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Anisotropic optical spectrum of untwinned PrBa,Cu;0,: Persistence of the charge-transfer
insulating state of the CuQ, plane against hole doping
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Polarized optical reflectivity spectra of untwinned PrBa,Cu,0; are reported. The spectra show a large
ab-plane anisotropy in the infrared region with higher reflectivity along the chain direction. For the a
polarization, the spectrum is similar to that of deoxygenated tetragonal PrBa,Cu;0,_,, with an optical
energy gap of about 1.5 eV, indicating that it is difficult to dope holes into the CuO, planes by the addi-
tion of oxygen. The holes are doped onto the CuO chains and probably also into Pr atoms. The
difficulty of hole doping into the planes may be related to the relatively small charge-transfer energy gap.

PrBa,Cu;0; is an exception among rare-earth (L) sub-
stituted YBa,Cu;O0; compounds, which are all 90-K-
class superconductors.' Electrically PrBa,Cu;0, is a

semiconductor, and using this electric prop-
erty, YBa,Cu;0,/PrBa,Cu;0, superlattices>™* or
YBa,Cu;0,/PrBa,Cu;0,/YBa,Cu;0; superconductor-

insulator-superconductor junctions® have been fabricated,
with the aim of extracting a minimum structural element
exhibiting superconductivity or to develop novel high-T,
devices.

However, although several explanations have been pro-
posed,’!! the absence of superconductivity and the elec-
tronic structure in PrBa,Cu;0; are not fully understood
yet. An apparent inconsistency exists concerning the
valence of the Pr ion. Magnetic-susceptibility measure-
ments suggest a tetravalent (Pr*') ionic state which
would lead to compensation or back filling of the holes
introduced by oxygenation.® On the other hand, high-
energy spectroscopies’ !! indicated a Pr valence close to
3+. In this case one supposes that the extended f shell
of Pr changes the electronic structure of the CuO, plane
by hybridization with the in-plane O 2p level, which may
lead to localization of the mobile holes in the CuO, plane.

In this paper we show the result of an optical study on
an untwinned PrBa,Cu;0; single crystal, which enables
us to isolate the contribution of the CuO, planes from
that of CuO chains. The result clearly demonstrates that
the CuO, planes are not highly doped with holes even un-
der full oxygenation and preserve the electronic structure
of the undoped CuO, plane with a charge-transfer (CT)
energy gap. Holes are introduced into the CuO chains
and perhaps also (from charge neutrality considerations)
into Pr atoms. The holes doped into the chains are high-
ly mobile at high frequencies but show a trend for locali-
zation at low frequencies.

PrBa,Cu,0,_; single crystals were grown by the self-
flux method using a Pt crucible. Typical crystal size was
1.0 mm X 0.6 mm X0.06 mm. In order to obtain single-
domain crystals we applied uniaxial stress (~ 10?
kg/cm?) on the crystal under flowing oxygen gas at
450°C. This procedure was successful in producing a
single-domain crystal of YBa,Cu;0,. However, in the
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case of PrBa,Cu;0, it was much more difficult to obtain a
single-domain crystal. The best crystal so far obtained
consisted of several domains, the largest one of which
was 0.2 mm X0.2 mm. The domain size was sufficient for
optical measurements when we used microscopes special-
ly designed for infrared and visible-ultraviolet spectrome-
ters.

Near-normal-incident reflectivity measurements were
made with polarized light using a rapid scanning
Fourier-type interferometer (0.030-1.0 eV), a grating
spectrometer (0.6-6.0 eV), and a Seya-Namioka-type
spectrometer for vacuum-ultraviolet synchrotron radia-
tion (4.040 eV) at the Institute for Solid State Physics,
The University of Tokyo. All the data were taken at 300
K.

