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The a-b-plane reflectance of a J&uQ, 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 temperatpygs 1/o1(w—0) follows the
form py.cexpEa/kgT), whereE,~0.17 eV is much less than the inferred optical gap=df.2 eV. Transport
measurements show that at low temperature the resistivity deviates from activated behavior and follows the
form pgcexd(To/T)Y4], indicating that the dc transport in this material is due to variable-range hopping
between localized states in the gap. The four infrared-a&jwmodes dominate the infrared optical properties.
Below ~200 K, a striking new feature appears near the low-frequdficynode, 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-frequéfcsnode 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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[. INTRODUCTION copper-oxygen sheets. In thiestructure the copper atoms
have octahedral coordination, surrounded by four oxygen at-
Within the family of high-temperature cuprate supercon-oms in thea-b plane and two apical oxygens along thaxis.
ductors, the Ce-doped serids, ,Ce,CuQ,_ 5, where R However, in theT’ structure shown in Fig. 1, the apical sites
=Nd, Sm, Eu, Gd, etc., are the only materials which appeaare empty, and the out-of-plane oxygen atoms are not chemi-
to be electron dopetiThe undoped NgCuQ, and PsCuQ,  cally bonded to the copper atoms in the planes, which, as a
are antiferromagnetic insulators, which become “bad metresult, have a square coordinatidrWhile the difference be-
als” with Ce doping until the sudden onset of superconductween theT and T’ structures results in different Raman-
tivity at x~0.14. The region of superconductivity in the active modes, the same number of infrared-active modes
electron-doped materials is quite narrow~(0.14—0.18)>°  3A,,+B,,+4E, are expected for each.(The doubly de-
There is essentially no “underdoped” region for the super-generateE,, modes are active in tha-b planes, the singly
conductivity, with the maximum value for thg.'s of 23 K degeneraté\,, modes are active only along tleeaxis, and
and 19 K in the Nd and Pr systems, respectively, occurring ahe B,, mode is silenj.
x~0.15. At higher dopingd . decreases rapidly, vanishing  The strong Cu-O bonding in treeb plane of this material
abovex~0.18. At the solubility limit k=0.22) the Nd sys- gives rise to two-dimensional electronic and magnetic behav-
tem is metallic with no evidence of superconductiviffhe  iors. The weak out-of-plane coupling induces long-range an-
optimally doped systems become superconducting only afteiferromagnetic AFM) order in the Cu spins at the relatively
oxygen reductioni’ (6~0.01-0.03), and some transport modest temperature OFy ¢, ~250-280 K (Refs. 12—14
measurements suggest that both electrons and holes partigihich is similar to the values ofy c,~250-300 K ob-
pate in the charge transport in the superconducting phase.served in NgCuQ, (Refs. 13 and 16 Ew,CuO, (Ref. 16,
The role played by oxygen in these materials may be morand LgCuQ, (Refs. 17 and 18 The rare-earth Pr ions carry
complex than in the hole-doped cuprates. It is the interestingpcalized 4 moments, which typically order at very low
behavior of these superconducting systems that motivates aeamperatures. However, from symmetry considerations, the
examination of the optical properties of one of the parentr moments should order beloWy ¢, in this material® In
compounds, BCuQ,. fact, due to the significant exchange interactions between the
The T’ structure of PyCuQy is similar to theT structure  Pr ions, which are mediated through the copper-oxygen lay-
of the hole-doped La ,Sr,CuQy; both structures are body- ers, there is a Pr contribution to the susceptibifitpelow
centered tetragonal, space grouWgmmm (D3/) (Ref. 10.  ~200 K.
These materials consist of two-dimensional sheets of copper- The optical properties of N€CuQ, have been investigated
oxygen layers, which define theeb planes, with thec axis in ceramics and single cryst#$:?” Single crystals of
being perpendicular to the planes. Theand T’ structures Pr,CuQ, have been studied at either room temperatarg
differ in the location of the oxygen atoms between theor at low temperaturés®? (=10 K), but there has been no
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FIG. 2. The temperature dependence ofdHe-plane resistivity
of Pr,CuQ,. The resistivity is changing over nearly six orders of
magnitude over the temperature interval. Inset shows the resistivity
vs 1/T. This plot shows that at high temperatures the resistivity is
activated and follows the formpy.= po eXpE,/ksT); a linear re-
gression yields a value fdE,=1380+50 crmi * (~0.17 eV) (dot-
ted ling. Note the deviation from activated behavior at low tem-
perature.

