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The electron-doped cuprate Pr2−xCexCuO4 is investigated using infrared magneto-optical measurements. The
optical Hall conductivity �xy��� shows a strong doping, frequency, and temperature dependence consistent
with the presence of a temperature- and doping-dependent coherent backscattering amplitude which doubles
the electronic unit cell and produces a spin density wave state. At low temperatures, the data suggest that the
coherent backscattering vanishes at a quantum critical point inside the superconducting dome and is associated
with the commensurate antiferromagnetic order observed by other workers. Using a spectral weight analysis,
we have further investigated the Fermi-liquid-like behavior of the overdoped sample. The observed Hall-
conductance spectral weight is about ten times less than that predicted by band theory, raising the fundamental
question of the effect of Mott and antiferromagnetic correlations on the Hall conductance of strongly correlated
materials.

DOI: 10.1103/PhysRevB.76.064515 PACS number�s�: 74.25.Gz, 74.72.Jt, 75.30.Fv, 75.40.�s

The physics of doped Mott insulators is believed to un-
derlie the exotic properties of many “strongly correlated”
materials.1 Among these, the properties of cuprates remain
one of the greatest challenges in condensed matter physics.
The last few years have seen remarkable progress in the syn-
thesis of high-critical-temperature �high-Tc� cuprates, fol-
lowed by reliable and high-performance energy and momen-
tum spectroscopic measurements. It is now possible to
compare quantitatively the electron-doped side and the hole-
doped side in the cuprate phase diagram. One striking differ-
ence is the presence of antiferromagnetic order in a much
larger region on the electron-doped side of the phase dia-
gram. This characteristic has been seen directly by neutron
scattering,2,3 muon spin resonance,4 and indirectly by
optics5,6 and angle-resolved photoemission spectroscopy
�ARPES�.7–9 However, the exact location of the antiferro-
magnetic �AF� region with respect to the superconducting
region remains an open question, as does the effect of anti-
ferromagnetic order and fluctuations on electronic properties.
ARPES �Refs. 7–9� and optical5 studies have shown the
presence of a large energy pseudogap in superconducting
samples which disappears at high temperatures. The nature
of this gap is a central issue in cuprate physics and is cur-
rently under intense debate. In one scenario, it is considered
to be the signature of the coexistence of AF order and
superconductivity.10 The optical signature of this gap in the
optimally doped sample is, however, not seen directly in the
spectral response, but is revealed indirectly when analyzing
the partial sum rule of �xx at this doping. In addition, recent
inelastic neutron studies3 have concluded that long-range AF
and superconductivity orders do not overlap, by showing that
the antiferromagnetic correlation length never diverges in su-
perconducting samples.

To test if antiferromagnetic signatures can clearly be seen
in the electronic response of superconducting samples, and
most importantly up to optimal doping, we have performed
infrared Hall �ir Hall� measurements of the electron-doped

cuprate Pr2−xCexCuO4 �PCCO� over a wide range of dopings
and temperatures. Indeed ir Hall measurements have been
found to be an extremely sensitive probe of the strong cor-
relation effects in the hole-doped cuprates,13–15 which can
reveal more about the electronic structure of materials than
the longitudinal conductivity �xx. As expected, we find a rich
structure in �xy of PCCO. At low temperatures, we find clear
evidence of a gaplike feature in underdoped samples still
present at optimal doping, and disappearing in the overdoped
sample. These findings support the scenario of a reconstruc-
tion of the Fermi surface in the electron-doped cuprates due
to antiferromagnetic ordering, and the presence of a quantum
critical point inside the superconducting dome. We find that
this general picture is, however, not complete since it cannot
explain the underdoped response at high temperature and the
spectral weight analysis of overdoped samples.