The reflectivity spectra of PrBa,Cu;0; for two polar-
izations are shown in Fig. 1 below 5 eV. Anisotropy is
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FIG. 1. Reflectivity spectra of untwinned PrBa,Cu;0, at 300
K with polarization parallel (E||b) and perpendicular (E||a) to
the CuO chain direction. The inset shows the spectra in the
low-energy region in an expanded energy scale where the
dashed parts are extrapolations to @=0 in order to make
Kramers-Kronig (KK) transformation.
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particularly pronounced in the infrared region. The spec-
trum for E|b contains contributions from both planes
and chains and exhibits a steep rise below 1 eV, reminis-
cent of a free-carrier plasma, but the optical phonons in
the far-infrared region are not completely screened by the
carriers. By contrast, the spectrum for E||a is typical of a
semiconductor with low reflectivity and manifests optical
phonons. Therefore, the reflectivity edge at 1 eV in the b
spectra is ascribed to the carriers (excitations) associated
with chains. In the higher-energy region the difference
becomes small and both spectra are characterized by a
peak at about 1.4 eV.

The implications of the data become clearer when the
reflectivity spectrum is transformed to the optical con-
ductivity by the Kramers-Kronig (KK) transformation.
To do this appropriate extrapolation procedures are
necessary. Since the experiment covers the region up to
40 eV, which includes the contributions from almost all
the valence electrons in the material, extrapolation to a
higher-energy region is not a concern. An example for
reasonable extrapolation to energies below 30 meV is
shown by the dashed curves in the inset of Fig. 1. For
E||a a smooth extrapolation to R =1 at «=0 is difficult
because of low reflectivities, which implies 0,(0)=~0. On
the other hand, there is some room for various extrapo-
lated reflectivities in the E|b case. It is not possible to
make a smooth extrapolation by using a single Drude (or
Hagen-Rubens) term. To do that we need to fit the
reflectivity by a Lorentz oscillator term plus a weak
Drude term. Differences in extrapolation, under the con-
dition of reasonably smooth extrapolation, lead to varia-
tion of 0 ,(0) in the range 0<0,(0)<600 Q@ 'cm™!, but
this ambiguity does not affect the result for #iw >0.1 eV.
A preliminary dc resistivity measurement along the b
direction of untwinned PrBa,Cu;O, gives o,(0)~ 100
Q7 'ecm™! at room temperature, which incidentally coin-
cides with the result in Fig. 2 based on the low-energy ex-
trapolation shown in the inset of Fig. 1.
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FIG. 2. Optical conductivity spectra of untwinned
PrBa,Cu;0; for two polarizations calculated via the KK trans-
formation of the reflectivity spectra. For comparison the spec-
tra of untwinned YBa,Cu;0; are shown by the dashed curves.
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The optical conductivity in the b direction, o ,(w), is
higher than o, in the spectral region shown in Fig. 2 and
the difference 0, —o,, or 0 4,in, should be a contribution
for the CuO chains. The o, spectrum is characterized by
a broad peak at 0.2 eV and associated Drude-like tail in
the higher-energy region. As compared with the result
on untwinned YBa,Cu;0, (shown by the dashed curves,
which agree exactly with the earlier results'>”'%), o, of
PrBa,Cu;0; nearly coincides with that of YBa,Cu;0,
above 0.2 eV. A distinct feature in PrBa,Cu;0; is that
o, steeply decreases below 0.2 eV, a decrease that does
not depend on the low-energy extrapolation as described
above, in contrast to the steeper rise observed in
YBa,Cu;0,. This decrease is indicative of localization of
carriers moving along the chains owing to disorder exist-
ing in the chains and is consistent with the observed sem-
iconductive resistivity. One would note that the amount
of disorder in the chains of PrBa,Cu;0; should not be
larger than that in YBa,Cu;0,, since disorder arises
mostly from oxygen deficiencies in the CuO chains. The
fact that the carriers in the PrBa,Cu;0; chains are local-
ized, while those in the YBa,Cu;0; chains are not, is sug-
gestive of either weaker coupling between CuO chains or
stronger one-dimensionality of the chain in PrBa,Cu;0,
or the presence of weak coupling between chains and
planes in the 1:2:3 compound. In the latter case conduc-
tion along the chains may be affected by metallicity or
nonmetallicity of the adjacent planes. The coupling
might be responsible for the apparently metallic conduc-
tion along the c¢ axis observed in fully oxygenated
YBa,Cu;0,."

