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Magnetic domain evolution at the spin reorientation transition (SRT) of (Fe/Ni)/Cu/Ni/Cu(001) is investi
gated using photoemission electron microscopy. While the (Fe/Ni) layer exhibits the SRT, the interlayer 
coupling of the perpendicularly magnetized Ni layer to the (Fe/Ni) layer serves as a virtual perpendicular 
magnetic field exerted on the (Fe/Ni) layer. We find that the perpendicular virtual magnetic field breaks the 
up-down symmetry of the (Fe/Ni) stripe domains to induce a net magnetization in the normal direction of the 
film. Moreover, as the virtual magnetic field increases to exceed a critical field, the stripe domain phase evolves 
into a bubble domain phase. Although the critical field depends on the Fe film thickness, we show that the area 
fraction of the minority domain exhibits a universal value that determines the stripe-to-bubble phase transition. 

DOT: 10.1103/PhysRevB.79.014429 PACS number(s): 75.70.Ak 

I. INTRODUCTION 

Spin reorientation transition (SRT) (Refs. 1 and 2) refers 
to the phenomenon of spin directional change in magnetic 
materials due to the change in the so-called magnetic aniso-
tropy. For example, in a magnetic thin film the competition 
between the perpendicular crystalline magnetic anisotropy 
and the in-plane magnetic shape anisotropy could switch the 
film magnetization from perpendicular to the in-plane direc
tions of the film by changing the temperature or film thick
ness. Research on this subject has attracted great interest in 
the last decades because of its connection to the magnetic 
ordering in two-dimensional (2D) magnetic systems.3,4 It is 
shown that the apparent loss of the macroscopic magnetiza
tion within a narrow gap of the temperature (or film thick
ness) at the SRT is due to the formation of magnetic stripe 
phase.5 The stripe phase was also shown in experiment to 
exhibit unique dynamic properties.6,7 The difficulty of apply
ing a magnetic field in an electron microscope was also cir
cumvented recently by doing element-specific domain imag
ing in a magnetic sandwich where the magnetic interlayer 
coupling serves as a virtual magnetic field.8 In particular, the 
improvement of the sample fabrication quality greatly en
hances the domain imaging quality,9,10 making it possible to 
perform a quantitative analysis on the stripe domain width.8 

These advances in experiment enable a deeper probe of some 
mechanisms that govern the magnetic phases at the SRT. For' 
example, it is shown that the exponential decay of the stripe 
width toward the SRT point is a manifest of a crossover from 
the anisotropy to the dipolar length scales and that a para
magnetic gap develops at the SRT point.11,12 Recently, re
search on this subject has been focused on the search of new 
magnetic domain phases at the SRT under different 
conditions.13,14 Because of the long-range character of the 
dipolar interaction, it is usually difficult for theory to predict 
the ground state of the magnetic phase. Thus computer simu

lation and special analytical solutions are usually employed 
to compare the energy of the stripe domain phase with the 
energy of other domain phases.15-17 In experiment, a recent 
observation shows that after magnetizing a film with a mag
netic field slightly tilting away from the film in-plane direc
tion, the magnetic stripe phase of the film changes into a 
bubble domain phase.18 This observation suggests that there 
could exist other domain phases in competition with the 
stripe domain phase at the SRT, and the ground state of a 2D 
magnetic system could be switched from the stripe phase to 
the bubble phase within a magnetic field. In this paper, we 
report a study of (Fe/Ni)/Cu/Ni(20 ML)/Cu(001) system in 
which the interlayer coupling between the perpendicular 
magnetized 20 ML Ni film and the (Fe/Ni) film serves as a 
virtual perpendicular magnetic field applied to the (Fe/Ni) 
film which undergoes the SRT. By doing element-specific 
magnetic domain imaging using photoemission electron mi
croscopy (PEEM), we investigated the (Fe/Ni) stripe domain 
phase within a perpendicular magnetic field. We find a phase 
transition from the stripe phase to the bubble phase as the 
virtual magnetic field exceeds a critical field. Furthermore, 
we reveal that this stripe-to-bubble phase transition is deter
mined by a universal value of the minority domain area frac
tion. 

