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Infrared optical properties of Pr 2CuO4
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The a-b-plane reflectance of a Pr2CuO4 single crystal has been measured over a wide frequency range at a
variety of temperatures, and the optical properties determined from a Kramers-Kronig analysis. Above
'250 K, the low-frequency conductivity increases quickly with temperature;rdc'1/s1(v→0) follows the
form rdc}exp(Ea /kBT), whereEa'0.17 eV is much less than the inferred optical gap of'1.2 eV. Transport
measurements show that at low temperature the resistivity deviates from activated behavior and follows the
form rdc}exp@(T0 /T)1/4#, indicating that the dc transport in this material is due to variable-range hopping
between localized states in the gap. The four infrared-activeEu modes dominate the infrared optical properties.
Below '200 K, a striking new feature appears near the low-frequencyEu mode, and there is an additional
new fine structure at high frequency. A normal coordinate analysis has been performed and the detailed nature
of the zone-center vibrations determined. Only the low-frequencyEu mode has a significant Pr-Cu interaction.
Several possible mechanisms related to the antiferromagnetism in this material are proposed to explain the
sudden appearance of this and other new spectral features at low temperature.
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I. INTRODUCTION

Within the family of high-temperature cuprate superco
ductors, the Ce-doped seriesR22xCexCuO42d , where R
5Nd, Sm, Eu, Gd, etc., are the only materials which app
to be electron doped.1 The undoped Nd2CuO4 and Pr2CuO4
are antiferromagnetic insulators, which become ‘‘bad m
als’’ with Ce doping until the sudden onset of supercond
tivity at x'0.14. The region of superconductivity in th
electron-doped materials is quite narrow (x'0.14–0.18).2,3

There is essentially no ‘‘underdoped’’ region for the sup
conductivity, with the maximum value for theTc’s of 23 K
and 19 K in the Nd and Pr systems, respectively, occurrin
x'0.15. At higher dopingsTc decreases rapidly, vanishin
abovex'0.18. At the solubility limit (x50.22) the Nd sys-
tem is metallic with no evidence of superconductivity.4 The
optimally doped systems become superconducting only a
oxygen reduction5–7 (d'0.01–0.03), and some transpo
measurements suggest that both electrons and holes pa
pate in the charge transport in the superconducting phas8,9

The role played by oxygen in these materials may be m
complex than in the hole-doped cuprates. It is the interes
behavior of these superconducting systems that motivate
examination of the optical properties of one of the par
compounds, Pr2CuO4.

The T8 structure of Pr2CuO4 is similar to theT structure
of the hole-doped La22xSrxCuO4; both structures are body
centered tetragonal, space groupI4/mmm (D4h

17) ~Ref. 10!.
These materials consist of two-dimensional sheets of cop
oxygen layers, which define thea-b planes, with thec axis
being perpendicular to the planes. TheT and T8 structures
differ in the location of the oxygen atoms between t
0163-1829/2002/66~14!/144511~9!/$20.00 66 1445
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copper-oxygen sheets. In theT structure the copper atom
have octahedral coordination, surrounded by four oxygen
oms in thea-b plane and two apical oxygens along thec axis.
However, in theT8 structure shown in Fig. 1, the apical site
are empty, and the out-of-plane oxygen atoms are not che
cally bonded to the copper atoms in the planes, which, a
result, have a square coordination.11 While the difference be-
tween theT and T8 structures results in different Raman
active modes, the same number of infrared-active mo
3A2u1B2u14Eu are expected for each.11 ~The doubly de-
generateEu modes are active in thea-b planes, the singly
degenerateA2u modes are active only along thec axis, and
the B2u mode is silent.!

The strong Cu-O bonding in thea-b plane of this material
gives rise to two-dimensional electronic and magnetic beh
iors. The weak out-of-plane coupling induces long-range
tiferromagnetic~AFM! order in the Cu spins at the relativel
modest temperature ofTN,Cu'250–280 K ~Refs. 12–14!,
which is similar to the values ofTN,Cu'250–300 K ob-
served in Nd2CuO4 ~Refs. 13 and 15!, Eu2CuO4 ~Ref. 16!,
and La2CuO4 ~Refs. 17 and 18!. The rare-earth Pr ions carr
localized 4f moments, which typically order at very low
temperatures. However, from symmetry considerations,
Pr moments should order belowTN,Cu in this material.19 In
fact, due to the significant exchange interactions between
Pr ions, which are mediated through the copper-oxygen
ers, there is a Pr contribution to the susceptibility14 below
'200 K.

