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Momentum densities, Fermi surfaces, and their temperature dependences in Sr,RuQ, studied
by Compton scattering
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We have measured Compton profiles of Sr,RuO, at 20 K and room temperature to investigate electron
momentum densities, Fermi surfaces, and their temperature dependences. Two-dimensional momentum densi-
ties have been reconstructed from nine Compton profiles. The Fermi surface signals are observed in the first
derivative of the occupation densities in k space, obtained by folding the momentum densities into the first
Brillouin zone. The data at 7=20 K exhibit Fermi surface signals that reasonably agree with those obtained
from band theory. On the other hand, the data at room temperature show the signals strongly suppressed due
to temperature. This thermal behavior is not understood using band theory based on the local density approxi-
mation, implying the importance of electron correlation in the temperature effect.
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The perovskite ruthenate Sr,RuO, shows unconventional
superconductivity below T.=1.5 K.! The Cooper pairs have
spin-parallel coupling that prohibits the possibility of s-wave
or d-wave symmetry, which are widely believed to appear in
conventional or cuprate superconductors. Many theoretical
and experimental studies have been carried out on the super-
conducting state, particularly in order to reveal the Cooper
pair coupling symmetry and the coupling mechanism (see
Ref. 2). However, superconductivity at low temperature is
not the only unusual property of this material. Electron trans-
port at high temperature also appears to be unusual. Al-
though the resistivity in the ab plane is always metallic and
monotonically increases with rising temperature as in ordi-
nary metals,? the observed Hall resistivity is anomalous. The
Hall coefficient changes sign twice between 7, and room
temperature (RT).* Furthermore, the broad peak at ~130 K
of the c-axis resistivity indicates an anomalous behavior.
These thermal behaviors are not fully understood yet,>® and
so far only few experiments address this issue.

An angle-resolved photoemission spectroscopy (ARPES)
experiment has been carried out as a function of
temperature.’ It has been found that the spectral line shape of
the electrons (quasiparticles) on the Fermi surfaces (FSs)
shows a well-defined peak at low temperature. However, it
exhibits a substantial broadening as the temperature in-
creases, with anisotropic behavior. Since ARPES is inher-
ently sensitive to the sample surface (even if x rays of sev-
eral hundred eV are used), special care is necessary for
interpretation of the data as a function of temperature. Even
the surface degradation can depend on the temperature.
Therefore it would be valuable if ARPES data could be con-
firmed by a bulk-sensitive method.

Within the impulse approximation,® the energy spectrum
of Compton-scattered x rays provides the electron momen-
tum density n(p) projected on the scattering vector (p, axis),’
namely, the Compton profile (CP),
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J(p.) = f f n(p)dp.dp,. (1)

The FS is defined as the boundary between occupied states
and unoccupied states in momentum or wave-vector (k)
space. Therefore, the derivative of n(p), or, more precisely,
the derivative of the occupation densities in k space that is
obtained by folding n(p) into the first Brillouin zone,'° pro-
vides the FS geometry in principle. The unique advantage of
this technique is that it is not limited by the quality of the
sample (e.g., impurity) or the quality of the surface (e.g.,
oxidation). High-energy x rays, of approximately 100 keV,
have a penetration depth as large as 100—1000 pum, and
probe the real bulk properties. Although each CP only pro-
vides one-dimensional information along the p, axis, the
three- or two-dimensional electron momentum densities can
be determined using a numerical reconstruction method from
several CPs, which are obtained along different crystallo-
graphic orientations.

In the present study, we have measured nine CPs between
the [100] axis (I"-M) and the [110] axis (I'-X) at T=20 K
and RT. Two-dimensional momentum densities projected
onto the (001) plane have been obtained using a reconstruc-
tion method. The data at 7=20 K exhibit signals reasonably
representing the FS geometry. On the other hand, the data at
RT show signals suffering from strong thermal broadening,
which is not explained by band theory based on the local
density approximation (LDA). This study is also important
because it shows the feasibility of mapping of FSs in a
strongly correlated system using Compton scattering. This
success will open the possibility of FS studies of this type of
material using this technique.

The sample, having a size of 3X5X 15 mm?, was pre-
pared with the floating zone method. The data at RT were
collected using a Cauchois-type spectrometer on beamline
BLOSW at SPring-8.''2 The incident energy (E,) was
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FIG. 1. (Color) Two-dimensional occupation densities (a2),
(b2), and (c2) and their first derivatives (a3), (b3), and (c3), recon-
structed from nine theoretical Compton profiles which are com-
puted using the Hubbard model (al), (a2), and (a3). (a) a+ 8 FSs,
(b) ¥ FS, and (c) all the FSs (a+B+7). M’ stands for (7,0), which
is slightly away from the high-symmetry point M.

