] direction is a mag-
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FIG. 1. The time evolution of thé-H loops fa a 6 ML Co/ Q 604 .
Cu(110 film. The magnetic easy axis is observed to switch by 90° O 40] .
from the[001] to [1-10] direction in a duration of the order of 1 h. I
The time in minutes after the end of the Co deposition is given in 20+
minutes underneath eadh-H loop. ol .

0 20 40 60 80 100 120
netic hard axis at this time. With no further Co deposition, ) )

the M-H loops are observed to evolve continuously in time Time (m'nUteS)

until the[001] direction has become a magnetically hard axis
after 60 min. Rotating the sample so that the field is NoW

applied along th¢1-10] direction we observe an easy axis during the period of magnetic easy axis switching. The dashed line

square loop with uni.ty remangnce along this direCtion'separates data collected when the magnetic easy axis is found along
Therefore, the magnetic easy axis has switched 90° to favqpo1) and[1-10], respectively.

the[1-10] direction over a period of approximately 1 h. The

bottom panel shows that once the easy axis has switche@drocess on the same sample. However, we have observed
there is only a very small reduction in coercive field up tothis behavior with experiments performed with the field ap-
110:00 min, after which the loops stop evolving and we findplied exclusively along th¢l-10] direction during the easy

no further changes in the easy axis direction. We observeaxis switch. After reaching a maximum alohg-10] at 85
qualitatively equivalent behavior for all Co thicknesses studmin, H. then reduces slightly before reaching a constant

FIG. 2. The evolution of the loop squareneSsand coercive
d H, for the sample discussed in Fig. 1, as a function of time

ied in the range 5 Mkld¢,<40 ML. level. The loop evolution is in qualitative agreement with the
To investigate theM-H loop evolution in greater detail, results shown in Fig. 2 for all Co thicknesses studied.
we have plotted the loop squaren&and coercive fieldH Although it is found initially that the time taken to switch

as a function of time for the same sample as in Fig. 1. Weeasy axes remains constant at a given Co thickness, the same
have defined the loop squareness as the ratio of the remanasXperiments are observed to slow down by more than an
to saturation magnetizatio®= M gm/M max, aNdM 4 iS the  order of magnitude as a function of the time the system has
loop amplitude measured from the maximum Kerr intensity.remained under UHV conditions after bakeout. We empha-
The top and bottom panels of Fig. 2 are each split in two bysize that this slowing down occurs even though there is no
a dotted line that separates data taken when the field is apaeasurable change in the base pressure of the system (1
plied parallel to th¢001] and[1-10] directions, respectively. x 10 1° mbar). This finding immediately rules out the pro-
The top panel shows th& remains constant alorf@01] at  cesses of surface reconstructions, thermally driven Co ada-
S=1 over~60 min, before dropping sharply to zero, then tom diffusion or room temperature substrate Cu segregation
rising sharply toS=1 along[1-10] where there are no fur- as the driving mechanisms responsible. Although AES de-
ther changes. The behavior of the coercive fidld(bottom  tected no contamination within its resolution limit
pane) in contrast, displays an almost linear decrease with th¢~0.5 ML) we conclude that the adsorption of minute quan-
field applied parallel to thd001] axis over ~60 min at tities of a residual gas from the UHV chamber is responsible
which time it drops sharply to zero. This sharp drop is ac-for the magnetic switching. Residual gas analyzer readings
companied by an initial sharp rise bf. as observed with the indicate that hydrogen, oxygen, or carbon monoxide may be
field applied alond1-10]. From 60 to 85 mirH, increases responsible. Dosing experiments on a 15 ML Co film show
almost linearly for fields applied parallel f@-10] in a mirror  that only a 0.08 ML of CO gas is required in order to cause
image behavior to that observed ald@§1] during the first the easy axis to switch. Dosing O only serves to destroy the
60 min. This initial[1-10] behavior is not shown in Fig. 2 sample magnetisnia 1 Langmuir dose is found to destroy
due to the practical difficulties in performing an angle- the magnetismn a 8 ML Co film). Ar dosing is also found to
dependent MOKE study during a time-dependentbe unable to switch the easy axis. Although we have not
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M oy modify the above equation by replacirl@ff with a time-
dependent ternh(‘j“(t), which changes sign as the residual
CO gas/Co interface grows, thereby switching the easy axis
to the[1-10] direction. Att=0 min after Co depositiork,
is negative, hence the easy axis initially lies aldieg1].
From Fig. 2,H. reduces initially almost linearly over the
first 60 min as is consistent with a reducing in-plane anisot-
ropy strength alon§001]. Near the transitiois andH . drop
sharply to zero(corresponding toKﬁff:O) and then rise
sharply as a function of time, implying that once a very small
positive Kfjff exists, the easy axis behavior is re-established,
but this time along1-10]. If K; was nonzero for this Co
thickness(6 ML), then asK‘jff tends to zero, the easy axis
would tend to shift towards thél11) direction andS would
0.01 not be expected to remain at unity during this time. The fact
thatS remains at unity at all times except briefly at the easy
axis cross over region implies that the cubic anisotrpys
[1-10] negligible at this thickness. Therefore our results are in
agreement with the(BLS) measurements of Hillebrands
et al. that show that the cubic anisotropy component of the
total anisotropy is vanishingly small for Co thicknesses be-
low 15 ML 2
[001] To test this conclusion further we have grown another
sample(~5 ML Co) and observed the easy axis switching

FIG. 3. STM image of 6 ML Co/C{110). The image shows that vyith t_he external fielq always applied along t[he_ll] direc-
the Co grows via the formation of three-dimensional elongated isfion. i.€., the easy axis favored by the cubic anisotropy term.
land clusters preferentially oriented along {i891] direction. The At no time did theM-H loop display unity remanence indi-
island lengths vary between 9 and 15 nm and the widths vary becating that this axis does not become an easy axis when
tween 1 and 5 nm. Kﬁﬁ=0, and hencé{; must be negligible at this thickness.

