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Using angle-resolved photoemission spectroscopy, we have measured La2−2xSr1+2xMn2O7 over
a wide doping range to study the correlation between Fermi surface nesting and charge/orbital
stripes. We found that the Fermi surface nesting deviates from band calculations with a non-
monotonic behavior, and that one type of stripe is exclusively linked to long flat portions of nested
Fermi surface, while the other type prefers to be commensurate with the real space lattice but also
may be driven away from this by the Fermi surface. Complementarily, for certain doping levels
pressure from the stripe ordering also may drive the Fermi surface away from its preferred trend.

PACS numbers: 71.18.+y, 75.25.Dk, 75.47.Gk, 79.60.-i

Strong electron correlation effects of various kinds
can yield nanoscale self organizations of charges, spins,
and orbitals, often forming stripe-like patterns, with
these patterns generally believed to be highly relevant
for the exotic physical properties of many novel elec-
tronic materials, such as cuprates, manganites, nickelate,
etc.1–3. For example, in the family of bilayer mangan-
ites La2−2xSr1+2xMn2O7, various charge/orbital stripes
have been observed over a wide doping range in the two-
dimensional planes of MnO6 octahedra4–12 (see Fig. 1(a)
for the crystal structure and Figs. 1(d,e) for typical car-
toons of stripes). It has been found that the scattering
intensity associated with these modulations has a tem-
perature dependence that very closely matches the elec-
trical resistivity6,7,11,13, which suggests their relevance
for the transport properties of these materials. On the
other hand, the origin and nature of these stripe modula-
tions are, however, still quite controversial. In correlated
electron systems, the underlying drive forces for these
stripe-like patterns and their importance for the novel
physical properties have been the focus of modern con-
densed matter physics.

Despite their importance, little direct information ex-
ists about how stripe modulations alter or are altered by
the electronic band structure, which can provide valu-
able details on the relationship of itinerancy of mobile
carriers and ordering tendency of electron correlations.
We attempt to approach this issue by investigating the
band structure of La2−2xSr1+2xMn2O7 . In these ma-
terials, stripes take place in the planes of MnO6 octa-
hedra, where the main physics occurs. Some stripes
go in the diagonal direction6–9 and some stripes run
vertically along the in-plane Mn-O bonds10–12. In this
paper, we refer to them as D (diagonal) and V (ver-
tical, although they can of course also be horizontal)
types of stripes, respectively. The topview of an MnO2

plane in Fig. 1(d) sketches a typical illustration for

the famous D type of stripes, termed a CE stripe14, in
LaSr2Mn2O7. Fig. 1(e) shows the topview of the modu-
lation of MnO6 octahedra, revealing the (0.3,0,1) V stripe
in La1.2Sr1.8Mn2O7

12. The periodicities and local struc-
tures of D and V types of stripes vary with doping4–12.
The diversity of these stripes, together with the complex
phase diagram (Fig. 1(b)), make La2−2xSr1+2xMn2O7 an
excellent playground for studying the interplays between
electronic band structures and stripes.

