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parameter hidden in the copper oxide phase diagram. Recent angleresolved photoemission spectroscopy (ARPES) measurements indicate a possible broken time-reversal symmetry in the pseudogap
regime, implying that it is a real thermodynamic phase20; this must
be established by further experiments. This ARPES experiment has
been interpreted as support for a phase with circulating currents5.
Indeed, several theoretical studies on hole-doped high-Tc superconductors have highlighted the possibility of a quantum critical
point in the phase diagram involving the existence of a second order
parameter1,5–7,21–23. It is already well known that antiferromagnetic
Néel order and a charge/spin (stripe) density wave exist in the
copper oxide phase diagram. In addition, the possibility of d-density
wave7 (staggered flux) order and dx2 2y2 þ idxy or dx2 2y2 þ is superconductivity has been discussed in detail. Recent neutron-scattering
experiments on La22xSrxCuO4 (ref. 24) and YBa2Cu3O6.6 (ref. 25)
have revealed enhanced antiferromagnetic correlations in the
underdoped superconducting region. Another example of hidden
order was found in the heavy fermion metal URu2Si2 (ref. 26). In the
phase diagram suggested here for electron-doped high-Tc superconductors, there (co)exist at least two competing order parameters. A small applied magnetic field couples only to the
superconducting order parameter, suppressing it completely at
Hc2 leaving the pseudogap-related order parameter at a finite
value, as predicted recently for a d-density-wave ordered state27.
This excludes the possibility that the pseudogap regime is related to
a second superconducting order parameter with different symmetry28. Owing to the competition of the two order parameters,
the magnetic field needed to destroy superconductivity can indeed
be smaller than Hc2 because of the additional suppression of
superconductivity by the competing order. Strong interactions
between the two order parameters can result in even more complicated phase diagrams with more phases than shown in Fig. 4. The
identification of the possible order in the pseudogap phase is one of
the most prominent questions in the field of high-Tc superconductivity. Any suggested order should be consistent with the observations that the pseudogap coexists with superconductivity and is
essentially unchanged by a large applied external field. In particular,
these constraints exclude the physical picture of precursor
superconductivity.
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Inverse freezing and inverse melting are processes where a more
symmetric phase is found at lower temperatures than at higher
temperatures. Such inverse transitions are very rare1. Here we
report the existence of an inverse transition effect in ultrathin Fe
films that are magnetized perpendicular to the film plane. The
magnetization of these films is not uniform, but instead manifests itself as stripe domains with opposite perpendicular magnetization2–4. Predictions relating to the disordering of this
striped ground state in the limit of monolayer film thicknesses
are controversial. Mean-field arguments5–7 predict a continuous
reduction of the stripe width when the temperature is increased;
other studies8–11 suggest that topological defects, such as dislocations and disclinations, might penetrate the system and
induce geometrical phase transitions. We find, from scanning
electron microscopy imaging, that when the temperature is
increased, the low-temperature stripe domain structure transforms into a more symmetric, labyrinthine structure. However,
at even higher temperatures and before the loss of magnetic
order, a re-occurrence of the less symmetric stripe phase is found.
Despite the widespread theoretical and experimental work on
striped systems, this phase sequence and the microscopic
instabilities driving it have not been observed before.
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To image the domain structures in face-centred-cubic (f.c.c.) Fe
films on Cu(001), we use scanning electron microscopy with
polarization analysis (SEMPA; see ref. 12 for details). The blackand-white contrast in the images corresponds to domains of
opposite perpendicular magnetization. In order to emphasize
details of the images, we sometimes colour white stripes yellow,
and dark stripes red or blue. No magnetic field has been applied in
this work12.
The evolution of the domain pattern at room temperature as the
film thickness is decreased is shown in Fig. 1a–d. Decreasing the film
thickness is equivalent to increasing the effective temperature of the
film (Fig. 2). Four distinct patterns can be recognized: a stripe
pattern at low effective temperatures, followed by a labyrinthine
pattern, a re-entrant stripe domain structure, and finally a contrastless, paramagnetic phase. In Fig. 1e–h the same sequence is
observed at a fixed location on a film when the temperature is
increased. The inverse freezing process—that is, the transformation
from the more symmetric labyrinthine phase to the less symmetric
stripe phase—is seen in Fig. 1b, c and Fig. 1f, g. In Fig. 1i–k the
temperature is lowered, and again a fixed film location is imaged.