The optical properties of Nd2CuO4 have been investigate
in ceramics and single crystals.20–27 Single crystals of
Pr2CuO4 have been studied at either room temperature28–31

or at low temperatures11,32 ('10 K), but there has been n
©2002 The American Physical Society11-1
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detailed investigation of the temperature dependence of
optical properties of this material. Furthermore, there is so
disagreement in the literature with respect to the vibratio
parameters of theEu modes.

In this paper we report on the detailed optical propert
of Pr2CuO4 at a variety of temperatures. The conductivity
low frequency has a strong temperature dependence a
room temperature, which when taken with optical estima
of the gap suggests that the transport is due to variable-ra
hopping due to localized states in the gap. Transport m
surements support this conclusion. A strong new vibrat
appears close to the low-frequencyEu mode below about
200 K, in addition to other weak vibrational structure.
normal coordinate analysis of the zone-center vibratio
modes indicates that of all theEu modes, only the low-
frequency mode involves a significant Pr-Cu interaction. I
proposed that the AFM order in this material is responsi
for the lifting of the degeneracy of the low-frequencyEu
mode; the absence of any interaction between the Pr and
atoms in the otherEu modes limits this effect to just the
low-frequencyEu mode.

FIG. 1. The unit cell of the Pr2CuO4 in the I4/mmm space
group showing the square planar coordination of the Cu-O~1! lay-
ers, as well as the corrugated structure of the Pr-O~2! layers. The
unit-cell dimensions area5b53.943 Å andc512.15 Å ~Ref. 14!.
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II. EXPERIMENT

Single crystals of Pr2CuO4 were grown using a CuO
based direction solidification technique.33 The crystals are
thin platelets'1.531.5 mm2 in thea-b plane, but quite thin
along thec axis ('50 mm). The crystals examined had
flat, mirrorlike surface that was free of flux or other residu
Transport and optical measurements were performed on
same sample for consistency. The measurements of res
ity in the a-b plane were carried out using standard fou
probe configuration. Gold wires were attached to the sp
men directly using silver-loaded epoxy and followed by
spot annealing at the contacts with focused laser beam.
whole specimen remained at room temperature, except
;70-mm-wide areas surrounding the contacts. This proc
generally resulted in a contact resistance less than 1V. With
such a low contact resistance, without changing the oxy
content in these samples, we were able to measure the r
tivity over six orders of magnitude from 90 K to 340 K wit
high accuracy~better than 0.1%!, shown in Fig. 2. The inse
shows the resistivity vs the inverse temperature; the lin
response at high temperature is an indication of activa
behavior, although this is no longer the case forT&160 K.

Magnetization measurements were performed on an
oriented 2-mg crystal of Pr2CuO4 in an MPMS magnetome
ter at an applied field of 5 T. The behavior of 1/xM follows a
Curie-Weiss form, and linear regression yields a Ne´el tem-
perature for Pr ofTN,Pr'44 K, with a Pr magnetic momen
of 3.2mB . A careful survey of the temperature region
which the antiferromagnetic ordering of copper moments
expected (200 K,TN,Cu,320 K) reveals no apparen
anomaly in the magnetization. A feature comparable in s
and definition to that observed by Sunet al.17 for La2CuO4
would have been readily observable. However, based on
scatter in our data, an antiferromagnetic anomaly reduce

FIG. 2. The temperature dependence of thea-b-plane resistivity
of Pr2CuO4. The resistivity is changing over nearly six orders
magnitude over the temperature interval. Inset shows the resist
vs 1/T. This plot shows that at high temperatures the resistivity
activated and follows the formrdc5r0 exp(Ea /kBT); a linear re-
gression yields a value forEa51380650 cm21 ('0.17 eV) ~dot-
ted line!. Note the deviation from activated behavior at low tem
perature.
1-2
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INFRARED OPTICAL PROPERTIES OF Pr2CuO4 PHYSICAL REVIEW B 66, 144511 ~2002!
size by more than 50% and/or smeared over a larger t
perature region might not be discernible. It is worth noti
that the majority of studies of the ordering of the Cu spins
these materials have been neutron-scattering measurem
on substantially larger samples than the ones examine
this work.