Following the pictures of charge density waves (CDWs)
or spin density waves (SDWs), we look for the con-
nection between Fermi surface topology and the stripe
modulation periodicity in this material. We note that
the strong electron correlation in La2−2xSr1+2xMn2O7 is
strikingly different from the dominant itinerancy in the
traditional CDW/SDW systems. As will be shown later,
unusual properties arise in these materials with marked
contrast to the classic CDWs/SDWs. The Fermi surface
of La2−2xSr1+2xMn2O7 is dominated by one electron-like
pocket (black) centered at the Γ point and two hole-
like pockets (green) around the zone corners15 (see Fig.
1(c)). The straight segments near the zone boundary are
the bonding (solid green) and the antibonding (dashed
green) portions of Fermi surface of bilayer-split bands
that arise from the coherent hopping between the two
neighboring MnO2 planes per unit cell16,17. The bond-
ing portions of the Fermi surface are straighter than the
antibonding ones, so we expect these states to be more
important for any ordering tendencies - an expectation
which is borne out in our experiments. Superimposed
on the Fermi surface are nesting vectors for both the di-
agonal or D stripes (blue) and the vertical or V stripes
(red). Whether these nesting vectors match the scat-
tering vectors observed from x-ray and neutron scatter-
ing is not yet known, with this information critical for
reaching an understanding of the charge/orbital order-
ing patterns18,19. We used angle-resolved photoemission
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FIG. 1: (a,b)Crystal structure and phase diagram of
La2−2xSr1+2xMn2O7. The blue blocks are MnO6 octahe-
dra. The complicated interactions yield a diversity of metal-
lic, insulating, paramagnetic, ferromagnetic (FM), and an-
tiferromagnetic (AF) states. At x = 0.50 and x = 0.60,
the material is an insulator with CE-type and bi-stripe
long range charge/orbital ordering, respectively (see refs.
5, 9). White dots indicate temperature and doping levels
considered in this paper. (c) A schematic Fermi surface
plot of La2−2xSr1+2xMn2O7 shows hole-like bonding (solid
green) and antibonding (dashed green) portions of bilayer-
split bands, as well as the electron-like zone center pocket.
The arrows indicate two types of nesting vectors. As dis-
cussed in the text, they correspond to “Vertical” (red) and
“Diagonal” (blue) stripes. (d) Topview of “CE” ordering in
MnO2 planes, which is a specific case of diagonal stripes. (e)
Topview of short range (0.3,0,1) vertical stripes in x = 0.40
compound.

spectroscopy (ARPES) to measure these Fermi surface
k -vectors. As we will show in this paper, the correlation
between stripes and Fermi surface nesting depends upon
the specific stripe scattering q-vectors and Fermi surface
k -vectors, which in turn depends upon the doping lev-
els. In addition, the experimental measurements of these
vectors strongly deviate from band calculations.

The single crystals were grown using the traveling-
solvent floating zone method as described elsewhere20,
with doping uncertainty less than 0.01 or better. We
have used ARPES to measure many samples with vari-
ous doping levels, and the spectroscopic differences are
clear and highly repeatable. For example, refs16,22 on
x = 0.38 samples show a consistent nesting behavior,
while refs18,23 exhibit a similar behavior for x = 0.40
compound. Our experiments were performed at beam-
lines 7.0.1, 10.0.1, and 12.0.1 of the Advanced Light
Source, Berkeley using Scienta electron spectrometers.

All data shown here were taken in a vacuum better
than 3 × 10−11 torr. Samples with various doping lev-
els were cleaved and measured at 20 K. We took advan-
tage of the ability to deconvolve bilayer splitting in these
materials16, enabling much more careful studies of the
Fermi surface nesting vectors. For the x = 0.50 sample
we found that p polarized light allowed us to observe the
longer nesting vector and s polarized light the shorter
nesting vector (see Fig. 2). This suggests a difference of
orbital symmetry for the different electronic states, the
details of which will be described in a future publica-
tion. Band calculations were performed within the all-
electron full-potential Korringa-Kohn-Rostoker and lin-
earized augmented plane-wave methods and using a rigid-
band model, which were described in ref.17 and provide
a theoretical baseline for the experimental data, and the
results (see Fig. 2(b)) show a doping behavior consis-
tent with intuition. The band calculations focus on the
itinerant electronic systems at low temperature, without
charge/orbital orderings incorporated.

Fig. 2(a) shows ARPES momentum distribution
curves (MDCs) at the Fermi level taken along the black
cut in Fig. 1(c) for various doping levels, which serve
to allow a direct and rapid comparison of the Fermi sur-
face nesting vectors. Because the Fermi surfaces are par-
allel throughout a large portion of the Brillouin zone,
this particular cut is similar to many others. Different
photon energies were used to emphasize the most rele-
vant portion of the data, that is, the bonding bands (in
the presence of bi-layer splitting band16) or the degener-
ate band (when the splitting between bonding and anti-
bonding bands disappears, which occurs at higher doping
levels17). The separation of the double peaks is a mea-
sure of the nesting vectors. These nesting vectors, 2kF ,
are plotted in Fig. 2(b) (green circles) as a function of
doping level. They have a large value 2kF ∼ 0.3×(2π/a,0)
for intermediate dopings x ∼ 0.40−0.50, with noticeably
smaller values at both higher and lower dopings. Such a
non-monotonic evolution with doping is unexpected from
electronic structure theory (red hatched region - up trian-
gles (our calculations) and down triangles19). In general
the theoretical and experimental data show an excellent
match for x > 0.50, including both the overall magni-
tudes and the slope of the trends. For 0.40 < x < 0.50
the overall magnitudes of the vectors are roughly com-
parable but we notice that the doping trend is differ-
ent - the experimental data shows a nearly flat trend
with reduced doping while the theory clearly continues
to increase. This disagreement is more pronounced for
x < 0.40, where the trend in the experimental data re-
verses.