The stripe phase (Fig. 1j) emerges from the paramagnetic phase
(Fig. 1i) and undergoes inverse melting to a labyrinthine phase
(Fig. 1k). This process is extremely slow (Fig. 1k was taken about 12
hours after Fig. 1j). The slow kinetics are probably due to the
necessity of rearranging long stripes in a situation of decreasing
temperature. Thus, the next transition—from the labyrinthine to the

Figure 1 The four phases in ultrathin f.c.c. Fe films. a–d, The effective temperature is
increased from left to right. The paramagnetic phase (d) appears contrastless. (By
contrastless we mean that the spin polarization averages to zero within 10 ms, which is
the measuring time per pixel.) For each image, the image width b and the film parameters
d (thickness) and T (temperature) are given. If not specified, the vertical scale of the
images is the same as the horizontal scale. Slightly varying quantities are indicated by the
< sign. (ba ¼ 92 mm, bb ¼ 46 mm, bc ¼ 23 mm, bd ¼ 23 mm, da ¼ 2.1 ML,
db ¼ 1.91 ML, dc ¼ 1.84 ML, dd ¼ 1.73 ML, T ¼ 293 K.) e–h, A fixed region of a film is
imaged while the temperature is increased from e to h. The white stripes in the
low-temperature phase are slightly broader than the black stripes: this is due to some
residual, unavoidable small magnetic field, as discussed in ref. 6. (be ¼ 46 mm,
bf ¼ 23 mm, bg ¼ 23 mm, bh ¼ 23 mm, d < 1.89 ML, Te < 210 K, Tf < 268 K,
Tg < 283 K, Th < 313 K.) i–k, A fixed region of a film is imaged while the temperature is
lowered from i (paramagnetic phase) to k (labyrinthine phase). Notice the bubble-like
defects (j, red), which are known in pattern formation to be possible precursors of a
labyrinthine pattern23. (bi ¼ 23 mm, bj ¼ 44 mm, bk ¼ 44 mm, d ¼ 1.97 ML,
Ti < 321 K, Tj < 300 K, Tk < 296 K.) l–m, The labyrinthine phase transforms into the
stripe pattern on cooling. (bl ¼ 33 mm, bm ¼ 33 mm, d < 1.94 ML, Tl < 294 K,
Tm < 281 K.)
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low-temperature stripe phase—is very rare, although occasionally
observed (Fig. 1l, m).
In Fig. 2 we report some quantitative aspects of the domain
structure. Films grown on substrates held at about room temperature during evaporation have a thickness-dependent Curie temperature T C (refs 13–15) (here substrate temperature is about 315 K,
and deposition rate is about 0.1 monolayers per minute,
ML min 21 ). At low coverages, TC increases with thickness
(Fig. 2a). In this thickness range, decreasing the thickness at
constant temperature drives the film towards the phase transition,
and is thus equivalent to establishing an increasing effective temperature. After reaching a maximum value, T C decreases again
(Fig. 2a). The value of the maximum and the thickness range for
which TC is above room temperature depend on the growing
conditions and on how TC is determined13,15,16. What produces
the decrease of TC is still a controversial point, and is beyond the
scope of this Letter.
Mean-field theory4–7, which does not consider geometrical
phase transitions, predicts the width L of the domains to decrease
continuously when the temperature or the effective temperature are
raised. The stripes assume a finite width L C at TC where the
magnetization within each stripe vanishes. L C at TC was calculated
in ref. 6 to be about 4pG/Q, where G is a measure of the exchange
interaction and Qa is the strength of the dipolar interaction (here a
is the in-plane nearest-neighbour distance). Theoretical work2,4–6
shows that in a situation of perpendicular magnetization, the value
of the magnetic anisotropy does not appear explicitly in the
expression for LC and that L is determined, close to TC, by the
ratio of the exchange to the dipolar interaction. The perpendicular
magnetic anisotropy, determined for instance in ref. 17, is a
smoothly varying function of the temperature. Setting
a ¼ 0.25 nm, G to TC < 300 K and the strength of the dipolar
interaction Qa to ,2.5 K, we calculate L C < 300 nm. Figure 2b
confirms this value. While imaging from the top to the bottom, the
film cools down from the paramagnetic state (top of Fig. 2b),
followed by a sudden appearance of stripes with a finite width of
,500 nm. Figure 2c shows that the mean stripe width increases

Figure 2 Mean-field aspects of the phase transition. a, The phase transition line. Above
the line the system is paramagnetic, below it the films are magnetized perpendicular to
the film plane. b, The finite stripe width at TC. The film cools down during image taking
from the paramagnetic phase (top of the image) to the stripe phase (bottom). (b ¼ 14 mm,
d ¼ 1.94 ML.) c, Mean stripe width at room temperature as a function of the film
thickness. The effective temperature is lowest in the centre and increases towards left and
right.