For the optical measurements, crystals were mounted
cryostat on an optically black cone. The temperature dep
dence of the reflectance was measured at a near-normal
of incidence from'30 to over 16000 cm21 on a Bruker IFS
66v/S using anin situ overcoating technique, which has pr
viously been described in detail elsewhere.34 This technique
is especially useful when measuring small samples, as i
lows the entire face of the sample to be utilized. Abo
'5000 cm21, the reflectance is assumed to be tempera
independent.

The optical conductivity has been determined from
Kramers-Kronig analysis of the reflectance, for which e
trapolations forv→0,̀ must be supplied. At low frequency
a metallic extrapolation was used forT*260 K, R}1
2Av, while below this temperature, the reflectance was
sumed to continue smoothly to'0.45 at zero frequency. A
high frequency, the reflectance was assumed to be con
above the highest measured frequency point to
3105 cm21, above which a free-electron (R}w24) behav-
ior was assumed. At low temperature, the semitranspa
nature of the sample has implications for the Krame
Kronig analysis, which assumes specular reflectance fro
single surface only. While the absorption due to the latt
modes assures that the reflectance in those regions is e
tially that of the bulk material, the same cannot be said
the high-frequency region. The presence of multiple refl
tions leads to asymmetries in the line shapes and an op
conductivity less than zero. As a result, for the calculation
the low-frequency conductivity in the region of the lattic
modes, the reflectance has been truncated at'3000 cm21

and assumed to be constant only up to 8000 cm21, above
which a free-electron approximation has been assum
While the line shapes in the conductivity are symmet
Lorentzians whose positions and widths do not vary gre
with different choices for the high-frequency extrapolation
the amplitudes are somewhat sensitive upon this choice

III. RESULTS

The reflectance of Pr2CuO4 for light polarized in thea-b
plane is shown in Fig. 3 from'20 to 1500 cm21 at a variety
of temperatures, and in the inset from'30 to 16000 cm21 at
room temperature. The reflectance at low frequency is do
nated by structure due to the normally active infrared mod
while the reflectance at high frequency is relatively featu
less, except for some structure at'11000 cm21. The low-
frequency vibration at'130 cm21 is observed to be a singl
mode at room temperature. However, at low temperat
this mode is resolved as a doublet. The low-frequency refl
tance has an interesting behavior; at low temperature
fringes indicate a lack of absorption due to the insulat
nature of the sample, but at room temperature and above
fringes have vanished and the reflectance appears to be
14451
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ing towards unity asv→0; at 390 K the low-frequency re
flectance is over 80% and the system appears to be we
metallic.

The optical conductivity s1(v) calculated from a
Kramers-Kronig analysis of the reflectance at 295 K
shown in Fig. 4. The low-frequency conductivity is dom
nated by the infrared-activeEu lattice modes, but a carefu
examination shows a slight asymmetry in the line shape
the strongest mode. The weak feature observed in the re
tance at'11000 cm21 signals the onset of absorption in th
conductivity at about 9000 cm21, which peaks at abou
12000 cm21. The optical conductivity in the region of th
infrared-active modes calculated using the truncated refl
tance is shown in the inset of Fig. 3. The modes have s
metric profiles, and all the three high-frequency mod
harden and narrow with decreasing frequency.

FIG. 3. The reflectance of Pr2CuO4 for light polarized in thea-b
plane for temperatures between 15 and 390 K from'30 to 1500
cm21. Above room temperature, the low-frequency reflectance g
rapidly to unity, indicating a metallic behavior, while the rapid a
pearance of the low-frequency oscillatory structure at low tempe
ture is an indication of the increasingly insulating and transpar
nature of the sample. Inset shows the reflectance at 295 K ov
much wider frequency range from'30 to over 16000 cm21.

FIG. 4. The optical conductivity of Pr2CuO4 from '30 to
16000 cm21 at 295 K for light polarized in thea-b plane. Inset
shows the temperature dependence of the conductivity in the re
of the four infrared-activeEu modes; while the conductivity is
dominated by the lattice vibrations, a broad incoherent backgro
is observed to form rapidly above room temperature. Note also
appearance of a new low-frequency vibrational feature at low te
perature at'145 cm21 ~arrow!.
1-3
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The low-frequency conductivity is shown in detail in Fi
5 from '20 to 180 cm21. At 390 K, there is a considerabl
amount of background conductivity ('75 V21 cm21) over
most of the observed frequency range, which decreases
idly with decreasing temperature. The inset in Fig. 5 sho
the extrapolated value of the resistivityrdc'1/s1(v→0) vs
1/T (T*250 K); the linear behavior indicates that the co
ductivity is strongly activated.35

The behavior of the low-frequency mode is seen clearly
a more detailed plot of thea-b-plane reflectance shown i
Fig. 6 and the conductivity in upper inset. The low-frequen
mode can now clearly be distinguished as fundamenta
'130 cm21. A new feature appears quickly below roo
temperature, gaining oscillator strength monotonically w
decreasing temperature and hardening to'145 cm21 at low
temperature.