Thin films of Pr2−xCexCuO4 of several compositions were
grown on LaSrGaO4 �LSGO� substrates using pulsed laser
deposition.16 In this experiment we have studied the follow-
ing samples: a highly underdoped sample �x=0.12� Tc=2 K
�thickness 1260 Å�, an optimally doped sample �x=0.15�
Tc=19.6 K �thickness 1450 Å�, and an overdoped sample
�x=0.18� Tc=9.3 K �thickness 1250 Å�. We have measured
the reflectance �R�, transmittance �T�, and complex Faraday
angle. From these we have extracted the longitudinal con-
ductivity ��xx� and Hall conductivity ��xy�. The reflectance
and transmittance were measured for all samples in the
1200–4000 cm−1 spectral range with a Bomem Fourier
transform spectrometer, at five temperatures between 30 and
300 K using a continuous flow cryostat. The frequency and
temperature dependence of the LSGO substrate index of re-
fraction was measured separately. Using this index and the
experimental R and T data of the entire sample �PCCO/
LSGO�, one can extract the solution for the complex conduc-
tivity �xx of PCCO. Errors generated using this method are
estimated to be less than 5% and are primarily due to the
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values used for the thickness of the substrate and the film
�the latter was measured by Rutherford backscattering�. Fig-
ure 1 shows the frequency and temperature dependence of
�xx determined using this method.17,18 One can clearly dis-
tinguish two very different behaviors as temperature is low-
ered from 300 to 20 K. For x=0.12, below a characteristic
temperature TW�200 K, one can observe a dip and peak
formation around 2500 cm−1 �see the arrow in Fig. 1�. As
shown previously, this feature is also followed by a transfer
of spectral weight from low to high energy as the tempera-
ture is lowered.5,6 This transfer is thought to be the signature
of a partial gap opening on the Fermi surface, as seen by
ARPES measurements. A spin density wave model5 was sug-
gested to explain this data. This dip and peak formation can
no longer clearly be seen for x=0.15. However, a careful
analysis of the optical conductivity sum rule reveals the pres-
ence of a partial gap at this doping as well.5 Unlike the
results for x=0.12 and 0.15, the optical conductivity of
PCCO x=0.18 does not show any signature of a partial gap
opening and can be described using an extended Drude
model as the temperature is lowered. Results presented in
Fig. 1 are thus consistent with previous published results:5 a
partially gapped Fermi surface is observed optically on the
underdoped side, and a marginal Fermi liquid behavior on
the overdoped side of the phase diagram.

The Faraday rotation and ellipticity, represented by the
complex Faraday angle �F were measured at several ir laser
frequencies using a photoelastic polarization modulation
technique20,21 from 30 to 300 K and from −8 to 8 T. Experi-
mental errors generated by this analysis in the real and
imaginary parts of �xy due to errors in measurements of �xx
and �F are estimated to be ±5%. Using the measured values
of �xx, the Faraday angle �F can be translated into other
response functions, such as the infrared Hall conductivity �xy

�the off-diagonal term in the complex conductivity tensor �̃�
using21

tan �F �
�xy

�xx
�1 +

1

Z�xx
�−1

, �1�

where Z= �Z0d� / �ns+1�, Z0 is the impedance of free space, ns

is the refractive index of the substrate, and d is the thickness
of the PCCO film. Previous studies have validated this tech-
nique by measuring the ir Hall response of simple metals
such as gold and copper.22 The ir Hall spectra for these cases
were found to be consistent with a Drude model using the
mass parameter taken from band theory and the measured
scattering rate from �xx.

Figure 2 shows our principal results: the real and imagi-
nary parts of �xy as a function of frequency for x=0.12, 0.15,
and 0.18 at T=50 K. We begin our discussion of these data
with reference to the extended Drude model:

�xy =
SMott

����� − i��1 + �����	2 �2�

with ���� and 1+���� the frequency-dependent scattering
rate and effective mass, respectfully. This model is plotted in
Fig. 3 �red circle symbols�, using ���� and ���� determined
by previous �xx measurements5 and SMott, the total Drude
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FIG. 1. �Color online� Optical conductivity of PCCO, x=0.12,
0.15, and 0.18 �curves are shifted from one another by 0.5 for
clarity.�. The underdoped sample and optimally doped samples
show evidence of a high-energy gap. This feature is accompanied
by a transfer of spectral weight from low to high energy when the
temperature is lowered below a characteristic temperature TW. This
partial gap feature is no longer seen in the overdoped sample, which
can be modeled using an extended Drude model.
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FIG. 2. �Color online� �a� Real and �b� imaginary parts of �xy as
functions of frequency at 50 K. Qualitatively, the overdoped x
=0.18 sample shows a holelike extended Drude response plotted in
Fig. 3. The underdoped x=0.12 and optimally doped x=0.15
samples show, however, a clear inconsistency with this model, such
as a sign change in Im��xy�. As described in the text and as shown
in Fig. 3, these features are due to the presence of antiferromagnetic
order in the sample.
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spectral weight, determined by the band structure renormal-
ized due to Mott physics �this value will be discussed at
length in the last part of the paper�. In this model, Im��xy�
has the same sign at all frequencies, while Re��xy� has one
sign change at a frequency set by ����. The x=0.18 data in
Fig. 2 are qualitatively consistent with this extended Drude
model: Im��xy� has the holelike signature predicted by the
band structure and does not change sign over the experimen-
tally accessible frequency range; at low frequencies, Re��xy�
has the holelike sign found in the dc Hall measurement,11

along with one sign change �at �1750 cm−1� in the experi-
mental frequency range. One qualitative inconsistency with
the extended Drude model is that the calculated zero crossing
occurs well below the experimental zero crossing. We be-
lieve that this difference could be due to antiferromagnetic
correlations which produce electronlike contributions to �xy
below the frequency range of our measurements. From
Kramers-Kronig relations, these low-frequency contributions
would increase Re��xy� �thus pushing the zero crossing to
higher frequencies� while doing little to Im��xy� in our fre-
quency range. Evidence for antiferromagnetic correlations is
also seen as multiple zero crossings of RH with temperature
in the dc Hall coefficient in similarly doped samples.11 To
summarize the x=0.18 response, the rough magnitude and
frequency dependence predicted by the model are in qualita-
tive accord with the measurement, but the incorrect position
of the zero crossing in Re��xy� demonstrates that, despite its
success in fitting the longitudinal conductivity,5 the extended
Drude model is an inadequate description of transport even

in overdoped PCCO. This inconsistency will be further ad-
dressed in the last part of this paper.

The IR Hall data we have for x=0.12 and 0.15 differ
qualitatively from the predictions of the Drude model: �i�
Im��xy� exhibits zero crossings at frequencies which increase
as doping decreases; �ii� Re��xy� is concomitantly larger and
positive. Since dc Hall measurements11 indicate an electron-
like sign for both of these dopings, this implies that a sign
change must also occur below our lowest measured fre-
quency in Re��xy�. It is striking that, contrary to �xx data
�where only partial sum rule arguments enable us to reveal a
high-energy gap�, our raw �xy data directly show a clear
departure from the Drude model even at optimal doping x
=0.15.

To help understand this non-Drude response of �xy we
examine the spin density wave �SDW� model previously
used to analyze the �xx response and the dc Hall effect of
PCCO.23,24 We consider a mean-field theory of electrons
moving on a square lattice with dispersion

�p = − 2t�cos px + cos py� + 4t� cos px cos py

− 2t��cos 2px + cos 2py� , �3�

and parameters t=0.38 eV=3056 cm−1, t�=0.32t, and t�
=0.5t�, chosen to reproduce the Fermi surface measured in
the photoemission experiments.7,24 We assume that in addi-
tion to the dispersion �Eq. �3�� the electrons are coherently
backscattered by a commensurate �� ,�� spin density wave
with gap amplitude 	. The electric and magnetic fields are
represented by vector potentials and coupled via the Peierls

