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Abstract

We report high-resolution angle-resolved photoelectron spectroscopy studies on electron doped superconductors, Sm,_,Ce,CuO4 (x = 0
and 0.15). The results on the undoped (x = 0) samples show Cu—O anti-bonding states with an overall dispersion of about 0.3 eV which is
similar to other insulating cases. The low energy dispersive feature quickly looses intensity before it reaches the Fermi energy near the anti-
ferromagnetic zone boundary, showing a remnant behavior of the original Fermi surface (FS). In doped cases (x = 0.15), FS mapping shows
suppressed intensities at the Fermi energy where the FS crosses the anti-ferromagnetic zone boundary. This is similar to what was observed
on another electron doped superconductor Nd; gsCe 15CuO4 which was ascribed being due to the formation of a high-energy pseudogap
assisted by Q = (1, 7) scattering. Similarities and differences in comparison to other compounds are discussed.

© 2004 Elsevier Ltd. All rights reserved.
PACS: 79.60.Jv; 73.21.Ac; 75.50.Cc

1. Introduction

High temperature superconductivity (HTSC) occurs
when Cu—O planes are doped with carriers. Undoped
Cu-O planes have one electron per site in their anti-
bonding band. Band calculation therefore predicts them to
be a metal but the strong Coulomb interaction between the
electron in the Cu 3d orbitals makes them a Mott insulator.
As carriers are doped into Cu—O planes, they recover
metallic properties and become a superconductor. It is
therefore imperative to study doping dependent properties
of Cu—0 planes to understand HTSC. Consequently, there
have been extensive studies on the subject (these studies
were also partly motivated by the opportunities to explore
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the long standing issue regarding the evolution from Mott
insulator to a metal).

Among others, understanding the electronic structures is
one of the most important steps towards the microscopic
theory of HTSC. In that regard, angle resolved photo-
electron spectroscopy (ARPES) has been by far the most
important technique in the field of electronic structure
studies of solids. The HTSC research has not been an
exception-researchers have studied HTSC materials from
insulators to over-doped superconductors [1]. ARPES
studies have found d-wave gap [2], pseudo gap [3], and
large Fermi surfaces (FS) [4] among others.

ARPES studies on HTSCs, however, have been mostly
on so called p-type materials. Cu—O planes can be doped
either with electrons (n-type) or holes (p-type). The
difference from the semiconductor case is that HTSC
compounds can not be both electron- and hole-doped
and there exist different ‘parent’ materials for different
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types of dopings. Structurally, the main difference
between n- and p-type superconductors is that the oxygens
(or hallides) found at the apical site of the CuOg
octahedral unit in p-type materials are missing in n-type
materials (Fig. 1).

While there are ample variety of p-type superconduc-
tors, there are only a few variations of n-type materials.
This naturally resulted in limited electronic structure
studies on n-type materials in a strong contrast to the
p-type case. Even though there have been earlier studies
[5], systematic high resolution ARPES studies on n-type
materials become possible only recently [6,7]. The studies
performed so far have been mostly on Nd,_,Ce,CuQO,
systems. As is the case for p-type superconductors, it is
important to study various compounds to extract the
properties that are universal to Cu—O planes. Sm,_,Ce,
CuO,4, an n-type superconductor with the maximum
reported 7. value of 18K [8], provides such
opportunities.

In this article, we report synthesis and ARPES studies of
single crystalline Sm,_,Ce,CuQO, samples. The aim of the
present work is to study the universal features of the
electronic structures of n-type compounds by performing
doping dependent ARPES studies and comparing the results
with those from other compounds. We synthesized crystals
with x =0 and 0.15 and performed systematic ARPES
studies. The results show differences as well as similarities
when compared to results on other compounds and are
discussed accordingly.

Hole doped Electron doped

apical

@ M

Fig. 1. Crystal structures of typical hole and electron doped superconduc-
tors. M represents La or Sr for hole doped compounds and Sm, Nd or Ce in
case of electron doped. Atoms at the apical positions of the CuOg octahedra
are missing in case of electron doped superconductors (dashed circles).

