PHYSICAL REVIEW B 75, 193405 (2007)

Controlling the Kinetic order of spin-reorientation transitions in Ni/Cu(100) films by tuning the
substrate step structure
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To study whether spin-reorientation transitions in 8—10 ML thick Ni/Cu(100) films take place by continuous
or discontinuous rotation of the magnetization, we used spin-polarized low-energy electron microscopy to
image the magnetization vector of magnetic domains during Ni growth. After substrate preparations that either
promote or suppress bunching of atomic steps, we find strong evidence for either first- or second-order
transition kinetics. The results are explained in terms of a magnetic phase diagram, taking the effect of
topography on magnetic anisotropy contributions into account.
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Phase transitions are among the most fundamental phe-
nomena in condensed-matter physics. They proceed either
discontinuously (first order) or continuously (higher order).
In general, changing the kinetic order of a phase transition is
possible only under very special circumstances, i.e., close to
a critical point of the phase diagram. In magnetism such
special systems have attracted attention before: Some meta-
magnetic antiferromagnets are known where temperature de-
termines the order of the metamagnetic phase transition [e.g.,
FeCl, (Ref. 1)]. In this Brief Report, we introduce topology
as a new critical parameter and show that the thickness-
dependent spin-reorientation transition (SRT) in ultrathin Ni
films grown on Cu(100) occurs close to a topology-driven
critical point. The out-of-plane component of the magnetiza-
tion changes either continuously over a thickness range of
0.6 ML equivalents or discontinuously within the experimen-
tal resolution (=1% ML) depending on substrate morphol-
ogy. Subtle manipulation of the arrangement of atomic steps
on the Cu(100) substrate surface allows us to switch the ki-
netic order of this SRT between continuous and discontinu-
ous changes of the magnetization direction.

SRTs are well known to occur in many ultrathin ferromag-
netic films as a function of temperature or thickness.? Epi-
taxial Ni/Cu(100) films are particularly interesting because
an inverse SRT from planar to perpendicular orientation of
the magnetization is observed>!* and the kinetic order of this
transition is still under discussion.>-® In this system, starting
from in-plane magnetization of thinner Ni films, thickness-
dependent first-order transitions are manifested by nucleation
and growth of domains that are magnetized perpendicular to
the film plane. In contrast, continuous variation of the polar
angle of the magnetization vector (spin canting) indicates
SRTs with kinetics of second order. Using spin-polarized
low-energy electron microscopy (SPLEEM), we show that
by minor modifications of the preparation procedure of the
Cu substrate we can tune the intrinsic magnetic anisotropy
energy (MAE) of the deposited Ni film to such extent that
the kinetic order of the phase transition switches.

All experiments were performed in the SPLEEM at the
Lawrence Berkeley National Laboratory at a base pressure
below 5X 107" mbar. The crystals were cleaned in the
preparation chamber (p = 107'° mbar) by bombardment with
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2 kV Ar ions while annealing the sample for 1 min in cycles
repeated every 10 min. This automated preparation proce-
dure was performed for many hours resulting in Auger-
electron spectra, which show no contaminations. Figures 1(a)
and 2(a) show LEEM images of clean Cu(100) substrates,
highlighting how slightly different annealing temperatures
can result in rather different surface topographies. Relatively
high annealing temperature (1050 K), combined with mod-
erate sputtering rate (0.5 wA/cm?), promotes the bunching
of atomic surface steps [Fig. 1(a)], yielding atomically flat
terraces with micrometer dimensions. Through lower anneal-
ing temperature (850 K) step bunching can be suppressed
[Fig. 2(a)], resulting in higher step densities. Ni films were
deposited onto as-prepared surfaces in sifu at 300 K by
evaporation from an electron-beam evaporator.'! The maxi-
mum pressure increase during film growth was below 1
% 1071° mbar. Film thickness was controlled by monitoring
the intensity oscillations of LEEM images taken during in
situ film growth.'>!3 The evaporation rate was typically
about 0.15 ML/min. Together with our imaging rate of typi-
cally 15 frames/min this permits us to track the out-of-plane
component of the film magnetization with up to 0.01 ML
thickness resolution.

SPLEEM’s sensitivity to topographic features such as
atomic steps and step bunches'* and its capability to simul-
taneously record images showing magnetic contrast'> were
exploited in order to correlate topography and magnetic do-
main formation during film growth (Figs. 1 and 2). Magnetic
contrast in SPLEEM is proportional to the scalar product of
the beam polarization and magnetization of the film. This
dependence can be used to determine the local three-
dimensional magnetization vector by evaluating the mag-
netic contrast in images obtained using three orthogonal po-
larizations of the incident beam.!® Therefore, as a function of
Ni film thickness, we recorded triplets of SPLEEM images
(at closed shutter) using beam polarization parallel to the
surface normal and two orthogonal polarizations parallel to
the film.