phase approximation, p� →p� − �e /c�A� . At the relevant carrier
concentrations, the Fermi surface is such that the scattering
vector �� ,�� connects Fermi surface points that become
gapped and lead to reconstruction of the Fermi surface. If 	
is not too large �	
0.26 eV for x=0.15�, the calculated
Fermi surface exhibits both an electronlike pocket centered
at �� ,0� and holelike pockets centered at �±� /2 ,� /2� as
observed in ARPES;7 for larger 	, only the electron pocket
remains. The longitudinal and Hall conductivities are calcu-
lated by direct evaluation of the Kubo formula; for �xy we
used the expressions given by Voruganti et al.25 While this
approach does not capture the physics of the Mott transition,
it does give a reasonable picture of the effect of a SDW gap
on the quasiparticle properties.

Using this model, the �xy response for x=0.15 and 0.12 is
calculated using a constant scattering rate �=0.2t
=608 cm−1 and 	=1200 and 1800 cm−1, respectively. The
qualitative resemblance of the calculated curves to the data
shown in Fig. 3 for x=0.12 and 0.15 is striking. In Im��xy� a
sign change occurs at a 	-dependent frequency. Correspond-
ingly, in the frequency range of interest �1000–3000 cm−1�,
Re��xy� becomes larger as 	 increases and two sign changes
occur: one at high and one at low frequency. The zero cross-
ing seen in Im��xy� may be understood as follows. The SDW
model predicts a Fermi surface made up of holelike and elec-
tronlike pockets. Im��xy� is negative �electronlike� at low
frequencies where the large electronlike pocket dominates
the transport. However, at high frequency �frequencies much

(a)

(b)

FIG. 3. �Color online� �a� Real and �b� imaginary parts of �xy as
a function of frequency for a hole-doped extended Drude model and
a spin density wave �SDW� model with two different gap values. As
observed experimentally in Figs. 2 and 4, the calculated zero-
crossing frequency decreases with smaller input gap values 	 in the
SDW model �see dashed boxes for better comparison�.
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higher than the SDW gap 	�, the response must revert to the
holelike response of the underlying holelike band structure.
Although the qualitative correspondence between calculation
and data is excellent, an important difference exists: the mag-
nitude of the calculated Hall response is larger than the mea-
sured values by factors of the order of 5. We believe this
difference is the signature of the suppression of the ac charge
response by Mott physics which we further address at the
end of this discussion. Understanding this more precisely is
an important open problem.

We now discuss limitatations of the extended Drude
model and SDW model that we used to interpret our results.
To do so we will first discuss the temperature evolution of
Im��xy� for x=0.12 and 0.15 in Fig. 4 in terms of the SDW
model. We will then examine results on the overdoped
sample x=0.18 sample, which shows no SDW features, in
terms of the conductivity sum rules.

While ARPES �Ref. 8� and IR �xx �Ref. 5� measurements
indicate a complete closing of the SDW gap by T=300 K for
x=0.15 and x=0.12, we see that for the x=0.15 sample the
zero crossing of Im��xy� only shifts slightly to lower frequen-
cies �see lower arrow in Fig. 4�b�� below the measured fre-
quency range as the temperature is raised. For x=0.12, the
low-frequency response becomes less negative as tempera-
ture is raised �see the arrow in Fig. 4�c��. Both these varia-
tions indicate only a partial closing of the high-energy
pseudogap, contrary to its complete closing as seen by other
spectroscopic techniques.5,9 This high-temperature incompat-
ibility with the closing of a SDW gap has also been noticed
in dc Hall measurements.11

At high doping x=0.18, where no high-frequency SDW
gap is observed, it becomes possible to analyze the effects of
Mott physics on the Drude-like response. To do so we have
estimated the optical sum rules of �xy. Indeed, sum rules
have previously been very useful in revealing Mott physics
in the �xx response of strongly interacting electron
materials.26 For �xx, the appropriate partial sum is

K��� = 

0

� 2

�
Re��xx����d� �4�

and is proportional to the quasiparticle kinetic energy. In
high-Tc superconductors, theoretical and experimental evi-
dence suggests that for a cutoff frequency �=0.4 eV, i.e.,
well above the Drude peak �seen from 0 to 0.1 eV� but well
below the interband and upper Hubbard band features �seen
above 1 eV�, one finds the following relation:26