Il. EXPERIMENT

Single crystals of BCuQ, were grown using a CuO-
based direction solidification technigéieThe crystals are
thin platelets~1.5x 1.5 mnt in thea-b plane, but quite thin
along thec axis (=50 um). The crystals examined had a
flat, mirrorlike surface that was free of flux or other residue.
Transport and optical measurements were performed on the
same sample for consistency. The measurements of resistiv-
ity in the a-b plane were carried out using standard four-

FIG. 1. The unit cell of the BCuQ, in the I4/mmm space probe configuration. Gold wires were attached to the speci-
group showing the square planar coordination of the Cl-@y-  men directly using silver-loaded epoxy and followed by a
ers, as well as the corrugated structure of the B@ayers. The  gpot annealing at the contacts with focused laser beam. The
unit-cell dimensions ara=b=3.943 A andc=12.15 A(Ref. 14.  \yhole specimen remained at room temperature, except the

detailed investigation of the temperature dependence of thg /0-Mm-wide areas surrounding the contacts. This process
optical properties of this material. Furthermore, there is som@€nerally resulted in a contact resistance less théin With
disagreement in the literature with respect to the vibrationafUch @ low contact resistance, without changing the oxygen
parameters of th&, modes. content in these samples, we were able to measure the resis-
In this paper we report on the detailed optical propertiedivity over six orders of magnitude from 90 K to 340 K with
of Pr,CuQ, at a variety of temperatures. The conductivity athigh accuracy(better than 0.1% shown in Fig. 2. The inset
low frequency has a strong temperature dependence abogbows the resistivity vs the inverse temperature; the linear
room temperature, which when taken with optical estimatesesponse at high temperature is an indication of activated
of the gap suggests that the transport is due to variable-randeehavior, although this is no longer the case Tex 160 K.
hopping due to localized states in the gap. Transport mea- Magnetization measurements were performed on an un-
surements support this conclusion. A strong new vibratiororiented 2-mg crystal of REuQ, in an MPMS magnetome-
appears close to the low-frequengy, mode below about ter at an applied field of 5 T. The behavior of}/ follows a
200 K, in addition to other weak vibrational structure. A Curie-Weiss form, and linear regression yields seNem-
normal coordinate analysis of the zone-center vibrationaperature for Pr offy p,~44 K, with a Pr magnetic moment
modes indicates that of all thE, modes, only the low- of 3.2ug. A careful survey of the temperature region in
frequency mode involves a significant Pr-Cu interaction. It iswhich the antiferromagnetic ordering of copper moments is
proposed that the AFM order in this material is responsibleexpected (200 KTy ¢,<320 K) reveals no apparent
for the lifting of the degeneracy of the low-frequengy, anomaly in the magnetization. A feature comparable in size
mode; the absence of any interaction between the Pr and Gind definition to that observed by Senall’ for La,CuQ,
atoms in the otheE, modes limits this effect to just the would have been readily observable. However, based on the
low-frequencyE, mode. scatter in our data, an antiferromagnetic anomaly reduced in
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size by more than 50% and/or smeared over a larger tem 1.0 ——————=——

. . . . . . ; I llo [ T ‘ I T I II
perature region might not be discernible. It is worth noting SR S\ — S0k - F 205k ] ]
i . . . . 08 b
that the majority of studies of the ordering of the Cu spins in o 0.8 1} [ TTIS%K 7]
these materials have been neutron-scattering measuremerg i 250K %ok IR
on substantially larger samples than the ones examined i 0-6 T a0k 0er 11
this work. % T 3 ]