The slightly transparent nature of the sample requires
the reflections from the back of the crystal be consider
This approach is described in the Appendix, and the res
of fits to the reflectance using this method are listed in Ta
I.

IV. DISCUSSION

A. Electronic properties

The peak in the optical conductivity of Pr2CuO4 at
'12500 cm21 in Fig. 4 has been observed in previo
works.23,28,30 The location of this feature is similar to th
onset of absorption in La2CuO4 and related materials36 at
'11000 cm21 ('1.4 eV). The peak is characteristic of
semiconducting band edge or a polaronic excitation. In eit
of these cases, the dc resistivity is expected to be activ
and to follow the form37

FIG. 5. The optical conductivity of Pr2CuO4 at low frequency
for light polarized in thea-b plane from 15 to 390 K, showing the
rapid formation of the background conductivity, and the extra
lated values forrdc51/s1(v→0). The different symbols denot
the extrapolated values at different temperatures. At low temp
ture a strong new vibrational feature is observed~arrow!. Inset
shows the extrapolated values forrdc vs 1/T; the linear regression
of the points ~dotted line! yields Ea516306200 cm21

('0.2 eV).
14451
p-
s

-

n

y
at

at
d.
lts
le

er
ed

rdc}eEa /kBT, ~1!

whereEa is either the half the optical gap 2D, or half the
polaronic level shiftEp . The low-frequency reflectance in
creases quickly above room temperature, which is indica
of a ‘‘metallic’’ response in which the reflectance goes
unity at zero frequency. This observation is realized in
optical conductivity, wheresdc[s1(v→0) has a very
strong temperature dependence forT*300 K. The plot of
rdc51/sdc vs 1/T is shown in the inset in Fig. 5, and i
described quite well by Eq.~1!; a linear regression yields
Ea'16306200 cm21 ('0.2 eV). The rather large error as
sociated with this estimate is due to the fact that the fit
limited to a narrow interval in the high-temperature regio
The transport data shown in Fig. 2 and the inset are a
described quite well by activated behavior; a linear regr
sion applied in the high-temperature region (T*160 K)
yields Ea51380650 cm21 ('0.17 eV), and is shown as
dashed line in the inset of Fig. 2; this value forEa is fairly
close to the value determined from the optical conductiv
The optical conductivity of the nickelates, which have
similar appearance, has been fitted using a small-pola
model,37–39 which for T@v/2 produces an asymmetri
Gaussian peak with a maximum at 4Ea . This model would
imply that the peak in the conductivity at high temperatu
should occur at'6000 cm21, which is much less than the
observed value of'12500 cm21. A rough estimate of the
direct optical gap may be made by extrapolating from
linear part of the leading edge conductivity in Fig. 4 to t
abscissa, which gives 2D'9500 cm21. If the transport were
due to the carrier pair density from thermal excitations acr
the gap, thensdc}ni'exp(2D/kBT). However,Ea!D, sug-
gesting that the dc transport is due to variable-range hopp

-

a-

FIG. 6. The reflectance of Pr2CuO4 for light polarized in thea-b
planes in the region of the low-frequency infrared-activeEu mode.
The vibration is a single mode at room temperature, but is reso
as a doublet at low temperature. Upper inset shows the op
conductivity that shows not only the appearance of the new mo
but also the rapid increase in strength and narrowing of this feat
Lower inset shows the temperature dependence of the fundam
mode~filled circles! and the new vibrational feature~open circles!.
1-4
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TABLE I. The results of fitting the phonon parameters to the reflectance of Pr2CuO4 for light polarized in
the a-b plane at 295, 200, and 15 K, using the model for a lamellar plate. Several overdamped Lore
oscillators have been included in the fits to reproduce the broad, incoherent absorption attributed to th
activated hopping. At room temperature the Drude component~a Lorentzian centered at zero frequency! is
g05420 andvp,05620. The parameters for the two mid-infrared bands arev151100, g151120, and
vp,151270; v254400, g251800, andvp,252200. ~All units are in cm21). A thickness ofd550 mm and
e`56.5 have been assumed. The parametersvTO,i , g i , andvp,i refer to the frequency, width, and effectiv
plasma frequency of thei th vibration.@All units are in cm21, except for the dimensionless oscillator streng
Si5vp,i

2 /vTO,i
2 .#

295 K 200 K 15 K
vTO,i g i vp,i (Si) vTO,i g i vp,i (Si) vTO,i g i vp,i (Si)

130.6 4.5 161 ~1.51! H130.4

141.1

3.3

9.9

157

69

~1.45!