II. EXPERIMENT 

A 10-mm-diameter Cu(001) single-crystal substrate was 
mechanically polished with 0.25 fim diamond past finish 
and electropolished as previously reported.9 The Cu substrate 
was cleaned in an ultrahigh vacuum (UHV) system with a 
base pressure of 2 X 10"10 Torr by cycles of Ar ion sputter
ing at 1-5 keV and annealing at —600 °C until sharp low 
energy electron diffraction (LEED) spots are observed. The 
sample of [Fe/Ni(5 ML)]/Cu/Ni(20 ML) was grown epitaxi-
ally onto the Cu(001) substrate by evaporating Fe, Ni, and 
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FIG. 1. (a) PEEM image of the Fe magnetic domains in Fe/Ni(5 ML)/Cu(6.40 ML)/Ni(20 ML)/Cu(001). d£u=6.40 ML corresponds to 
a zero interlayer coupling between the (Fe/Ni) film and the Ni(20 ML) film The stripe domain width decreases with increasing the Fe film 
thickness toward the SRT point at dpc=2.32 ML, above which the Fe film has an in-plane magnetization, [(b) and (c)] PEEM images of the 
Fe domains at (b) rfFe=2.24 and (c) 2.29 ML as a function of the Cu film thickness. The position of the first images of (b) and (c) are marked 
by the two boxes in figure (a) except the 90° rotation for a clearer view of the domain pattern evolution. Changing Cu thickness away from 
the zero coupling point of d£u=6.40 ML is equivalent to applying a virtual perpendicular magnetic field to the (Fe/Ni) film. The (Fe/Ni) 
magnetic stripe phase evolves into a bubble phase before being saturated. 

Cu from thermal crucibles at an evaporation rate of 
~ 1 kl mm. The Fe (0-5 ML) and Cu (0-15 ML) films were 
grown into cross wedges over 2 mm length along two or
thogonal directions for the purpose of controlling their thick
nesses independently.9 The wedge is formed by moving the 
substrate behind a knife-edge shutter during the growth with 
the wedge slope derived from the moving speed and the 
evaporation rate. The sample was covered with a 10 ML Cu 
protective layer before being transferred into the PEEM 
chamber at beamline 7.3.1.1 at the Advanced Light Souice. 
The x-ray beam was circularly polarized and incident at an 
angle of 60° to the surface-normal direction. The magnetic 
domain images weie obtained by taking the ratio of L3 and 
L2 edges utilizing the effect of x-ray magnetic circular di-
chroism (XMCD). All measurements weie made at room 
temperature. 

The [Fe/Ni(5 ML)] bilayer behaves as a single ferromag
netic film because of the stiong direct fenomagnetic cou
pling between the Fe and Ni magnetizations as previously 
reported.8,9 The purpose of using a 5 ML Ni film is to shift 
the SRT thickness of the Fe/Ni into the ferromagnetic phase-
of fee Fe so that the complicated ferromagnetic-to-
antiferromagnetic transition of the fee Fe at —4 ML Fe is 
outside the SRT region of the Fe/Ni(5 ML).8 In this paper, 
we show only Fe PEEM images to represent the (Fe/Ni) 
magnetic domains. It was shown that the interlayei coupling 
in a magnetic-coupled sandwich serves as a viitual magnetic 
field.8,19 Then since 20 ML Ni on Cu(001) has a perpendicu
lar magnetization,20 the SRT of the (Fe/Ni) layer in the [Fe/ 
Ni(5 ML)]/Cu/Ni(20 ML) system is equivalent to the SRT of 
a (Fe/Ni) film within a perpendicular magnetic field whose 

stiength varies with the interlayer Cu thickness. At the 
PEEM beamline, prior to the PEEM measurement, the 
sample was magnetized in a 1 kOe magnetic field normal to 
the film surface to wipe out the magnetic domains of the 20 
ML Ni film, ensuring a uniform exchange coupling between 
the Ni and the (Fe/Ni) films. 