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smoothly when the effective temperature is lowered, as expected
from mean-field arguments. Notice that the maximum of the
transition line of Fig. 2a is mirrored in the curve in Fig. 2c, which
also undergoes a maximum.
We now look at the role of dislocations. Stripe patterns contain
four types of dislocations12 (shown coloured in Fig. 3a). Most
dislocations appear in pairs, possibly separated by one or two
continuous stripes: the stripes form the ‘smectic-like’ phase predicted to develop from the ground state9–11,18. The structure factor
(inset), obtained by Fourier transformation of the image, has two
well-defined spots along one direction in reciprocal space: that is,
this stripe phase is orientationally ordered10. Imaging the stripes on
a wedge (Fig. 3b, the effective temperature increases from left to
right) demonstrates the role of dislocations. They allow for new
stripes to be inserted (shown coloured) so that the stripe density can
increase when TC is approached, in apparent agreement with meanfield arguments5. Notice, however, that this model predicts a
continuous adjustment of the stripe width, which is only observed
if the mean stripe width is considered.
When the temperature is increased at uniform thickness the
dislocations are also seen to glide, the net result being again an
increase of the stripe density. This process appears to be forbidden
in thick films, which prefer to form a labyrinthine pattern instead19.
The analogous process of stripe annihilation is shown in Fig. 3c. The
stripe pattern is imaged from top to bottom while emerging from
the uniform paramagnetic state upon cooling. The three yellow
stripes on the top collapse into two by a sudden annihilation process
accompanied by a rapid zig-zag movement of the neighbouring

Figure 3 The role of dislocations. a, The low-temperature stripe phase, with four types of
defects (shown coloured). Inset: structure factor, indicating that the stripes have a local
directional order. (b ¼ 46 mm, d ¼ 2.44 ML, T ¼ 293 K.) b, The effective temperature
increases from left to right and the stripe density increases by insertion of new stripes
(shown coloured). (b ¼ 65 mm, d from 2.33 ML to 2.12 ML, T ¼ 286 K.) c, d, The
images were taken when the sample was cooling down from the paramagnetic phase to
the high-temperature stripe phase. The top of the images has the highest temperature.
The stripe density decreases on cooling by annihilation of stripes, followed by the
rearrangement of the remaining stripes (shown coloured). (bc ¼ 12 mm, (vertical size,
6 mm), bd ¼ 18.4 mm, d ¼ 1.96 ML, T < 295 K.)
NATURE | VOL 422 | 17 APRIL 2003 | www.nature.com/nature

stripes (also shown coloured in the figure)—first they move to the
left, then back to the right. This movement allows for the adjustment of the change in periodicity produced by stripe annihilation.
As thinner stripes merge through a number of discrete steps, the
number of stripes within a given field of view is reduced (as can be

Figure 4 Microscopic mechanisms of transformations. In a–f the formation of the
labyrinthine pattern is illustrated, in g–n the inverse transformation from a labyrinthine to
a high-temperature stripe pattern is imaged. a, The effective temperature increases from
left to right. The emission of transversal ‘fingers’ is coloured. (b ¼ 155 mm, d varies from
2.06 ML to 1.98 ML, T ¼ 294 K.) b–d, The temperature is increased from left to right for
the same film region. The stripes are seen to emit fingers (shown coloured) that wind up to
promote the formation of the labyrinthine pattern. (b ¼ 36 mm, d < 2.19 ML,
Tb < 298 K, Tc < 304 K and Td < 305 K.) e, The labyrinthine pattern. The insets show a
triangular V-disclination and the structure factor. (b ¼ 92 mm, d ¼ 1.97 ML,
T ¼ 293 K.) f, The labyrinthine pattern on a stepped substrate. The disclination has a
square symmetry, as does the structure factor. (Parameters as in e, d ¼ 2.15 ML.)
g–j and k–n, Knee-bend and bridge instabilities (shown coloured) leading to the
straightening of the labyrinthine pattern when the temperature is increased (from left to
right). (bg-j ¼ 23 mm, bk-n ¼ 33 mm, d ¼ 1.95 ML, T is raised from Tg < 311 K to
Tj < 315 K and from Tk < 311 K to Tn < 316 K.)
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seen by counting the number of stripes at the top (the ‘hot side’ of
the image) and at the bottom (the ‘cold side’) of Fig. 3d). Notice
that a sudden movement of the sample can be excluded, as stripes
not involved in the adjustment are not affected by any
discontinuity.