Using ARPES, Chuang et al. first pointed out the
correlation between the vertical stripes and the Fermi
surface nesting (bonding band), for the x = 0.40 sample
they studied had a separation in k -space very similar to
the q-vectors of vertical stripes18. This agreement can be
seen in Fig. 2(b), where for x = 0.40 both the green circle
(ARPES 2kF ) and the red V (q-vector from x-ray scatter-
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FIG. 2: (a) Zone face MDCs (taken along the black line in Fig.
1(c)) at the Fermi level for various doping levels showing a
non-monotonic evolution with doping. For x = 0.50, two dif-
ferent nesting vectors were detected using s- and p-polarized
light. (b) Compilation of experimental data and a compari-
son to theoretical calculations as a function of doping. “V”s
and “D”s represent the “vertical stripe” and “diagonal stripe”
ordering from scattering experiments (refs. 6-12). We note
here that the “D” values are the projections of “D” vectors
to the (0,0)-(π,0) direction. The grey shaded area shows the
experimental trend determined by ARPES and X-ray scat-
tering. Band theory results are shown in triangles with a
hatched area indicating the general trend. Down-triangles
are from ref. 19; up-triangles are our own calculations. Filled
green circles are ARPES data of the bonding bands or the
non-bilayer split bands, taken from panel a.

ing) have the same magnitude ∼0.3×(2π/a)12,18. In fact,
Fig. 2(b) shows that the observed V vector very closely
matches the measured Fermi surface nesting vector 2kF
over the entire range where this comparison can be made.
For x < 0.50, an x-ray scattering experiment with even
finer doping steps has been performed21 which yields a
result consistent with our ARPES measurements. Be-
cause of the unusual non-monotonic behavior deviating
from band calculations, it is extremely unlikely for the
connections between Fermi surface nesting and vertical
stripe periodicity to be a coincidence. In the absence of
a clear real-space mechanism for this behavior, we argue
that the V stripe modulations are intrinsically locked to
and driven by the nesting properties of the Fermi surface,
having an analogy with classic CDWs.

The clear correlation between the two different types
of experiments over so large a doping range also indicates
that the Fermi surfaces measured by the surface-sensitive
ARPES technique are representative of the bulk, since
they agree so well with the bulk-sensitive scattering data.
The fact that the two completely different types of spec-
troscopies (scattering and ARPES) give such a close
agreement indicates that they must be returning the cor-
rect values, and that the band calculation misses some
ingredients. Such a failure of the band calculations to
get the correct evolution of the Fermi surface with dop-
ing is highly unusual.

A couple of options are available to explain the dis-
agreement found here. In these and other correlated

electron systems, it is very common that one has to do
with the strong (and potentially intrinsic) inhomogeneity,
whereas the band calculations were done for a homoge-
neous system. Theoretical calculations have shown that
such inhomogeneity may have strong and unexpected
consequences on the electronic structure1. The drastic
deviations of the Fermi surface from their theoretical val-
ues for x < 0.40 is relevant to the fact that there are
clear difference in other physical parameters of the sam-
ples with x < 0.39 compared to those with x = 0.40 or
greater16,22. In particular, by observing a metallic Fermi
edge above Tc where the samples are globally insulat-
ing, we recently showed the coexistence of metallic and
non-metallic regions for x < 0.3922, which can be inter-
preted as arising from a phase separation into hole-rich
and hole-poor regions. This evidence for phase separa-
tion is not apparent in samples with x > 0.4018,23. Such
a phase separation may allow the electron count to match
the chemical doping level, even while the Fermi surface
deviates from Luttinger’s homogeneous value. Addition-
ally, orbital degrees of freedom may play an important
role in shifting spectral weight from one set of orbitals to
another. Band calculations suggest that the proportion
between dx2−y2 and d3z2−r2 states in these relevant bands
varies with energy and momentum, and that the mixing
of these states in the bonding band is significant17,24.
Some experiments have suggested that, for x < 0.50,
doping hole carriers removes electrons mainly of d3z2−r2
character, while the electron count of dx2−y2 orbital is
less modified25,26. Such a possibility suggests that the
additional d3z2−r2 orbital can act as a charge ”reservoir”
or ”lever” to enable the bonding band to follow tenden-
cies or preferences other than those expected from the
rigid doping model in band calculations.