For the optical measurements, crystals were mounted in & 0.4 1 00 1000 16000 ]

cryostat on an optically black cone. The temperature depen® ,/,

dence of the reflectance was measured at a near-normal ang 92 [ /

of incidence from~30 to over 16000 cm* on a Bruker IFS I N Pr,Cu0,, Ellab
66V/S using arin situ overcoating technique, which has pre- %0550 1000 1500

viously been described in detail elsewh&t&his technique
is especially useful when measuring small samples, as it al-
lows the entire face of the S_ample to be utilized. Above G, 3, The reflectance of ReuQ, for light polarized in thea-b
~5000 cm'*, the reflectance is assumed to be temperaturgjane for temperatures between 15 and 390 K frei80 to 1500
independent. cm™ 1. Above room temperature, the low-frequency reflectance goes
The optical conductivity has been determined from arapidly to unity, indicating a metallic behavior, while the rapid ap-
Kramers-Kronig analysis of the reflectance, for which ex-pearance of the low-frequency oscillatory structure at low tempera-
trapolations forw— 0,0 must be supplied. At low frequency, ture is an indication of the increasingly insulating and transparent
a metallic extrapolation was used foFr=260 K, Rocl nature of the sample. Inset shows the reflectance at 295 K over a
—Jw, while below this temperature, the reflectance was asmuch wider frequency range from 30 to over 16000 cm'.
sumed to continue smoothly t80.45 at zero frequency. At
high frequency, the reflectance was assumed to be constaing towards unity as»—0; at 390 K the low-frequency re-
above the highest measured frequency point to Zlectance is over 80% and the system appears to be weakly
X 10° cm™ !, above which a free-electrorR¢cw~4) behav-  metallic.
ior was assumed. At low temperature, the semitransparent The optical conductivity oy(w) calculated from a
nature of the sample has implications for the KramersKramers-Kronig analysis of the reflectance at 295 K is
Kronig analysis, which assumes specular reflectance from shown in Fig. 4. The low-frequency conductivity is domi-
single surface only. While the absorption due to the latticenated by the infrared-activé, lattice modes, but a careful
modes assures that the reflectance in those regions is ess€xamination shows a slight asymmetry in the line shape of
tially that of the bulk material, the same cannot be said fotthe strongest mode. The weak feature observed in the reflec-
the high-frequency region. The presence of multiple reflectance at~11000 cm * signals the onset of absorption in the
tions leads to asymmetries in the line shapes and an opticabnductivity at about 9000 cit, which peaks at about
conductivity less than zero. As a result, for the calculation 0ofL2000 cni!. The optical conductivity in the region of the
the low-frequency conductivity in the region of the lattice infrared-active modes calculated using the truncated reflec-
modes, the reflectance has been truncategt 2000 cmi!  tance is shown in the inset of Fig. 3. The modes have sym-
and assumed to be constant only up to 8000 trabove metric profiles, and all the three high-frequency modes
which a free-electron approximation has been assumediarden and narrow with decreasing frequency.
While the line shapes in the conductivity are symmetric
Lorentzians whose positions and widths do not vary greatly __ T —————— |
with different choices for the high-frequency extrapolations, ™. »
the amplitudes are somewhat sensitive upon this choice.
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The reflectance of BEuQ, for light polarized in thea-b
plane is shown in Fig. 3 fron+ 20 to 1500 cm* at a variety
of temperatures, and in the inset freaB80 to 16000 cm? at
room temperature. The reflectance at low frequency is domi- 0
nated by structure due to the normally active infrared modes
while the reflectance at high frequency is relatively feature-
less, except for some structure aatL1000 cm't. The low- FIG. 4. The optical conductivity of PEUO, from ~30 to
frequency vibration at- 130 cm * is observed to be a single 16000 cmi® at 295 K for light polarized in the-b plane. Inset
mode at room temperature. However, at low temperaturégnows the temperature dependence of the conductivity in the region
this mode is resolved as a doublet. The low-frequency reflecos the four infrared-activeE, modes; while the conductivity is
tance has an interesting behavior; at low temperature thgominated by the lattice vibrations, a broad incoherent background
fringes indicate a lack of absorption due to the insulatingis observed to form rapidly above room temperature. Note also the
nature of the sample, but at room temperature and above thgpearance of a new low-frequency vibrational feature at low tem-
fringes have vanished and the reflectance appears to be tengkrature at=145 cni'! (arrow).
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FIG. 5. The optical conductivity of BEUQ, at low frequency FIG. 6. The reflectance of REuQ, for light polarized in thea-b

for .I(ijg?t pola.rizedfinhthag-bflane f(;om lg, to.S.90 K, jhﬁwing the planes in the region of the low-frequency infrared-actiemode.
rapid formation of the background conductivity, and the extrapo-rpe \ipration is a single mode at room temperature, but is resolved