Although a very weak mid-infrared absorption band is
seen, the o, spectrum is basically similar to that observed
in undoped cuprates such as YBa,Cu;O¢ (Ref. 16) or
La,CuO,.!” The peak at 1.4 eV, which is also observed in
the o, spectrum, can be regarded as the fundamental ab-
sorption of the CT insulating CuO, plane, corresponding
to the O 2p —Cu 3d (upper Hubbard) excitations. Note
that the 1.4-eV CT excitation energy is considerably
smaller than 1.7 eV in YBa,Cu;04.'¢

This assignment is confirmed in Fig. 3, where the spec-
trum for deoxygenated PrBa,Cu;0,_, (y ~0.7) is shown
together with the o, spectrum of PrBa,Cu;O,. The re-
duced crystal is tetragonal and its spectrum has no polar-
ization dependence. Two pronounced peaks at about 1.5
and 4.1 eV are seen in the spectrum. The latter is
specifically observed in every deoxygenated 1:2:3 com-
pound and has been plausibly attributed to intra-atomic
excitations on the Cu(1) site of oxygen-free chains.'® The
Cu(l) atom of the YBa,Cu;04 compound is supposed to
be monovalent (Cu™), so that transitions from occupied
3d (3d_, and 3dx2~y2) to unoccupied 4p levels are possi-
ble. The 4.1-eV feature is sensitive to the introduction of
oxygen into chains. The absence of this feature in the
spectra shown in Fig. 1 is evidence for CuO chain forma-
tion in oxygenated PrBa,Cu;0;.

In YBa,Cu,;0Oq the absorption associated with the 1.7-
eV CT excitations is also sensitive to oxygen addition cor-
responding to hole doping into the CuO, planes, which
transfers the CT oscillator strength to low-energy excita-
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FIG. 3. Optical conductivity spectra of oxygenated

PrBa,Cu;0,_, (y ~0) for a polarization and of reduced (tetrag-
onal) PrBa,Cu;0,_, (y ~0.7).

tions.!®!” By contrast the corresponding CT peaks in
PrBa,Cu;04 behaves quite differently on oxygen addition.
The peak position slightly shifts to lower energy but the
oscillator strength of the CT excitation remains large
even in the oxygenated compound. This is convincing
evidence for the fact that holes are not significantly
doped into the CuO, planes of PrBa,Cu;O, and is in
agreement with the NMR and pSR results which indicat-
ed antiferromagnetic order of the planar Cu sites below
280 K in PrBa,Cu;0,.'»% One should note again that
the 1.4 -1.5-eV CT energy is the smallest among those of
the known parent compounds of high-T,. cuprates and is
by 0.3 eV smaller than that in isostructural YBa,Cu;Oq.
It is pointed out that the CT gap A.r is sensitive to the
presence or absence of apical oxygen atoms and typically
Acr~2.0 eV for octahedral configuration (two apical ox-
ygens above and below Cu), ~1.7 eV for pyramidal
configuration (one apical oxygen), and ~1.5 eV for the
square planar case (no apical oxygen).?! For single-CuO-
layer systems, they correspond to the T, T*, and T’
phases, respectively. The magnitude of Ay is related to
the difference in Madelung energy AV,, between Cu and
O sites in the CuO, plane and therefore related, more or
less, with facility or difficulty in hole doping.?? In fact,
the facility of hole doping decreases in the order of
T—T*—T' and the T' compound, Nd,CuO,, cannot be
doped with holes. The difficulty in hole doping into
PrBa,Cu;04 with small Ao might be understood in this
context.