III. RESULT AND DISCUSSION 

Figure 1 shows PEEM images of [Fe/Ni(5 ML)]/Cu/Ni(20 
ML)/Cu(001) at 6.4 ML Cu where the interlayer coupling 
between the (Fe/Ni) and the Ni layers is zero. Then the Fe 
magnetic images should represent the (Fe/Ni) magnetic do
mains within a zeio exteinal magnetic field. Below 
<4?e=2.32 ML, the (Fe/Ni) film exhibits a clear stripe domain 
phase with the stripe width decieasing rapidly with increas
ing the Fe film thickness. Above 2.32 ML of the Fe film 
thickness, the (Fe/Ni) film possesses irregular magnetic do
mains. After rotating the sample around its surface-normal 
direction by 90°, the domain contrast remains unchanged 
below 2.32 ML of Fe but changes above 2.32 ML of Fe, 
showing that the (Fe/Ni) magnetization is perpendicular to 
the film plane below 2.32 ML of Fe (dFe<2.32 ML) and 
parallel to the film plane above 2.32 ML of Fe 
(JF e>2.32 ML). Therefoie, we identify cfPe=232 ML to be 
the (Fe/Ni) SRT point. The domain phase of the out-of-plane 
Fe magnetization will be the focus for the rest of this paper. 
Another observation from Fig. 1(a) is that the up (white) and 
down (dark) magnetic stiipes have equal width, which is 
expected because the up-down symmetry should not be bro
ken in the absence of an exteinal magnetic field.9 Recalling 
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that the interlayer coupling between the (Fe/Ni) and the 20 
ML Ni layers oscillates with the Cu spacer layer thickness,21 

the ^ = 6 . 4 0 ML actually defines the boundary between the 
antiferromagnetic interlayer coupling (rfCu<6.40 ML) and 
the ferromagnetic coupling (rfCu>6.40 ML) regions.22,23 

Thus the evolution of the stripe phase in the vicinity of 
^, ,=6.40 ML represents the stripe phase evolution as a 
function of a perpendicular magnetic field applied to the 
(Fe/Ni) film. 

We find that increasing/decreasing the Cu thickness away 
from d°-.u=6.40 ML results in the same domain evolution 
except for a reversal of the white and dark domains. This is 
expected because ferromagnetic and antiferromagnetic cou
plings correspond to applying a perpendicular magnetic field 
to the (Fe/Ni) film in the direction parallel and antiparallel to 
the 20 ML Ni magnetization, respectively, and thus should 
result in the same domain evolution after a reversal of the 
up-down direction (e.g., H-+-H). Because of the above fact 
and that synchrotron beam time is limited, we only focus on 
one side of the Cu thickness away from the zero coupling 
point of rf°-.u=6.40 ML to obtain high-quality domain im
ages. In this paper, we will focus on the <iCu<6.40 ML re
gion where we optimized the PEEM operation condition to 
obtain a good spatial resolution of the domain images. Fig
ures 1 (b) and 1 (c) show a series of Fe domain images as a 
function of the Cu film thickness for two representative 
stripe domains at rfFe=2.24 and 2.29 ML, respectively [the 
areas boxed in Fig. 1(a)]. As the Cu thickness varies away 
from the zero coupling point of ^ = 6 . 4 0 ML, the interlayer 
coupling strength increases (or the virtual magnetic field 
strength increases). We find that the majority (white) domain 
area expands at the cost of shrinking the minority (dark) 
domain area, i.e., a net magnetization of the (Fe/Ni) film, 
which is proportional to the area difference between the ma
jority and minority domains that increases with the interlayer 
coupling strength. This is expected because a perpendicular 
magnetic field, which is simulated here by the interlayer cou
pling, should break the up-down domain symmetry to induce 
a net perpendicular magnetization. The interesting observa
tion of the PEEM images is that as the magnetization in
creases with the interlayer coupling, the stripe domain phase 
also evolves in a manner where the minority (dark) stripes 
break at a point to develop a bubble domain phase 
[rfCu<6.1 ML for Fig. 1(b) and dCu< 6.0 ML for Fig. 1(c)]. 
Despite the difference of the Cu thickness where the bubble 
domain phase appears, measurement at other Fe thicknesses 
confirms the fact that the stripe phase evolves into the bubble 
phase above a critical value of the interlayer coupling 
strength (or equivalently speaking, above a critical value of 
the perpendicular magnetic field). Another interesting obser-, 
vation is that the majority (white) domain width and area 
increase with the virtual perpendicular magnetic field, but the 
width of the minority (black) domains changes very little 
regardless if it is in the stripe phase or in the bubble phase. 