lated values forpy.=1/o4(w—0). The different symbols denote .o o o plet at low temperature. Upper inset shows the optical
the extrapolated valu_es a't different temperatures. At low tempera(Sonductivity that shows not only the appearance of the new mode,
tL;re a shtrong nevvl V|t()jrat|clmal featurellns_. ort])selr\(edrov@. Insgt but also the rapid increase in strength and narrowing of this feature.
shows the extrapolated values faj; vs 17T; the linear regression Lower inset shows the temperature dependence of the fundamental

i . ) - bt
E’i otgeev?omts (dotted ling yields E,=1630+200 cm mode(filled circles and the new vibrational featufepen circles

The low-frequency conductivity is shown in detail in Fig. pacxefalkeT (2)
5 from ~20 to 180 cm 1. At 390 K, there is a considerable
amount of background CondUCtiVitWS Q_lcm_l) over where Ea is either the half the Optical gapAZ or half the
most of the observed frequency range, which decreases rapolaronic level shiftt,. The low-frequency reflectance in-
idly with decreasing temperature. The inset in Fig. 5 show$reases quickly above room temperature, which is indicative
the extrapolated value of the resistivjiy.~1/o,(w—0) vs ~ Of @ “metallic” response in which the reflectance goes to
1/T (T=250 K); the linear behavior indicates that the con-unity at zero frequency. This observation is realized in the
ductivity is strongly activated® optical conductivity, whereoy.=o(w—0) has a very
The behavior of the low-frequency mode is seen clearly irStrong temperature dependence 16£300 K. The plot of
a more detailed plot of tha-b-plane reflectance shown in pdac=1/o4c vs 1T is shown in the inset in Fig. 5, and is
Fig. 6 and the conductivity in upper inset. The low-frequencydescribed quite well by Eq(1); a linear regression yields
mode can now clearly be distinguished as fundamental da~1630+200 cni ' (=0.2 eV). The rather large error as-
~130 cnmil. A new feature appears quickly below room sociated with this estimate is due to the fact that the fit is
temperature, gaining oscillator strength monotonically withlimited to a narrow interval in the high-temperature region.
decreasing temperature and hardeningstbq_S Cmfl at low The transport data shown in Flg 2 and the inset are also
temperature. described quite well by activated behavior; a linear regres-
The slightly transparent nature of the sample requires tha#ion applied in the high-temperature regiom=160 K)
the reflections from the back of the crystal be consideredyields E,=1380+50 cmi ' (=0.17 eV), and is shown as a
This approach is described in the Appendix, and the resultdashed line in the inset of Fig. 2; this value 8y is fairly
of fits to the reflectance using this method are listed in Tablé€lose to the value determined from the optical conductivity.
l. The optical conductivity of the nickelates, which have a
similar appearance, has been fitted using a small-polaron
model?’=3° which for T>w/2 produces an asymmetric
Gaussian peak with a maximum aE4. This model would
imply that the peak in the conductivity at high temperature
The peak in the optical conductivity of f8uO, at should occur at=6000 cni ', which is much less than the
~12500 cm! in Fig. 4 has been observed in previous observed value of<12500 cm . A rough estimate of the
works?32830 The |ocation of this feature is similar to the direct optical gap may be made by extrapolating from the
onset of absorption in LLUO, and related materia& at  linear part of the leading edge conductivity in Fig. 4 to the
~11000 cm! (~1.4 eV). The peak is characteristic of a abscissa, which gives®2~9500 cni *. If the transport were
semiconducting band edge or a polaronic excitation. In eithedue to the carrier pair density from thermal excitations across
of these cases, the dc resistivity is expected to be activatetie gap, thermry.<n;~exp(—A/ksT). However,E,<A, sug-
and to follow the form’ gesting that the dc transport is due to variable-range hopping