We now consider the microscopic mechanisms of transformations. Figure 4a shows a stripe pattern on a wedge. The effective
temperature increases from left to right. The stripes emit fingers and
branches transversally to themselves that wind up to initiate
orientational melting (some examples are coloured in the figure).
The same process is observed when the temperature is increased
(Fig. 4b–d). This transversal front instability, predicted in a different
context20, promotes the loss of orientational order in favour of a
‘labyrinthine’ pattern (Fig. 4e)—a connected network of domains
containing two types of defects: convex disclinations (X-type, a
domain ending as a tip surrounded by a domain with opposite
magnetization looping around it) and concave disclinations
(V-type, three segments meeting at one point, see Fig. 4e inset)21.
A surprising feature is the angle formed by the segments in
V-disclinations—predominantly 1208. This local three-fold symmetry can be understood within a planar isotropic system as
being due to the repulsive dipolar interaction between segments
of the same ‘colour’, but is in striking contrast to the square
symmetry imposed on the lattice by the epitaxial growth on the
(100) face, as confirmed by our low-energy electron diffraction
images.
The structure factor of the labyrinthine phase (Fig. 4e, inset) has
its spectral weight on a ring that is weakly hexagonally shaped,
confirming that the orientationally melted state consists of disclinations with three-fold symmetry that have retained a memory of the
original stripe orientation. This ‘rotational incommensuracy’ indicates that the domain structure, residing on a micrometre scale, is
totally disjoint from the lattice geometry, residing on a < 0.1 nm
scale. We conclude that the films indeed follow the ‘floating solid’
hypothesis5,9–11 formulated for two-dimensional striped systems.
The square symmetry is restored when the Fe film is grown on top of
a slightly miscut Cu(100) surface. The miscut (,38) creates an array
of oriented monatomic steps within the substrate (periodicity
,3.5 nm). The stripes in films grown on top of the miscut substrate
preferentially align parallel or perpendicular to the steps. The
system of oriented monatomic steps does not prevent orientational
melting, but the labyrinthine phase emerging from the stripes
(Fig. 4f) contains the 908 corners (inset) predicted by theoretical
work on a square lattice9,10. Accordingly, the spectral weight of the
structure factor resides on a square-shaped ring, with maxima at its
corners (inset) and resembles the structure factor obtained from
Monte Carlo simulations in ref. 10.
These observations clarify the role of the substrate: it provides
pinning centres so that the stripe positions are not allowed to
fluctuate in time as required for a truly ‘floating solid’5, but does not
change the nature of the orientational melting process. This pinning
is also essential for selecting locally a direction along which stripes
are oriented, although the local direction might vary over large
distances, as discussed in ref. 12. In line with the standard model of
two-dimensional melting8,9, we observe the intervening of an
intermediate labyrinthine pattern before paramagnetism sets in.
Notice, however, that the formation of this intermediate phase is
promoted by a transversal front instability of the stripes, and not by
a standard decay of dislocations into unbound disclinations11.
The main microscopic mechanisms of the transition from the
labyrinthine pattern to the re-entrant stripe pattern are coloured in
Fig. 4g–n. The knee-bend (Fig. 4g, red) emits a segment (Fig. 4h,
red) into the adjacent domain of opposite magnetization. The
resulting V-disclination opens to a bell-shaped domain (Fig. 4i,
red) and transforms into a knee-bend (Fig. 4j, red) again, the main
result being the straightening of the original knee-bend area. A
similar straightening is produced by a segment emitted by a knee704

bend (Fig. 4k–l, red), proceeding into the domain of opposite
magnetization and cutting it as a pair of scissors (Fig. 4l, m, red,
and Fig. 4m, n, yellow). This mechanism simultaneously allows for
the required increase of the stripe density. The emission of segments
at knee-bends is reminiscent of the knee-bend instability against
formation of VX pairs of disclinations observed as solutions of the
Cross-Newell pattern formation equation21. Segments are preferentially emitted into one direction, along which the re-entrant stripes
align. In a third mechanism, two segments separated by a bridge
(Fig. 4m, blue) join into a stripe (Fig. 4n). This mechanism removes
dislocations in the re-entrant stripe phase. Reordering neither
proceeds via an ‘inverted’ transversal instability nor via the rebinding of disclinations into dislocations as reported in a similar—
although non-two-dimensional melting—labyrinthine-stripe transformation22.
The present work reports some unpredicted geometrical features
of the magnetic phase transition in ultrathin f.c.c. Fe films. These
unusual elements should be significant for any type of stripe order,
even if it is encountered in a different context, such as the striped
quantum liquid crystal phases envisaged recently in connection
with copper oxide superconductors18. We note that the features
reported here are also missing from work on striped quantum
liquids.
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