An important consequence of this result is that whe§i

directly dosed hydrogen into the chamber, we can study the-0 the sample becomes briefly magnetically isotropic for Co
effect of increasing the amount of hydrogen indirectly bythicknesses below 15 ML.
allowing the cold trap to warm up to room temperature Unfortunately, the extremely small quantities of CO in-
thereby significantly worsening the base pressure of the sysrolved were not visible with STM. However, it is possible to
tem. This was found to have no effect on the time taken folearn something of the preferred CO adsorption sites from
the easy axis to switch and therefore we believe that thannealing experiments. Before the easy axis has switched, a
system is not sensitive to hydrogen adsorption. 6 ML Co film is found to be extremely susceptible to ther-

Figure 3 shows an STM image @ 6 ML Co/Cu110  mally induced Cu segregation to the surface. Auger measure-
film. It is clear from Fig. 3 that the growth proceeds via the ments show that up to 0.5 monolayers of Cu can be segre-
formation of three dimensional elongated island clustergjated at temperatures as low as 325 K. We attribute this to
preferentially oriented along th01] axis, parallel to the the presence of gaps/pinholes in the trough regions between
initial easy axis direction of the system. The island lengthsCo islandst! For slightly higher temperature880 K), a
vary between 9 and 15 nm and the widths vary between thermally induced segregation of 1 ML of Cu is found to
and 5 nm. Although our crystal is not steppgdiscut less  stop the easy axis switch from occurring. This amount of Cu
than 0.25%, Fig. 3 does indicate that the elongated Co struccannot be expected to entirely cover the surface area of the
tures do provide “step like” edge sites for the gas adsorptionCo and therefore the Cu must occupy specific sites preferred
in analogy to the vicinal surfaces studied by Weber. by the CO molecules. Surprisingly, for the same Co thick-

Noting that the shape anisotropy keeps the magnetizationess, there is no Cu segregation when the film is annealed
in the plane of the filfhwe can model the magnetic anisot- after the easy axis has switched. This can be explained by the
ropy of the system as follows: CO molecules “plugging” the pinholes along island edge
sites. This is reasonable since CO would not desorb from the
Co until the temperature was in the region of 400 K or
morel? Therefore, Co island edge sites are the preferred CO
adsorption sites or at least it is only at these sites that the CO
can promote easy axis switching.
whereK is the cubic anisotropy constant and the angie Annealing Co films after the easy axis has switched, re-
measured from thg001] axis. The second term is the effec- verses the switch and there are no further easy axis changes.
tive in-plane uniaxial anisotropy term. Since bdth and  CO desorption can be ruled out as the mechanism respon-
K‘jﬁ are known to be negativithen the cubic term favors the sible since it would readsorb on cooling, switching the easy
(111) axes, and the uniaxial term favors tl@01) axes as axis again. STM reveals that the Co surface undergoes a
easy magnetization directions. To explain our results weslight morphological rearrangement during the anneal and so

K
EmFTl (sirto +sirf2e) + Kcog g,
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it is possible that the CO molecular bond is broken by thisat a fixed Co thickness. The CO gas in the UHV chamber
atomic rearrangement. Evidence to suggest the CO molecgauses a reversal in sign of the effective uniaxial anisotropy.
lar bond is easily perturbed is given by the work of Tracy STM images and annealing experiments reveal that the CO
etal!® that shows that CO molecules can be dissociategnolecules are adsorbed along island edge sites. The edge
(freeing the oxygen atom and leaving the carbon atom besjtes appear as a consequence of the “natural” nanometer
hind) simply by exposing the surface to an electron beam o&cale morphology resulting from the 3D growth mode in this
energy greater than 15 eV. We have found that the easy aXE%/stem. The easy axis switch can be reversed by annealing
switch can indeed be reversed k_)y exposing the fdlm 8 KV ne Co film to 380 K for 40 min or by exposing the film
Auger electron beam for-40 min. CO molecules tend t0 gyiface to an electron beam, thereby dissociating the CO
adsorb vertically onto Co with the carbon atom in contactmojecules. Our results highlight the extreme sensitivity of
with the Co atoms? Therefore, our electron-beam experi- the magnetic behavior of ultrathin films to the surface mor-
ment reveals the remarkably subtle nature of the CO induceghlogy and to subtle electronic changes at the surface. The
electronic structure change to the Co, since both atoms of thgork also has important implications for afl situ magnetics

CO molecule are needed to promote easy axis switching y§bsearch since even at the best UHV pressures obtainable,
the oxygen atom is not in contact with the Co surface.  ygsjdual gas can still have a dramatic influence on the mag-

~ In summary, we have shown the easy axis of magnetizaetic properties of thin films as highlighted here.
tion is observed to switch through 90° over a period of about

1 h as minute quantities of CO gas are adsorbed onto the Co The authors would like to thank T. M. Parker and S. Bar-
surface for all Co thicknesses studied in the range 5 MLrett for help with the STM experiments and the Engineering
<dc,<40 ML. This is a new phenomenon and is surprisingand Physical Sciences Research CoufERSRQ for finan-
because the temporal evolution in magnetic behavior occurgial support.
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