K�0.4 eV� � xKband, �5�

where Kband�0.4 eV is the band theory conduction band ki-
netic energy and x is the doping �electron or hole� density per
Cu atom. For frequencies below �, the response is Fermi-
liquid-like and the extended Drude parametrization

�xx��� =
KMott

�xx��� − i��1 + �xx����
�6�

is physically meaningful, where KMott�K�0.4 eV�.
For the Hall conductivity, the appropriate partial sum is27

S��� = 

0

� 2

�
� Im��xy����d� �7�

and the corresponding extended Drude parametrization is

�xy��� =
SMott

��xy��� − i��1 + �xy����	2 . �8�

We can estimate S��0.1;0.4� eV�=�0.1 eV
0.4 eV directly from the

data, finding about 0.045Sband. We may estimate the contri-
bution coming from below our measurement range
S�0 eV,0.1 eV� in two independent ways, which yield con-
sistant answers.
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FIG. 4. �Color online� Temperature evolution of Im��xy� for x
=0.18, 0.15, and 0.12 samples. As the temperature is raised, the
optimally doped and underdoped samples shift only slightly toward
what one would expect if the SDW gap completely closed �see red
�gray� arrows�, i.e., the simple extended Drude behavior represented
in �b� and �c� by superimposing the x=0.18 300 K data �dashed
lines�. Thus, contrary to ARPES and �xx results, the SDW does not
appear to close in �xy measurements as the temperature is raised.
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First, we observe that the very low-frequency longitudinal
conductivity is characterized by a “Drude peak” of width
�xx�0.01 eV at 25 K and a Hall resistance not too far from
the band value, suggesting that, at low frequencies, a picture
of weakly scattered quasiparticles is appropriate, so that
�xy =�xx, allowing us to estimate the integral over the low-
frequency region as

S�0.1 eV� = 

0

0.1 eV 2

�
� Im��xy����d� �

SMott

�1 + �xy�� = 0��2

�
�xy�� = 0�

��xx�2 � 0.035Sband, �9�

leading to the estimate

S�0.4 eV� = S�0.1 eV� + S��0.1;0.4� eV� � 0.08Sband.

�10�

The presence of any low-frequency electronlike contribu-
tions to Im��xy� arising from antiferromagnetic fluctuations
effects, as discussed earlier, would only decrease this estima-
tion.

Second, model calculations28 show that in the frequency
range ��0.2 eV the quantity �� / �Im��xy����−1/2	2 is about
a factor of 2 larger than S���. Using this factor of 2 and our
data, we find the estimate S�0.4 eV��0.1Sband.

To summarize, from the longitudinal conductivity one
finds23

K�0.4 eV� � 0.18Kband, �11�

and from the transverse conductivity

S�0.4 eV� � 0.1Sband. �12�

Thus, we conclude that the ir Hall data at x=0.18 imply a
suppression of the �xy approximately a factor of 2 greater
than the suppression of the longitudinal conductivity. This
suggests different Mott renormalizations of the Hall and lon-
gitudinal conductivities. Refining these experimental esti-
mates and extending them to other materials, as well as de-
veloping an appropriate body of theoretical results, may
provide important insights into strongly correlated electron
systems near the Mott transition.

We have reported the transverse optical conductivity
�xy��� of the electron-doped cuprate Pr2−xCexCuO4. At low
temperatures, the results provide strong additional evidence
for a spin density wave gap up to optimal doping and none at
higher dopings. For underdoped and optimally doped
samples �x=0.12, 0.15� the ir Hall data implies that the
SDW gap is not fully closed even at T=300 K. In addition, at
high dopings, a spectral weight analysis indicates that Mott
correlation effects on the low-frequency Hall conductivity
are still present and are even stronger than for the longitudi-
nal conductivity.
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