In addition to the connection between the ARPES
nesting vectors 2kF and the V vectors, a similar con-
nection exists between the periodicities of D stripes and
the ARPES nesting vectors for certain doping levels,
though not for all doping levels. The most famous D
stripe modulation is the CE ordering at the commensu-
rate doing level x = 0.50, which includes the modulation
of the charge, spin, orbital, and lattice degrees of free-
dom in real-space (Fig. 1(d)) originated by Goodenough
in 195514. This real-space modulation corresponds to
a relatively short vector in k -space: q = (0.25, 0.25, 0)
in units of 2π/a. A real-space picture has also been
given for bi-stripes at x = 0.60 which should give a
diagonal q = (0.20, 0.20, 0) which is very close to the
observed value of (0.21, 0.21, 0)6,9. The doping depen-
dence of the observed D stripe q-vectors shown here is
quite generic to the cubic and single-layer families of the
manganites. Away from x = 0.50, the q-vectors of D
stripes remain fixed at (0.25, 0.25) in the lightly under-
doped regime (x = 0.40 − 0.50), while in the overdoped
regime (x = 0.50 − 0.60) they decrease approximately
linearly with doping x (blue D’s in Fig. 2(b)). When the
q-vectors of D stripes deviate from the commensurate
value (0.25, 0.25, 0) outside the range of x = 0.40 − 0.50



4

doping, we find that they closely match the Fermi surface
nesting vectors 2kF . This is observed between x = 0.50
and 0.60 as well as for the one point x = 0.38 in the
underdoped region. Apparently the D stripes q-vectors
either lock in commensurately with the real space lattice
or they closely track the Fermi surface.

In the purely real-space picture for the D stripes, the
linear variation of q-vector with doping for x > 0.50 can
be imagined as a microscopic mixture of the two fixed
phases, e.g. CE ordering at x = 0.50 and bi-stripe order-
ing at x = 0.60, similar to the model proposed for cubic
manganites by Chen et al.27. In this picture one will ex-
pect to either observe two sets of diffraction peaks (one
from each of the fixed phases) with a varying intensity
ratio determined by the doping x through the lever rule,
or for an extremely fine mixture a single broad peak. In
contrast, a single sharp peak is observed28 and the higher
diffraction harmonics are very weak indicating the struc-
tural distortions are nearly sinusoidal29. This as well as
optical conductivity30 and transport31 experiments and
theory32 are more consistent with a CDW-like picture
which has an important or dominant k -space aspect to
it. Fig. 2(b) shows that for x > 0.50, the band calcu-
lations, Fermi surface nesting vectors and q-vectors of D
stripes in the bilayer manganites match each other, giving
a microscopic justification for the CDW-like nature of the
incommensurate D stripes - the D stripe energies in the
incommensurately doped regime are lowered by forming
a single CDW-like structure with q-vector which varies
with electron count and thus approximately matches the
Fermi surface nesting vectors. Though there is less infor-
mation about the Fermi surfaces for the other families of
manganites, it is reasonable to expect that this picture
will generalize to other families of manganites.

Between x = 0.40 and 0.50 the D stripe q-
vectors become locked to the commensurate value q =
(0.25, 0.25, 0), indicating the returned dominance of the
real-space driving force for the D stripes in this doping
range. It is therefore not surprising that here the Fermi
surface becomes nested by the competing V stripes.
The possibility for microscopic phase separation should
be especially strong in this doping region, with small
patches of CE order coexisting within the electron-rich
region29,33. Alternately, a pseudo-CE type of behavior
is possible, in which the Mn4+ sites become filled with
extra dz2 electrons34.