~0.24!
H128.2

146.1

2.7

2.4

144

124

~1.26!

~0.72!

304 7.5 815 ~7.18! 305 3.0 831 ~7.42! 306 1.4 834 ~7.43!

331 17.4 469 ~2.01! 333 7.7 458 ~1.89! 341 3.4 431 ~1.59!

490 27.3 511 ~1.08! 491 19.5 508 ~1.07! 495 8.4 503 ~1.03!

541 38 112 ~0.04! 542 25 108 ~0.04!

688 25 60 ~0.01! 688 15 90 ~0.02!
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between localized states within the gap.40 At low tempera-
tures, the resistivity due to hopping is not activated, but
stead has the form

rdc}e(T0 /T)1/n
, ~2!

where T0 is a characteristic temperature, andn5d11,
whered is the dimensionality of the system.40 The transport
measurements have been performed over a range
enough so that the departure from activated to power-
behavior at low temperature is clearly visible in the inset
Fig. 2. Different power laws were examined, but it appe
that the resistivity at low temperature is well described
rdc}exp@(T0 /T)1/4#, suggesting that the hopping is a thre
dimensional rather than a two-dimensional phenomena
stricted to the CuO2 planes.41 The localized states that resu
in hopping may arise from defects that produced sta
within the gap. There is a very weak feature in the opti
conductivity in Fig. 4 at'8000 cm21, which occurs at'Ea
below the leading edge of the absorption. This feature m
suggest a possible origin for the localized states. Howeve
not clear whether the defects states responsible for this
ture are an intrinsic property of the sample, or they are du
extrinsic effects.

B. Vibrational properties

1. Normal coordinate analysis of the lattice modes

The unusual behavior of the low-frequencyEu mode re-
quires a detailed understanding not only of the nature of
particular mode, but of the otherEu modes as well. For this
reason, a normal coordinate analysis of Pr2CuO4 was
undertaken.42

The normal coordinate calculations were performed us
Wilson’s GF matrix method43,44 and a commercially avail-
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able software package.45 Initially, a simple valence force
field was adopted, consisting of bond-stretching and an
bending coordinates; the types and values of the force c
stants used, and the internal coordinates to which they
respond are listed in Table II. The force field involves s
bond-stretching force constants and four angle-bending fo
constants. The bond stretch and angle bends all involve o

TABLE II. Force constants and internal coordinates f
Pr2CuO4. The labeling scheme of the atoms is shown in Fig. 1.

Force Internal Distance~Å!/
constant coordinate Angle (°) Valuea

Bond stretch

f 1 Cu-O~1! @4#b 1.98 0.335
f 2 Pr-O~2! @8# 2.12 0.532
f 3 Pr-O~1! @8# 3.03 0.785
f 4 Pr-Pr @1# 4.58 0.787
f 5 O~2!-O~2! @4# 2.80 0.300
f 6 Pr-Cu @8# 3.62 0.067

Angle bend

a1 O~1!-Cu-O~1! @4# 90 0.572
a2 O~1!-Cu-O~1! c @4# 180 0.195
a3 O~2!-Pr-O~2! @4# 138 0.469
a4 O~1!-Pr-O~1! @4# 82 0.478

Interaction

i 1 f 2a3 @16# 0.074

aBond stretches are in units of md/Å, angle bends in md Å/rad2.
bThe number of internal coordinates.
cIn plane and out of plane.
1-5
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TABLE III. Calculated and observed frequencies for the zone-center vibrations of Pr2CuO4 at room
temperature, and the potential energy distribution~PED!. ~All frequencies are in cm21.!