To better understand the stripe-to-bubble phase transition, 
we performed the following quantitative analysis of the 
PEEM images in Figs. 1(b) and 1(c). First, we analyzed the 
dependence of the perpendicular magnetization (M) of the 
(Fe/Ni) film on the perpendicular magnetic field (H). Since 
the magnetization is linearly proportional to the area differ-
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FIG. 2. (Color online) The normalized magnetization MIMS 
determined from PEEM images as a function of SdCu = \dCu-d^u\ 
which simulates the strength of the perpendicular virtual magnetic 
field applied to the (Fe/Ni) film. Data from dFe=2.24 ML [Fig. 
1(b)] are represented by square symbols; data from dFe=2.29 ML 
[Fig. 1(c)] are represented by circular symbols. Solid symbols rep
resent the stripe phase and open symbols represent the bubble 
phase. The solid lines are guides for the eyes. 

ence of the majority and minority domains, it is obvious that 
the normalized magnetization M/Ms, where Ms is the satu
ration magnetization, is determined by the area fraction (/) 
of the minority domains in the form of MIMS= 1-2/. Thus 
we determine the (Fe/Ni) normalized magnetization MIMS 
by calculating the minority domain area fraction of the 
PEEM images at different Cu thicknesses. Second, we as
sume that the interlayer coupling strength, which simulates 
the perpendicular magnetic field, in the vicinity of zero cou
pling is linearly proportional to the Cu thickness difference 
away from the zero coupling point [H^SdCu=\dCu-a^J]. 
Therefore Fig. 2 actually represents the result of the normal
ized magnetization MIMS versus a perpendicular magnetic 
field for the domain images of Figs. 1(b) and 1(c). In both 
cases, the MIMS increases monotonically with SdCxl toward 
its saturation. The different slopes of the MIMS vs SdCu re
flect the fact of different saturation magnetic field at the two 
Fe film thicknesses. This result is not surprising because a 
film closer to the SRT point should have a weaker overall 
perpendicular magnetic anisotropy thus a greater saturation 
magnetic field in the perpendicular direction. The stripe-to-
bubble phase transition, however, does not generate any ab
normal behavior of the M/Ms-SdCu curve, showing that the 
domain pattern change does not produce any obvious discon
tinuity in the macroscopic magnetization. Another result of 
Figs. 1 and 2 is that the stripe-to-bubble phase transition 
occurs at different <5yCu for the two Fe film thicknesses, in
dicating that this stripe-to-bubble domain transition depends 
on both the perpendicular magnetic field and the magnetic 
anisotropy. 

The result of Figs. 1 and 2 shows that although the mac
roscopic magnetization does not show any anomaly in re
sponse to a perpendicular magnetic field within the SRT re
gion, the magnetization process is accompanied by two types 
of distinguishable magnetic domain phases. (1) At low field, 
MlMs increases with H in a manner of retaining the stripe 
domain phase. (2) Above a critical field, the minority stripes 
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FIG. 3. (Color online) The minority domain size as a function of 
SdCu. Data from </Fe=2.24 ML [Fig. 1(b)] are represented by square 
symbols; data from rfFe=2.29 ML [Fig. 1(c)] are represented by 
circular symbols. Solid symbols represent the stripe phase and open 
symbols represent the bubble phase. 

start to break to evolve into a bubble domain phase. Noticing 
that the M/Ms is proportional to the area difference between 
the majority and minority domains, we should focus our at

tention on the domain size change during the magnetization 
process. As shown in Figs. 1(b) and 1(c), the majority 
(white) domain area increases with H but its domain size 
becomes ill defined especially after the majority stripes 
merge together. On the other hand, the minority (dark) do

main size can be reliably determined from the PEEM images 
so that we determine and plot the minority domain size as a 
function of SdCu in Fig. 3. Here the minority domain size is 
defined as the stripe width in the stripe phase or the bubble 
diameter in the bubble phase. It is clear from Fig. 3 that the 
minority domain size remains roughly a constant with in

creasing the SdCu despite the increased MIMS and the stripe

tobubble phase transition. Combining the information from 
Figs. 2 and 3, we summarize the microscopic scenario of the 
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FIG. 4. (Color online) Phase diagram of the magnetic domains 
in the SdVe-SdCu plane. Here Sdpe=\dpc-clpe\, where a^e 
=2.32 ML is the SRT point, is proportional to the perpendicular 
magnetic anisotropy and SdCu = \dCu-d