2. Experimental

Single crystals of Sm,CuQ4 and Sm; gsCe( ;5CuO,4 were
grown by the flux and travelling-solvent floating-zone
methods, respectively. Sm,CuO, crystals (grown by flux
method) are platelet shaped with a typical thickness of about
0.5 mm while Sm; gsCe 15CuO, samples have a bar shape
of 0.5%0.5% 10 cm®. Sm, gsCeg 5sCuOy4 crystals, as Nd; gs
Ce(.15CuQy, crystals, become superconducting only when
they are reduced. The data reported here were taken on
unreduced (non-superconducting) samples. ARPES experi-
ments were performed at beamline 5-4 at the Stanford
Synchrotron Radiation Laboratory. For Sm,CuQ,, a photon
energy of 29 eV was used with 30 meV energy resolution.
The temperature was kept at 120 K to prevent charging
effects. For Sm g5sCeg 15Cu0y, 16.5 eV light was used with
15 meV energy resolution. Temperature was kept at 10 K
during the experiments to make the sample surface last
longer. Samples were aligned ex situ by Laue method and
cleaved in situ. The cleaved surfaces were flat and shiny,
suggesting good surface qualities. The angular resolutions
for both cases were about 0.25°. The chamber pressure was
kept better than 1 X 1010 torr during the experiments.

3. Results and discussion

Fig. 2a shows a typical main valence band (VB)
spectrum from Sm,CuQO,. The feature with the lowest
binding energy (marked as ¢*) is thought to be the Zhang-
Rice singlet (ZRS) peak which originates from the Cu-O
anti-bonding states. The position of the peak is about 0.8 eV
from Eg, which is also the case for other insulating
compounds such as Sr,CuO,Cl, [10]. In Fig. 2b, we show
energy distribution curves (EDCs) along the (0,0) to (m,m)
cut. The peak disperses to the higher energy side as the
momentum increases from I"towards (,m). Near (7/2,7/2),
the peak’s binding energy reaches its minimum value. The
peak, in spite of not reaching the Fermi energy, loses the
intensity. This is more clearly seen in the density plot
of the same EDCs in Fig. 2c. It is clear that the peak
disperses about 0.3 eV and then quickly looses intensity
near the (/2,7/2) point.

Other two dimensional insulating cuprates also show
similar dispersion and intensity behavior. The quick drop in
the peak intensity across the original FS (which would have
existed had there not been strong electron—electron
correlations) has especially been discussed in terms of a
remnant FS. This can be better seen in a plot of n(k) which is
obtained by integrating the spectral weight of the low
energy peak. The result is plotted in Fig. 3. It illustrates the
steep fall in the intensity across the original FS and is similar
to what was observed on another insulating cuprate
Cazcuc)zclz.

It has been a long puzzle how a Mott insulator evolves
into a metal upon doping. Does the FS closes out or does it
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Fig. 2. (a) A typical energy distribution curve for the main VB. This
particular one was taken at the I" point. The peak with the lowest energy is
the ZRS peak, originating from the Cu—O anti-bonding state. (b) EDCs of
the (0,0) to (77, 7) cut around the lowest energy peak. As we go from (0,0) to
(m,m), the peak disperses towards the low energy side and then loses
intensity near (0.5,0.57) before it reaches Eg. (c) A density plot of the data
in (b). Dispersion and loss of the spectral weight near (0.5,0.57) is more
clearly seen. The dotted lines in (b) and (c) are a guide to eyes for the
dispersion.

simply disappear? It was initially suggested that the FS
closes out near the (0.57,0.57) [10], and then there was
indication that the FS simply disappears starting from the
(m,0) point [11]. A subsequent study on Ca,CuO,Cl,
showed that the original FS information is retained even
though it is a Mott insulator [12]. The result shown in Fig. 3
also shows that such a remnant behavior occurs in
Sm2CuO4.

It is worth note the differences between Sm,CuQO, and
Ca,CuO,Cl, cases even though they are similar. In case of
Ca,CuO,Cl,, the n(k) plot shows suppression near the I”
point. A symmetry argument was used to explain this
observation by noting that the initial states have d._
character (even functions) and thus the photoemission cross
section vanishes due to the dipole selection rule [12].
However, this argument is valid only when there is no
polarization component of the light perpendicular to the
sample surface and thus it alone can not explain the
suppression of the weight near I'". Indeed, Sm,CuQOy results

n(k) of SmoCuO4

Fig. 3. n(k) plot of the lowest energy peak in a quadrant of the first Brillouin
zone. n(k) was obtained by integrating EDCs in a 300 meV energy window
around the peak position. We can regard the regions of the BZ where n(k)
drops fast as the remnant FS (dotted line).

do not show such suppression near the I" point even though
the low energy states in SmyCuQO,4 also have d.
character. It therefore needs further investigation to resolve
this issue.

We now turn our attention to doped cases. Fig. 4 shows
EDCs from unreduced Sm; gsCeq 15CuQ,4 along the two cuts
marked by the two arrows in Fig. 5a. These two cuts are
shown for the reason that will be explained later. Panel (a)
shows a cut on the I"to (,) line in the first BZ. As we go
from I"towards (1,1), a peak appears and disperses towards
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Fig. 4. EDCs along the cuts shown by the two arrows (a and b) in Fig. 5a
taken with hv = 16.5 eV photons.
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Fig. 5. (a) Plot of the spectral weight at Er from unreduced Sm; gsCey ;s-
CuOy samples. The high intensity region can be interpreted as the FS. The
Dotted line represents the AFZB. The spectral weight is suppressed where
FS and AFZB meet. (b) Schematic showing only those regions of FS near
the black circles can be coupled with (,m) scattering.