At the still lower doping level x = 0.38 a very in-
teresting phenomenon occurs - the D stripe q-vector is
again pulled away from its real-space-preferred value of
q = (0.25, 0.25, 0) while there is a concomitant downward
movement of the Fermi surface nesting vector away from
the band calculation value. With these shifts the mea-
sured D vector and ARPES nesting vector exactly match
at q ∼ 2kF ∼ (0.27, 0.27, 0). The agreement here is un-
likely to be a coincidence and suggests strong positive
feedback - the energy gain for nesting the D stripe q-
vector pulls both the Fermi surface and the D stripe away
from their doping trends and makes them match. To our

FIG. 3: (a,b) Stacked EDCs along the blue cut in the inset,
taken at 150 K and 50 K, respectively, showing the change of
spectral weight. In the inset of panel a, only the electron-like
pocket and hole-like bonding pockets are shown. (c-f) Spec-
tral intensities at constant energy across the first Brillouin
zone. Panels c,d are at 150K and e,f at 50K, while c,e are
at EF and d,f are at 0.2 eV below EF . Panels c-e have an
identical gray scale while the spectral weight in panel f was
scaled down by a factor of 4 to prevent saturation.

knowledge, this is the first clear evidence of a Fermi sur-
face crossing being modified so as to more strongly nest a
charge/orbital orbital modulation. Note that in this dop-
ing range there are other pieces of Fermi surface and/or
localized states which are available to accommodate elec-
trons displaced by the movement of the bonding Fermi
surfaces. Moreover, it would be interesting to see if scat-
tering measurements could track the D vector to doping
levels of x = 0.34 or below. Within the current picture
we would expect this vector (if it exists) to return to val-
ues near q = (0.25, 0.25, 0), as opposed to continuing to
grow to larger values.

At x = 0.38, one may also wonder how the D stripes,
which are typically observed only above Tc, can feed back
to a Fermi surface topology measured at low temperature
in the metallic regime. We discuss two explanations for
this. First, we note that the theoretical studies by Jo-
hannes and Mazin argue that the states away from EF

also contribute greatly to the formation of CDWs35. Ad-
ditionally, we consider the possibility of dynamic stripes
existing below Tc

36, which can feed back to the Fermi
surface nesting and charge/orbital ordering at high tem-
perature, while above Tc static stripes (which dominate
or are necessary for most spectroscopies) exist.

The close connection between Fermi surface nesting
vectors and the charge/orbital modulations is reminis-
cent of CDW and SDW pictures, in which the modula-
tions of charge and spin degrees of freedom are driven
by the Fermi surface topology. In this paper, we show
that the orbital degree of freedom are involved in a simi-
lar scenario, in which Fermi surface nesting is responsible
for the formation of orbital modulations or ”orbital den-
sity waves”. Although this ”orbital density wave” picture
is reminiscent of a CDW-like picture, we note that the
physics is much richer than the classic CDW, including
unusual temperature dependence and unexpected high-
energy scales. For example, scattering measurements in-
dicate that the V stripes exist up to the order of 500K21.
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From this we can imagine a BCS weak coupling CDW
gap 4 = 1.76kBTc ∼ 75 meV, with the main dispersive
band reaching this energy scale. In contrast, we find gaps
on the scale of hundreds of meV as well as broad EDC
peaks which are centered at even higher binding energies
(Fig. 3(a) for an example from the x = 0.40 material),
indicating the cooperation of the stripe/CDW physics
with another higher energy scale such as polarons, Mott,
or orbital physics15,23. The large energy scale gaps the
entire Fermi surface (Fig. 3(c)) and drives the mate-
rial insulating, though there is still a clear underlying
k -dependence at deeper energies (Fig. 3(d)) implying
that the electrons are still delocalized Bloch-like states.
At low temperature, where the energy gain from electron
itinerancy driven by double-exchange physics37,38 begins
to take over, the stripes dissolve and electronic states
begin to leak into the gaps (Figs. 3(b,e,f)).
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