<Qll\, where OQU=6A0 ML is 
the zero interlayer coupling point, is proportional to the virtual per

pendicular magnetic field applied to the (Fe/Ni) SRT film. The 
boundary between the stripe and bubble phases is marked by the 
triangle symbol. 
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FIG. 5. (Color online) Critical area fraction fc as a function of 
Sdpe. The independence of fc on SdVe shows that it is the area 
fraction / that determines the stripetobubble phase transition. 

magnetization process as the following. At low magnetic 
field, the majority stripe width expands while the minority 
stripe width remains unchanged. Above a critical field, the 
minority stripes break into bubbles to further shrink the mi

nority domain area while keeping the bubble domain size 
unchanged. It should be pointed out that the unchanged mi

nority domain size shows that the magnetization of the film 
must take place by annihilating the minority stripes at low 
field. Unfortunately we cannot reveal this process because it 
requires the imaging of the same area within a magnetic 
field. 

The appearance of the bubble domain phase in the mag

netization process needs more analysis, especially on why 
the bubble domain phase appears above a critical magnetic 
field. Figures 1(b) and 1(c) show that the critical magnetic 
field (or SdCu), where the bubble domain phase appears, 
depends on the perpendicular magnetic anisotropy (or 
SdFe = \dFe-dpe\, where d£e=2.32 ML is the SRT point). We 
identified the stripetobubble phasetransition position from 
the PEEM images and plot the stripe/bubble phase boundary 
in the SdFe-SdCu plane (Fig. 4). Figure 4 displays a clear 
dependence of the critical field (or SdCu) on the magnetic 
anisotropy (or SdFe), showing that neither the critical field 
nor the magnetic anisotropy alone determines the stripeto

bubble phase transition. In an effort to find a universal be

havior underlying the stripetobubble phase transition, we 
determined the area fraction fc of the minority domains at 
the stripetobubble transition boundary and plot the result in 
thef-SdPe plane (Fig. 5). In this plane, the critical area frac

tion fc separates the stripe and the bubble phases for each 
SdFe. Then we find an important result from Fig. 5 that this 
critical area fraction fc is independent of the SdFe, showing 
that it is the area fraction / that determines the stripeto

bubble phase transition. Taking into account the thickness 
variation, we can draw a conclusion that the ground state of 
the (Fe/Ni) domains is in the stripe phase for f< 0.2 and in 
the bubble phase f o r / > 0.3 with 0 . 2 < / < 0 . 3 being the tran

sition region between these two phases. 
At the end, we discuss some existing theories relating to 

the stripe phase within a perpendicular magnetic field. The 
appearance of the magnetic domains in the SRT region is a 
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result of the competition among the long-range dipole inter
action, the short-range magnetic exchange interaction, and 
the on-site magnetic anisotropy. Specifically, the exponential 
decrease in the stripe width toward a minimum value at the 
SRT point is a result of an anisotropy-to-dipole length scale 
crossover.11 For a 2D Heisenberg system consisting of a 
uniaxial magnetic anisotropy, the stripe domain evolution as 
a function of a perpendicular magnetic field has been ad
dressed theoretically in the region where the stripe width is 
much greater than the minimum domain width (or where the 
anisotropy length governs the magnetic order). The result 
shows that the increased magnetization in response to a per
pendicular magnetic field is realized by expanding the ma
jority stripe width.24 However, the theory also predicts that 
the minority stripe width should remain a finite value even as 
the macroscopic magnetization approaches its saturation. Al
though it is not justified to apply the above theory directly to 
the regime close to the SRT point (the case in our experiment 
or the regime where the dipole length governs the magnetic 
order),11 the unchanged minority domain width in our experi
mental observation is to a certain degree captured by the 
above theory. This result was also evidenced in previous ex
periments, although the relative poor sample quality pro
duces large fluctuations in the minority domain width.9,10 On 
the other hand, the appearance of the bubble domain phase 
reported in the present paper is certainly not included in pre
vious theories and experiments. 

Another simplified model considers only the domain-wall 
energy and the dipole interaction energy.25 Since both energy 
terms depend on specific domain patterns, the model com
pared the total energy of stripe phase and bubble phase 
within a perpendicular magnetic field. By changing the do
main pattern from stripe phase into bubble phase, the in
creased domain-wall energy due to the increased domain-
wall length is accompanied by a decrease in the dipole 
interaction energy. Thus the final domain state will depend 
on the competition between the above two terms. By a nu
merical simulation, the model shows that although the mag
netization (or area fraction / ) depends little on the domain 
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IV. SUMMARY 
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