Eg, sharpens to a sharp peak and then disappears as it
crosses the Fermi energy Ey. This behavior of the low
energy peak is shared by most of two dimensional cuprates.
The situation however is different for the cut shown in panel
(b). The peak on this cut disperses towards Ep as the the
peak on the I' to (m,m) cut. Note that the peak looses
intensity even though its maximum never comes within
150 meV to Efx in contrast to the data in panel (a). This
behavior is similar to what is observed in Sm,CuQOy (Fig. 2b)
and is also a reminiscence of the high energy pseudo gap
found on p-type HTSCs near the (,0) region [3].

For a better view of the spectral weight at Ex at other
regions of the BZ, we show a FS plot in Fig. 5a. What is
plotted in the figure is integrated spectral weight about Ex
(60 meV integration window). When a peak disperses and
reaches the Fermi energy at the FS, the spectral weight at
the Fermi energy shows a sharp increase [14]. Therefore, the
high intensity region in a circular shape centered at the
(m,m) point represents the FS.

The size of the FS is larger than 1/2 and approximately
satisfies the Luttinger volume for x = 0.15. In addition, its
shape is similar to the calculated results for Nd; g;5Ceq 15
CuOy [15]. Even though the size and shape are consistent
with the calculated results, it is noted that there are
regions of suppressed spectral weight on the FS between
(m/2,m/2) and (,0) points. The EDCs from these regions
(Fig. 4b) show a pseudo-gap behavior as discussed above.
A similar pseudo-gap behavior has been observed on
Nd, 35Ceo.15Cu0y [9].

A possible way to explain the suppression in the spectral
weight is as follows [9]. In solids, coupling of charge
carriers to low energy excitations is important, charge
density wave being one of the best known examples. If there
is a collective mode with a typical momentum Q = (1, ) in
the system, a phase space argument can show that the
suppression would occur in the regions where the FS crosses
the antiferromagnetic Brillouin zone (AFBZ) boundary. As
depicted in panel (a), the suppressed regions are close to the
intersection of the underlying FS and the AFBZ boundary.
The schematic in panel (b) shows that the charge carrier
which lie at the intersection of the FS and AFBZ boundary

will experience the largest (m,) scattering since these are
the locations that can be connected by the low energy
Q = (w, ™) scattering.

The natural question then is what the low energy
collective excitations with a characteristic Q of (m,7) can
be. With the AF phase being stronger and closer to the
superconducting phase in electron doped HTSCs, an
obvious candidate is the AF fluctuation. It was found in
neutron scattering experiments that (w,m) AF fluctuation
exists above T, for both reduced and unreduced crystals
[16]. We can not of course rule out other possibilities
such as short range fluctuations of the charge density wave,
d-density wave or phononic type and there have been
theoretical efforts devoted to schemes based on the above
general considerations [13,17,18].

Even though the results from Sm;gsCey15CuO, are
similar to those from Nd; gsCe 15CuQy, it should be pointed
out that the results from Nd; g5Ce( 15CuQ, are on reduced
superconducting samples while present results are from
unreduced non-superconducting Sm; gsCeq ;5CuOy crystals.
Impurity apical oxygens found on unreduced samples are
found to enhance orders in these materials [19]. In addition,
there has been a recent report of destruction of the
superconductivity with a presence of an AF ordering [20].
In this regards, comparison of data from reduced and
unreduced crystals of same compound could shed a light on
the issue.

4. Summary

We discussed ARPES results from Sm,_,Ce,CuQO,4
(x =20 and 0.15). The data from x =0 show a 0.3eV
dispersion of the low energy peak as is observed in other
insulating cuprates. The peak looses its intensity before it
reaches the Fermi energy as if there is a ghost Fermi
energy. The regions in the k-space where the peak looses
intensity are similar to what would have been a FS had
there not been strong electron—electron correlation. This
behavior is similar to what was found on another insulating
cuprate Ca,CuO,Cl, and is viewed as remnant of the
underlying FS.

The FS of Sm; g5Ceq 15CuO,4 forms an arc centered at the
(m,m) point with suppressed regions of spectral weight. The
suppression of the spectral weight at the Fermi energy can
be understood as opening of pseudo-gaps assisted by low
energy Q = (m,w) excitations. Future experiments and
comparison of the results on reduced and unreduced
samples can enhance the understanding of such phenomena.
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