IV. DISCUSSION

A. Electronic properties

144511-4
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TABLE I. The results of fitting the phonon parameters to the reflectance,GuR), for light polarized in
the a-b plane at 295, 200, and 15 K, using the model for a lamellar plate. Several overdamped Lorentzian
oscillators have been included in the fits to reproduce the broad, incoherent absorption attributed to thermally
activated hopping. At room temperature the Drude compoftehorentzian centered at zero frequenisy
Yo=420 andw, =620. The parameters for the two mid-infrared bands afe=1100, y,;=1120, and
wp1=1270; w,=4400, y,=1800, andw, ,=2200. (All units are in cm ). A thickness ofd=50 um and
€,=6.5 have been assumed. The parametats; , v, andw,; refer to the frequency, width, and effective
plasma frequency of thigh vibration.[All units are in cm %, except for the dimensionless oscillator strength
S= wﬁ,/‘*’%o,i ]

295 K 200 K 15K
W10, Yi Wp i (S) WT1Q,i Yi Wp i (S) W10, Yi Wp i (S)
130.4 3.3 157 (1.4H 128.2 2.7 144 (1.26
130.6 45 161 (1.5)
1411 99 69 (0.24 146.1 2.4 124 (0.72
304 75 815 (7.18 305 3.0 831 (7.42 306 1.4 834 (7.43
331 17.4 469 (2.0) 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 (0.09 542 25 108 (0.09
688 25 60 (0.0) 688 15 90 (0.02

between localized states within the dpAt low tempera-
tures, the resistivity due to hopping is not activated, but infield was adopted, consisting of bond-stretching and angle-

stead has the form

Pdc* elTo /T)lln.

)

where Ty is a characteristic temperature, amé=d+1,
whered is the dimensionality of the systethThe transport
measurements have been performed over a range wide ) )

enough so that the departure from activated to power-law TABLE Il. Force constants and internal coordinates for

behavior at low temperature is clearly visible in the inset in
Fig. 2. Different power laws were examined, but it appears
that the resistivity at low temperature is well described by

able software packad®.Initially, a simple valence force

bending coordinates; the types and values of the force con-
stants used, and the internal coordinates to which they cor-
respond are listed in Table Il. The force field involves six

bond-stretching force constants and four angle-bending force
constants. The bond stretch and angle bends all involve oxy-

Pr,CuQ,. The labeling scheme of the atoms is shown in Fig. 1.

Force Internal Distancé})/
constant coordinate Angle (°) Valde

pacexd (To/T)Y4], suggesting that the hopping is a three-

dimensional rather than a two-dimensional phenomena re-

Bond stretch

stricted to the Cu@planes*! The localized states that result

in hopping may arise from defects that produced state$: Cu-01) [41° 1.98 0.335
within the gap. There is a very weak feature in the opticalf2 Pr-02) (8] 212 0.532
conductivity in Fig. 4 at=8000 cm %, which occurs atE,  f3 Pr-Q(1) (8] 3.03 0.785
below the leading edge of the absorption. This feature maya Pr-Pr [1] 4.58 0.787
suggest a possible origin for the localized states. However, its 0(2)-0(2) (4] 2.80 0.300
not clear whether the defects states responsible for this feds Pr-Cu (8] 3.62 0.067
ture are an intrinsic property of the sample, or they are due to
extrinsic effects. Angle bend
I . a O(1)-Cu-QO(1) [4] 90 0.572
B. Vibrational properties ) O(1)-Cu-0(1) © (4] 180 0.195
1. Normal coordinate analysis of the lattice modes ag 0(2)-Pr-0(2) [4] 138 0.469
The unusual behavior of the low-frequengy mode re- %4 O(l)-Pr_-O(l) [4] 82 0.478
quires a detailed understanding not only of the nature of this Interaction
particular mode, but of the_ othé, mode_s as well. For this foas [16] 0.074
reason, a normal coordinate analysis of,(RIQ, was
undertakerf? @Bond stretches are in units of md/A, angle bends in md Rlrad

The normal coordinate calculations were performed usingThe number of internal coordinates.
Wilson’s GF matrix methotf** and a commercially avail- ©in plane and out of plane.
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TABLE Illl. Calculated and observed frequencies for the zone-center vibrations,Gu®y at room
temperature, and the potential energy distributiBED). (All frequencies are in cmt.)