115.5 keV. Using the same sample, the data at 20 K were
collected with a dispersion-compensation-type spectrometer
on beamline ID15B at ESRF with E,=88.3 keV.!3 For the
two experimental setups, the momentum resolutions
were approximately the same, ~0.13 atomic units
(1a.u.=1.99x10* kgms~'=1.89 A~!). In both experi-
ments, nine CPs were measured along the same directions
between [100] and [110] at an angular interval of ~5.6°. The
direct Fourier method'# was used for the reconstructions of
the momentum densities. The occupation densities were then
obtained by folding the momentum densities into the first
Brillouin zone based on the Lock-Crisp-West method.'” It is
shown in Ref. 15 how each procedure transforms data on a
similar sample.

In order to analyze the influence of temperature and cor-
relation in the electronic properties, two different theoretical
calculations have been carried out. The first is a LDA-based
band theoretical calculation. Self-consistent wave functions
were determined with the full-potential augmented plane
wave method.>! The other one is a Hubbard model calcula-
tion incorporating electron correlation by second-order per-
turbation theory.'® The parameters are fixed in such a way
that the transport properties at low temperature are repro-
duced well (U=4.0, U'=J=J'=0.33U; see Refs. 17 and 18
for the definition of the notation). For both of the calcula-
tions, CPs were first computed from the obtained momentum
densities based on Eq. (1), and then the two-dimensional
momentum densities were reconstructed and folded back in
the same way as in the procedure for the experimental data.

Before discussing the experimental data, we demonstrate
how the reconstruction procedure reveals the momentum
densities and the FSs using the theoretical results obtained
from the Hubbard model. (In this case the momentum den-
sity is equivalent to the occupation density.) Figure 1 shows
the original momentum densities [Figs. 1(al), 1(b1), and
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FIG. 2. (Color) (a) Derivatives of experimental occupation den-
sities at 7=20 K and RT. The FSs determined by ARPES are over-
laid (dark shadows). Color scales are the same for the 7=20 K and
RT data. (b) Derivatives of occupation densities from the LDA band
theory. The left (right) side is the derivative of the original (recon-
structed) occupation densities. (c) Sections along I'-X (M’). The
error bars providing the propagation of statistical errors were ob-
tained from numerical simulations with the LDA CPs and random
numbers (see Ref. 26).

1(c1)], the reconstructed momentum densities [Figs. 1(a2),
1(b2), and 1(c2)], and their first derivatives [Figs. 1(a3),
1(b3), and 1(c3)]. Here, the broadening effect due to the
experimental resolution is included as a filtering function
during the reconstructions. The FSs of Sr,RuO, consist of
three sheets.'*> Hybridized Ru 4d,, and 4d,, orbitals make
two two-dimensional FSs, i.e., a hole pocket around Xs,
called the « sheet, and an electron pocket around I, called
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FIG. 3. (Color) Derivatives of the occupation densities obtained
from the Hubbard model calculations with (without) electron corre-
lation. The lower panels show sections along I'-X.
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the B sheet [see the white, broken lines in Figs. 1(a2) and
1(a3)]. On the other hand, the 4d,, orbital makes a round
electron pocket centered at I', called the 7y sheet [Figs. 1(b2)
and 1(b3)]. The reconstructed momentum densities have a
rather large broadening, but « and S are still recognized.
However, since vy is larger it connects with 7y in a second
Brillouin zone at (77,0) (M’). Therefore it is difficult to find
a clear signature of 7y along the [100] axis [see Figs. 1(c2)
and 1(c3)].

Figure 2(a) shows the first derivatives of the occupation
densities reconstructed from the experimental data. For com-
parison, the FSs determined®® by ARPES are overlaid on our
data (dark shadow). The LDA theoretical ones are also
shown in Fig. 2(b). Here, the left side is directly obtained
from the LDA calculation, while the right one is recon-
structed from the theoretical CPs. It should be noted that the
occupation densities are dominated by FS signals, and other
effects such as oscillation structures due to Ru 4d—0 2p co-
valent bonds'>?7 are not discernible. Generally, the LDA
does not correctly describe electronic structures in strongly
correlated systems. However, it is shown by de Haas—van
Alphen experiments and ARPES studies that the FSs of
Sr,RuQ, are reproduced fairly well by the LDA.?'-2> There-
fore it is important to see how our data are interpreted by the
LDA band theory. The 7=20 K data basically agree with the
LDA band theory. Both show a strong intensity at
(2/3r,2/31), where the three FSs intersect. However, some
differences are recognized. The first is the intensities of the
experimental data, which are less than half of those from the
LDA band theory. The second is the more complicated struc-
ture of the components at (2/37,2/37) in the T=20 K data,
appearing to have several structures along the I'-X axis (see
the lower panels). These differences will be discussed along
with the RT data afterward.