Symmetry Observeda Calculated PEDb (>10%)

A1g 228 227 f 3(42),f 4(37),a3(17)
B1g 328 326 f 2(28),a3(73)
Eg 480 481 f 2(46),f 5(54)
Eg 126 123 f 2(18),f 3(52),f 5(23)
A2u 505 504 f 3(83)
A2u 271 271 f 2(43),a3(113),i 1(258)
A2u 135 135 f 6(37),a2(58)
B2u ~Silent! 480 f 3(82)
Eu 490 490 f 3(60),a1(29),a2(10)
Eu 331 332 f 2(98)
Eu 304 303 f 1(93)
Eu 131 129 f 3(28),f 6(22),a1(30),a2(10)

aThe observed frequencies for theA2u modes are taken from Ref. 29, while the Raman-active modes
taken as those for Nd2CuO4 from Ref. 48. The frequencies for theEu modes are from this work~Table I!.

bSee Table II for the identification of the force constants.
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gen bonding, with the exception of the bond stretches
noted by f 4 and f 6, which deal with the Pr-Pr and Pr-C
interactions; while the value for the Pr-Cu bond stretch
relatively small, the refinement is significantly worse if it
omitted. While this initial force field described the vibration
in the Cu-O~1! planes quite well, the corrugated nature of t
Pr-O~2! layers shown in Fig. 1 leads to difficulties in descri
ing the restoring forces within this layer. The agreement w
the observed frequencies improved significantly when an
teraction force constant between the bond stretch and
angle bend in the Pr-O~2! layer was introduced. The com
parison between observed and calculated frequencies,
the potential-energy distribution~PED! are listed in Table III.
The PED’s give the relative contribution of the force co
stants to the potential energy of the normal modes. This tr
ment yields the atomic displacements and PED’s for all
the normal modes. Each of the in-plane infrared-activeEu
modes merits further discussion.

The Eu mode at 490 cm21 at room temperature involve
primarily the in-plane Cu-O angle bending resulting in d
placements of the O~1! atoms. In addition, there are sma
displacements of the atoms in the Pr-O~2! planes; the mo-
tions of the Pr and O~1! atoms are coordinated. However,
Table III shows, there is no interaction between the rat
small Pr and the Cu displacements. In general, the eigen
tors determined from the normal coordinate analysis are
good agreement with the calculated zone-center displ
ments shown in Ref. 22. This mode hardens to 495 cm21 at
15 K and narrows dramatically from'25 to '8 cm21, as
shown in Table I. The oscillator strength of this mode do
not vary with temperature. The slight asymmetry that is o
served in the optical conductivity of the high-frequencyEu
mode in Fig. 4 is most likely produced by the uncertainty
the high-frequency extrapolation used in the Kramers-Kro
analysis; fits to the reflectance are exact and do not sugg
large asymmetry in this feature or others~the Appendix!.

The mode at 331 cm21 is a pure Pr-O~2! bond stretch,
while the 304-cm21 mode is almost a pure Cu-O~1! bond
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stretch~Table III!. The mode at 331 cm21 hardens consider
ably to 341 cm21 at 15 K, and also narrows from'17 to 3.4
cm21. The mode at'304 cm21 hardens only slightly with
decreasing temperature, but narrows significantly fr
'8 cm21 at room temperature to 1.4 cm21 at 15 K; this is
the strongestEu mode with an oscillator strength ofS
'7.4.

The mode at 130 cm21 is a combination of Cu-O angle
bending, resulting in the in-plane displacements of the
and O~1! atoms, as well as the out-of-phase motion of the
and O~2! atoms in the Pr-O layers; interestingly, this mo
has a significant coordination between the displacement
the Pr atoms and the Cu and O~1! atoms, indicated in Table
III. The only other mode that has a strong Pr-Cu interact
is the low-frequencyc-axisA2u mode. The low-frequencyEu
mode softens to'128 cm21 at low temperature, while nar
rowing. The observed frequencies are in good agreem
with previous work,29,32 however, the linewidths are all nar
rower and there is only rough agreement with the repor
strengths.