The reason for the small Aqp is not clear, but there
seems a general trend that in the series of cuprates with
the same crystal structure containing different rare-earth
elements (L) the CT gap energy decreases as the ionic ra-
dius of the rare-earth element increases. In the series of
T" compounds, L,CuO,, Act, defined as the peak posi-
tion in the o(w) spectrum, decreases from 1.65 eV for
L=Gd to 1.55 eV for Pr.”»* The ionic radius of Y37 is
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in between Dy** and Er’™, so the smaller A¢y in Pr 1:2:3
than that in Y 1:2:3 agrees with this trend. Addition of
oxygen to chain sites seems to change the Madelung po-
tentials at Cu and O sites of the CuO, plane, leading to
further reduction of Asp in PrBa,Cu;0;.

Finally, we consider the valence state of Pr in
PrBa,Cu;O,. The valence of Pr in the undoped
PrBa,Cu;0q is apparently 3+ because the Cu atoms of
the two inequivalent sites, Cu(1) and Cu(2), are the 1+
and 2+ valence states, respectively, as in YBa,Cu;04. In
YBa,Cu;0,, the addition of oxygen formally increases
the valence of both plane and chain Cu; since the Y stays
in the 3+ valence state, the most likely valences are
Cu(2)*®* and Cu(1)>** in YBa,Cu;0; so that with
respect to Cu?* about 50% of the holes go into the CuO,
planes and the remaining 50% into CuO chains by the
addition of oxygen. This estimate is justified quantita-
tively by examining the integrated spectral weight given
as

2myV

* —
)= 5
e

“o(w')de’
0
where the effective number of holes (electrons) per unit
cell is defined with the bare electron mass m, and
the unit-cell volume V. The chain contribution,
O chain=0p — 0 4, shown in Fig. 4, integrated up to 1.5 eV
gives N%(w)=0.5 in agreement with the above estimate,
as also pointed out by the previous works.'>!4

The chain contribution in PrBa,Cu;0; is also plotted
in Fig. 4. While the chain conductivity is depressed
below 0.1 eV, it is compensated by the enhanced conduc-
tivity in the higher-energy region over that in
YBa,Cu;0,. Ni(w) at 1.0 eV, the integrated spectral
weight below the gap, is about 0.5, in coincidence with
that in YBa,Cu;0,. Thus, we may conclude that equal
amounts of holes are introduced into the chain Cu site.
The charge neutrality then requires that remaining holes
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FIG. 4.  Difference optical conductivity spectra,
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the chain contribution, o pain(®).
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have to go mainly into Pr, changing the formal Pr
valence state from 3+ to about 3.5+. This might be
plausible since Pr is stable in both trivalent and tetra-
valent states and in this regard supports the view that
“hole filling” or compensation is responsible for the ab-
sence of superconductivity in PrBa,Cu;0,.% The present
result is based upon a rather low-energy spectrum but the
optical spectrum in the high-energy region suggests
trivalent Pr.2> So, the apparent inconsistency in the Pr
valence may arise from different energy scales among
various experimental techniques.

We have shown by polarized optical spectra on
detwinned PrBa,Cu;0; single crystal that the absence of
superconductivity in PrBa,Cu;05 is due to the difficulty
in the hole doping into the CuO, plane. The electronic
structure of the CuQO, plane does not change with addi-
tion of oxygen to PrBa,Cu;Og4 and thus preserves the CT
insulating state with Acr=1.4 eV. Doped holes go into
the CuO chains and partly into Pr atoms, which is possi-
ble because two valence states, Pr’* and Pr*", are stable.
The density of holes in CuO chains is approximately 0.5
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per unit cell, the same as that in the chains of
YBa,Cu;0,. These holes exhibit a tendency for localiza-
tion at low energies and at low temperatures, which ap-
pears to be related to the presence of adjacent insulating
CuO, planes due to weak interlayer coupling or to the
stronger one-dimensionality of the CuO chain. The
difficulty in hole doping into the CuO, plane in
PrBa,Cu;0, may be connected to the relatively small CT
energy gap corresponding to the smaller Madelung ener-
gy difference between in-plane Cu and O sites.
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