The RT data suffer from strong thermal broadening. It is
difficult to recognize the FS geometry. From the point of
view of band theory, the temperature effect on FSs arises
from thermal excitations of electrons in the vicinity of the
Fermi level. The thermal broadening in momentum space
(Ak) is given by Ak:(dE/dk)‘%E:v}lAE, where vy is the
Fermi velocity. AE is typically given by the full width at half
maximum (FWHM) of the derivative of the Fermi-Dirac
function.’?> Using v, which is found to be ~4 X 103 ms~! in
the band structure diagram (along I'-X), Ak is evaluated to be
4X 1072 kgms~' ~0.04 A~! ~0.02 a.u. This is about six
times smaller than the experimental resolution (0.13 a.u.),
and it is unlikely that this effect could explain the strong
thermal broadening in the RT data.

In the following we will argue that the strong thermal
smearing can be explained by electron correlation. Figure 3
shows the correlation effect on the temperature dependence
of the FS signals, simulated with Hubbard model calcula-
tions. The temperature dependence is very small if the cor-
relation is turned off [Fig. 3(a)], while it becomes noticeable
if the correlation is turned on [Fig. 3(b)]. The temperature
effect due to the correlation is still much smaller than the
experimental data show. Even though this suggests that our
model is insufficient to reach a definite conclusion, we might
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infer the following scenario. It is well known that, as the
electron correlation becomes stronger, (i) the coherent part
forming FSs is suppressed while the incoherent part is en-
hanced, and (ii) the bandwidth of the coherent part near the
Fermi level is reduced, and therefore vy is also reduced.
These are the reasons why the FS signals are suppressed
even at low temperature while the thermal broadening (given
by v;lAE) is enhanced in our model. In the present model,
each bandwidth is reduced by a factor of 2-3 when the cor-
relation is turned on. However, our model might still under-
estimate the reduction of the bandwidths. This could be the
reason for the smaller temperature effect. The first difference
that was found between the experiment and the LDA band
theory was a considerable reduction of the FS signals in the
T=20 K data. This scenario could explain this fact as well as
the significant smearing of FS signals in the RT data.

Many theoretical studies report that the LDA band struc-
ture for Sr,RuO, has Van Hove singularities (VHSs) 60 meV
above the Fermi level near the M points. If the band disper-
sions can be rescaled by a factor of 2—-3 due to correlation, a
major part of the electrons should be excited into VHSs for
temperatures above 100 K. The rescaling factor for these
VHSs might be even larger since they are derived from the
band having the heaviest electron mass of the three FSs
(9).222 Therefore, one could effectively consider that
Sr,RuO, has two kinds of FS geometries when transport
properties are discussed at high temperature: One consists of
two electron sheets and one hole sheet as the ground state
(the real one), and the other consists of one electron sheet
and two hole sheets as the excited state (the virtual one).

The discussion above partly explains the temperature de-
pendence in the experimental data. However, the difference
that is seen between the 7=20 K experimental data and the
RT ones is more complicated. They differ not only in the
intensities but also in the topologies, contrary to the Hubbard
model calculations. As already mentioned, the components at
(2/37,2/37) in the T=20 K data show a more complex
structure, which looks as if the 8 FS signals (inner parts)
were separated from the o and 7y ones (outer parts). In the RT
data, the inner parts appear to be suppressed much more than
the outer ones. The present Hubbard model calculations do
not show such suppression of the specific FS signals. The
origin of this behavior is still unclear. It may be due to elec-
tron correlation that is not described by our present theoret-
ical calculations. Our model has actually been developed in
order to describe the transport property at low temperature,
i.e., the electronic structure in a quite narrow energy range
near the Fermi level.'®"'® However, the theory needs to be
valid in a wider range of binding energy to reproduce Comp-
ton scattering data since this technique observes all the elec-
trons in the sample. Such a theory has not been well estab-
lished yet despite many efforts of theorists so far. Another
issue to be addressed is the validity of the impulse approxi-
mation, i.e., the validity of Eq. (1). If high-energy x rays
around 100 keV are used, the impulse approximation is gen-
erally valid for experiments with the present resolution.?
However, it is worth investigating the scattering process in
strongly correlated electron systems without making the im-
pulse approximation.?*-3°
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In summary, we have measured CPs of Sr,RuO, at 20 K
and RT in order to investigate the momentum densities, the
occupation densities in k space, the FSs, and their thermal
behaviors. FS signals were observed in the first derivative of
the occupation densities, reconstructed from the CPs. The
signals representing the FS geometry were observed in the
data at 20 K. The FS signals observed in the 7=20 K data
were structured more than the theories predicted. On the
other hand, those signals in the RT data were strongly sup-
pressed. Furthermore, the specific FS signals that could be
assigned to the B sheet were largely suppressed. The origins
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of these effects should be clarified by further theoretical
studies.
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