2. Origin of the low-temperature doublet atÉ130 cmÀ1

The most unusual feature in the reflectance spectra is
striking appearance of a new mode at low temperatu
which is just above the low-frequencyEu mode. The new
mode is not simply a peculiar artifact due to fringes in t
presence of vibrational structure, as Fig. 7~b! demonstrates
~the Appendix!. While this feature has been previously o
served at low temperature,11,32 the evolution of this new
mode has, to our knowledge, never been studied or f
explained. The new feature appears suddenly below&250 K
at '140 cm21, as seen in Fig. 6 and in the insets; this mo
hardens dramatically and narrows with decreasing temp
ture, gaining strength monotonically until it has almost t
same oscillator strength as the low-frequencyEu mode
~Table I!. This feature does not appear to evolve from
strong asymmetry or shoulder in the low-frequencyEu
1-6
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mode. There is also an additional very weak new fine str
ture in the low-temperature reflectance at'541 and 688
cm21. These frequencies are well above the high-freque
Eu mode at '490 cm21. A symmetry-breaking proces
would allow the Raman-active modes as well as
longitudinal-optic ~LO! modes to become weakly active
However, the highest observed frequency for a Raman m
is theEg mode at'480 cm21, suggesting that these featur
are not Raman modes. To determine the positions of the
modes, the reflectance and optical conductivity have a
been fitted using a factorized form of the dielectric function46

ẽ~v!5e`)
j

vLO, j
2 2v22 igLO, jv

vTO, j
2 2v22 igTO, jv

, ~3!

wherevLO, j , vTO, j , gLO, j , and gTO, j are thej th LO and
the normally active transverse optic~TO! modes, and LO and
TO dampings, respectively. The fit at 15 K yields values
the TO modes which are nearly identical to those shown
Table I, and LO modes at 131, 149, 332, 430, and 588 cm21,
respectively. None of the LO modes are close to the n
features observed at low temperature, making it unlikely t
any new structure is due to the LO modes.

A more promising explanation of the splitting of the low
frequency mode may involve the fact that of all theEu

FIG. 7. ~a! The reflectance in the infrared region of Pr2CuO4 for
light polarized in thea-b plane at room temperature~solid line! and
the fit to the data from Eq.~1! ~dotted line! using the vibrational
parameters in Table I, withe`56.5 and a sample thickness ofd
550 mm. The dashed line indicates the calculated behavior in
~infinitely thick! bulk material, which is identical to that of th
model, indicating the opaque nature of the sample.~b! The reflec-
tance at 15 K~solid line! with the model fit~dotted line! using the
vibrational parameters in Table I, using the same values ford and
e` . The dashed line indicates the calculated behavior of the b
material. The doublet structure, fringe spacing, and amplitude a
good agreement with the reflectance. Note the absence of fring
regions of strong absorption.
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modes, only the low-frequency mode involves a significa
Pr-Cu interaction. Magnetization measurements in this w
show that the Pr atoms are ordered at low temperatu
(&50 K), and neutron-scattering measurements14 show that
there is at least a partial ordering at higher temperatu
indicating the presence of a Pr-Cu exchange interaction
the case of the low-frequencyEu mode, the displacements o
the Pr and Cu atoms are strongly correlated, suggesting
the exchange interaction will have a significant effect up
the nature of this vibration. This can lead to a symmet
breaking process and the splitting of the doubly degene
Eu mode. This view is consistent with the observation th
this new feature isnot present in Pr1.85Ce0.15CuO4, which is
in the region of the phase diagram for this class of mater
where the AFM order is destroyed.21 Because the otherEu
modes do not involve strong Pr-Cu coupling, no exchan
induced splitting would be expected. In fact, of all the oth
vibrational modes, only the low-frequencyA2u mode has a
significant Pr-Cu interaction~Table III!; but since this mode
is singly degenerate, no splitting is expected, nor it
observed.32 Similar behavior might also be expected
Nd2CuO4, where the Nd moments order below 37 K. In fac
a weak feature is observed in the reflectance of Nd2CuO4 at
10 K and at'165 cm21, quite close to the low-frequenc
Eu mode, and it has been suggested that this feature is ind
magnetic in origin.21 Kramers doublets have also been r
ported in the Raman spectra at low temperature,47 which
have been attributed to the removal of degeneracy by
Nd-Cu exchange interaction.48 While this is a reasonable ex
planation for the strong feature at low frequency, it is le
satisfactory for the fine structure observed at high frequen

The new structure observed at'688 cm21 at low tem-
perature is similar in frequency to the structure that has b
observed the reflectance in other electron-dop
materials27,49 at '690 cm21. It has been suggested th
many of the fine structures observed in the cuprate syst
are local vibrational modes due to polaron fine structure.27,50

Alternatively, a number of weak features are also seen be
the Néel transition in CuO, including a mode at'690 cm21,
which has been attributed to the activation of a zon
boundary mode due to the reduction of the Brillouin zo
resulting from the magnetic order.51,52 It is possible that the
magnetic order is responsible for a weak structural distort
and the activation of the zone-boundary modes due to
commensurate reduction of the Brillouin zone. However
difficulty with this explanation is that any reduction of th
Brillouin zone should result in a number of new modes be
activated, rather than just the three that are observed. On
the difficulties in explaining the vibrational fine structure o
served in this system is the failure to observe these result
a consistent basis in different studies.27,53This raises the dis-
tinct possibility that some of these features arise from im
rities and/or phase separation, ultimately making it diffic
to identify a specific mechanism responsible for the origin
the fine structure.