Room-temperature deposition of Ni films onto surfaces,
which show pronounced step bunching, results in an onset of
in-plane magnetic contrast around 5 ML, in agreement with
previous investigations.>!®!? Figure 1 summarizes SPLEEM
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FIG. 1. SRT of first order in Ni/Cu(100) film grown on sub-
strate showing pronounced step bunches. 2 X2 um? LEEM (a) and
SPLEEM [(b)—(j)] images show topography and dependence of
magnetic contrast on Ni/Cu(100) film thickness and polarization
direction of illuminating electron beam (background gray level cor-
responds to null contrast). Dark contrast in (b), combined with null
contrast in (d), indicates homogeneous in-plane magnetization.
Strong bright and dark contrast in (g) and (j), combined with van-
ishing contrast in flat areas of (e), (f), (h), and (i) reveals abruptly
formed, stripe-shaped, out-of-plane magnetized domains (Ref. 17).
(k) Normalized xyz components of M demonstrating the abruptness
of the SRT. Rectangular insets show averaged gray and background
levels of areas highlighted in (a)—(j).

observations of the SRT in films grown on this substrate
morphology. Before the SRT, domain size is larger than the
field of view (7 um) and we do not observe an evident rela-
tionship between the magnetization direction and the average
direction of the step bunches. Interestingly, at a critical thick-
ness of 9.9 ML, the sudden formation of stripe domains mag-
netized perpendicular to the film is observed. On top of per-
fectly flat areas, the SRT is completed abruptly on the time
scale of our measurements, with no indication of spin cant-
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FIG. 2. SRT of second order in Ni/Cu(100) film grown on sub-
strate showing no step bunches. 2 X2 um? LEEM (a) and SPLEEM
[(b)—(j)] images show topography and dependence of magnetic con-
trast on Ni/Cu(100) film thickness and polarization direction of
illuminating electron beam (background gray level corresponds to
null contrast). As a result of continuous rotation of the magnetiza-
tion from in plane to out of plane with increasing Ni thickness,
magnetic contrast gradually increases for spin polarization along the
surface normal (bottom row), while magnetic contrast fades for
in-plane spin polarization (upper and middle rows). (k) Normalized
out-of-plane component of M recorded during Ni deposition [sepa-
rate experiment, black squares represent corresponding results for
panels (d), (g), and (j)].

ing (see black rectangles in Fig. 1). In other words, within
the thickness resolution of our experiments, one additional
Ni atom switches the orientation of several hundred film at-
oms. This is strong evidence of a first-order transition.

The behavior of the thickness-dependent SRT is consider-
ably different when we use Cu(100) substrates where step
bunching was suppressed. Although the onset of ferromag-
netic order is again observed at =5 ML film thickness on
these substrate surfaces, we always found the SRT to occur
via continuous rotation of the magnetization. An example is
summarized in Fig. 2. At Ni film thickness below the critical
thickness where the SRT starts, we find again large in-plane
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magnetized domains, the majority of which is oriented
roughly perpendicular (£15°) to the average direction of the
Cu steps [(b) and (c)]. When the Ni film thickness reaches
9.1 ML, the onset of magnetic contrast can be observed in
images recorded with out-of-plane beam polarization. During
deposition of an additional 0.5 ML Ni, magnetic contrast is
visible for all three (orthogonal) SPLEEM images [see pan-
els (e)—(g)], clearly indicating a canted magnetization vector.

In this thickness range, the out-of-plane component of M
grows continuously until the magnetization is eventually ori-
ented perpendicular to the film surface at 9.6 ML [panel (k)].
Consequently, the SRT for films grown on Cu(100) crystals
which show no step bunching proceeds via continuous rota-
tion of the magnetization vector. This is strong evidence for
second-order transition kinetics.

The results show that surface topography of the Cu sub-
strate considerably influences the SRT kinetics, allowing for
the remarkable possibility that the Ni/Cu(100) SRT can be
switched between first- and second-order phase transition ki-
netics.

One might have expected that the order of a phase transi-
tion is robust and not easily influenced by relatively subtle
differences such as surface step structures. To understand
how the remarkably different behaviors of otherwise similar
films can result from different substrate topographies, one
can consider the magnetization-dependent, anisotropic part
of the free-energy density. For an ultrathin film of tetragonal
symmetry, it is given as>

_ 1 1
f=-K,cos? 6— EK“ cos* 6 §K4H(3 + cos 4¢)sin* 6,

(1)

where [_(2=K2—%M0M2 is the effective second-order aniso-
tropy constant, including magnetocrystalline and dipolar ef-
fects, K, , and Ky are the corresponding fourth-order aniso-
tropy constants, and 6 and ¢ are angles with respect to the
surface normal and [001]. Here, each anisotropy coefficient
consists of a volume contribution and a thickness-dependent
surface contribution, i.e., K;=K}+K;/d. All these coeffi-
cients are known for the Ni/Cu(100) system*?%?! and the
influence of K,, was found to be small. Thus, we can start

by focusing on the thickness dependence of K, and K. Fol-
lowing Jensen and Bennemann?? and Millev and Kirschner,??