V. CONCLUSIONS

The strong temperature dependence of the low-freque
reflectance above'250 K results in a resistivityrdc

e

lk
in
in
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'1/s1(v→0) which is exponential with temperature, fo
lowing the functional formrdc}exp(Ea /kBT), where Ea
'0.20 eV. A more detailed transport measurement yield
slightly lower and more accurate value ofEa'0.17 eV. The
fact that the transport gapEa is much less than the inferre
optical gap 2D'1.2 eV, and that transport measurements
the resistivity show a departure from activated behavior
T&160 K to ardc}exp@(T0 /T)1/4# power-law behavior sug
gests that the transport in this material is due to variab
range hopping between localized states in the gap.

Due to the unusual vibrational structure in Pr2CuO4 at
low temperature, considerable attention was devoted to a
cussion of the lattice modes. A normal coordinate analy
has been performed to provide a detailed understandin
the nature of the zone-center vibrations in this material
prominent feature close to the low-frequencyEu mode de-
velops at low temperature, and additional weak fine struc
is observed at high frequency. These new features ap
belowTN,Cu at roughly the same temperature at which the
moments are thought to begin to order ('200 K). Only the
low-frequencyEu mode involves a significant Pr-Cu intera
tion. This suggests that the new vibrational structure is du
the antiferromagnetic order in this material and due to
removal of degeneracy of this mode.
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APPENDIX: REFLECTANCE OF A DIELECTRIC SLAB

Due to the complications introduced by the slightly tran
parent nature of the sample, the reflectance and the la
modes have been fit using a model that considers reflect
from both the front and back surfaces of the crystal. T
frequency-dependent reflectance of a lamellar plate at a
mal angle of incidence isR5 r̃ l r̃ l* , wherer̃ l is defined as

r̃ l5
r̃ @12eiv4pñd#

12r 2eiv4pñd
, ~A1!

*Electronic address: homes@bnl.gov
†Present address: De´partment de Physique, Universite´ de Sher-
brooke, Sherbrooke, Que´bec, Canada J1K 2R1.
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whered is the sample thickness andr̃ is the Fresnel reflec-
tance of the bulk material,

r̃ 5
12ñ

11ñ
. ~A2!

The complex refractive index isñ5n1 ik, which is re-
lated to the complex dielectric functionẽ5e11 i e25ñ2, al-
lowing the real and imaginary parts of the refractive indexn
andk to be determined

n5H 1

2
@Ae1

21e2
21e1#J 1/2

, ~A3!

k5H 1

2
@Ae1

21e2
22e1#J 1/2

. ~A4!

The optical properties of the bulk material are modeled us
a series of Lorentzian oscillators,

ẽ~v!5e`1(
j

vp, j
2

v j
22v22 ig jv

, ~A5!

wherewj , g j , andvp, j are the frequency, width, and effec
tive plasma frequency of thej th vibration; ande` is the core
contribution to the dielectric function. The dimensionless o
cillator strength is written asSj5vp, j

2 /v j
2 . The optical con-

ductivity s̃(v)5s1(v)1 is2(v) is related to the complex
dielectric function bys̃(v)52 ivẽ(v)/4p.

The phonon parameters were refined by a nonlinear le
squares fit of the model for the reflectance of a thin dielec
slab to the experimental reflectance in Fig. 3. The result
295, 200, and 15 K are listed in Table I, and a comparison
the experimental reflectance and the model results are sh
in Figs. 7~a! and 7~b! at 295 and 15 K, respectively. Th
broad, incoherent electronic background observed at ro
temperature is modeled by a zero-frequency Drude term
well as two mid-infrared overdamped oscillators~Table I!.
The results were then compared with fits to the features
the conductivity by assuming simple linear background
the region of the lattice modes, and were found to be in go
agreement. This indicates that in the region of the phon
features where the sample is opaque, the Kramers-Kro
relation yields acceptable values for the conductivity.
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