it is convenient to consider the K,—K,, phase diagram as
shown in Fig. 3. Minimization of the free-energy density
with respect to @ and ¢ results in three stable and one meta-

stable regions in the I?Z—K4” plane. In the left-hand, horizon-
tally hatched region of Fig. 3, magnetization parallel to the
film surface is the only stable configuration. In the right-
hand, vertically hatched region, magnetization is perpendicu-
larly oriented. The cross-hatched area in between represents
a metastable phase, where both in-plane and out-of-plane
orientations of the magnetization represent a local energy
minimum. For negative K, however, in-plane (left) and per-
pendicular (right) phases are separated by another stable

phase, where M is tilted with respect to the surface normal.
Jensen and Bennemann?? pointed out how transition kinetics
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FIG. 3. Phase diagram for Ni/Cu(100) films. Square symbols:
thickness-dependent anisotropies using experimental values given
in Ref. 21. Triangular symbols: same data, shifted upward by as-
suming topography-induced change of fourth-order surface aniso-
tropy constant Ki” by 15 pueV/atom. See text for details.

follow from thickness-dependent changes in this phase dia-
gram. To discuss our specific case of Ni/Cu(100), square
symbols plotted in Fig. 3 represent the thickness-dependent,

experimental values of K, and K, taken from Ref. 21. One
sees that, as the Ni film thickness increases from 5 ML to 14

ML, K, increases and K, decreases. The diagram indicates
that in films with thicknesses below 7.3 ML, in-plane mag-
netization is the stable configuration, and in films with thick-
nesses above 7.8 ML perpendicular magnetization is stable.?*
In the interval between 7.3 ML and 7.8 ML, Ni/Cu(100)

films are in the region where M is tilted with respect to the
surface normal. Consequently, one would expect to find that
the thickness-dependent SRT takes place via continuous
canting of the magnetization, i.e., a transition of second or-
der.

Considering the different substrate topographies shown in
Figs. 1(a) and 2(a), one might be tempted to attribute the
different behaviors observed for Ni films grown on step-
bunched Cu substrates to pronounced differences in an addi-
tional step-induced, uniaxial, in-plane anisotropy K, as in-
troduced by Bovensiepen et al? However, such a
contribution could only explain the observed behavior if it

considerably increased the value of K,, causing the critical
thickness of the SRT to decrease by >1 ML. While this and
similar effects (due to sample roughness or adsorbates) are
known to occur,320-32 3 decrease of the critical thickness has
never been observed in our experiments. This points to the
importance of the surface terms of the fourth-order aniso-
tropy. Heinrich et al.3? have pointed out that lateral inhomo-
geneities at interfaces can result in fourth-order terms which
decrease the total energy. In our sign convention that would
imply a positive contribution to the surface term of Ky, shift-
ing the curve of Fig. 3 into the metastable region where
SRT’s are discontinuous phase transitions. It is expected that
this effect grows stronger with increasing atomic terrace
width,* in good agreement with our findings. To illustrate
the effect of surfaces where high step bunches (inhomogene-
ities) separate large, atomically flat terraces, we added
+15 peV/atom to the measured values for K3, taken from
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Ref. 21 and replotted the shifted anisotropies using triangular
symbols. Evidently, this reasonable correction is sufficient to
place the system entirely outside the unhatched region where
tilted magnetization is stable. As a function of increasing
thickness, the stability of in-plane magnetization is followed
abruptly by stability of perpendicular magnetization; i.e.,
canted magnetization is unstable at all thicknesses. This is
consistent with a SRT with first-order kinetics, as we observe
when we grow Ni films on Cu(100) substrates with pro-
nounced step bunching. We suggest that this is the mecha-
nism that governs the switching between continuous and dis-
continuous SRTs we observe in ultrathin Ni/Cu(100) films.

In summary, the influence of substrate topography on the
SRT of ultrathin Ni films grown on Cu(100) was studied by
SPLEEM. For Cu crystals, which show no step bunching, a
second-order SRT was observed, i.e., continuous rotation of
the magnetization vector from in plane to out of plane. In
contrast, on Cu substrates which show pronounced step
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bunches, a discontinuous, first-order SRT was found to take
place. This evidence for the occurrence of both transition
kinetics on the same substrate reconciles discrepancies found
in literature’>’ and might very well apply to other epitaxial
systems as well [see, e.g., Co/Au(111) (Ref. 33)]. We at-
tribute these different behaviors to changes of the MAE in-
duced by the topography of the substrate and show that
through controlled increase/decrease of surface step bunch-
ing, it is possible to switch back and forth between first- and
second-order transitions in Ni/Cu(100).
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