Symmetry Observed Calculated PED (=10%)
A 228 227 f3(42),f4(37),a5(17)
Big 328 326 f,(28),a5(73)
Eq 480 481 f,(46),f5(54)
Eq 126 123 f,(18),f3(52),f5(23)
Ay 505 504 f3(83)
Ay, 271 271 f2(43),a3(113),1(—58)
Ay 135 135 f6(37),a2(58)
B,, (Silen 480 f3(82)
E, 490 490 f3(60),a1(29),a,(10)
E, 331 332 ,(98)
E, 304 303 f1(93)
E, 131 129 3(28),f6(22),21(30),a5(10)

#The observed frequencies for the, modes are taken from Ref. 29, while the Raman-active modes are
taken as those for N€uO, from Ref. 48. The frequencies for thg&, modes are from this workTable ).
bSee Table Il for the identification of the force constants.

gen bonding, with the exception of the bond stretches destretch(Table Ill). The mode at 331 cit hardens consider-
noted byf, and fg, which deal with the Pr-Pr and Pr-Cu ably to 341 cm* at 15 K, and also narrows from 17 to 3.4
interactions; while the value for the Pr-Cu bond stretch iscm™!. The mode at=~304 cm * hardens only slightly with

relatively small, the refinement is significantly worse if it is decreasing temperature, but narrows significantly from
omitted. While this initial force field described the vibrations ~8 ¢cm™* at room temperature to 1.4 crhat 15 K; this is

in the Cu-Q1) planes quite well, the corrugated nature of thethe strongestE, mode with an oscillator strength o
Pr-O(2) layers shown in Fig. 1 leads to difficulties in describ- ~7 4.

ing the restoring forces within this layer. The agreement with  The mode at 130 cimt is a combination of Cu-O angle
the observed frequencies improved significantly when an inpending, resulting in the in-plane displacements of the Cu
teraction force constant between the bond stretch and thend 1) atoms, as well as the out-of-phase motion of the Pr
angle bend in the Pr@) layer was introduced. The com- and Q2) atoms in the Pr-O layers; interestingly, this mode
parison between observed and calculated frequencies, ap@s a significant coordination between the displacements of
the potential-energy distributiof’ED) are listed in Table Ill.  the Pr atoms and the Cu and¥patoms, indicated in Table
The PED's give the relative contribution of the force con-yjj. The only other mode that has a strong Pr-Cu interaction
stants to the potential energy of the normal modes. This treajs the low-frequencyg-axis A,, mode. The low-frequenci,
ment yields the atomic displacements and PED’s for all ofj,gde softens te<128 cni® at low temperature, while nar-
the normal modes. Each of the in-plane infrared-aciye  rowing. The observed frequencies are in good agreement
modes merits further discussion. with previous worlé®3 however, the linewidths are all nar-

‘The E, mode at 490 cm" at room temperature involves rower and there is only rough agreement with the reported
primarily the in-plane Cu-O angle bending resulting in d'S'strengths.

placements of the @) atoms. In addition, there are small
displacements of the atoms in the P{@2Dplanes; the mo-
tions of the Pr and Q) atoms are coordinated. However, as
Table Il shows, there is no interaction between the rather The most unusual feature in the reflectance spectra is the
small Pr and the Cu displacements. In general, the eigenvestriking appearance of a new mode at low temperature,
tors determined from the normal coordinate analysis are iwhich is just above the low-frequendy, mode. The new
good agreement with the calculated zone-center displacenode is not simply a peculiar artifact due to fringes in the
ments shown in Ref. 22. This mode hardens to 495tat  presence of vibrational structure, as Figb)7demonstrates
15 K and narrows dramatically fron¥25 to~8 cm %, as  (the Appendi¥. While this feature has been previously ob-
shown in Table I. The oscillator strength of this mode doesserved at low temperatuf&®? the evolution of this new
not vary with temperature. The slight asymmetry that is ob-mode has, to our knowledge, never been studied or fully
served in the optical conductivity of the high-frequeriey  explained. The new feature appears suddenly bef@®80 K
mode in Fig. 4 is most likely produced by the uncertainty inat ~140 cm !, as seen in Fig. 6 and in the insets; this mode
the high-frequency extrapolation used in the Kramers-Kronichardens dramatically and narrows with decreasing tempera-
analysis; fits to the reflectance are exact and do not suggestare, gaining strength monotonically until it has almost the
large asymmetry in this feature or othdtke Appendix. same oscillator strength as the low-frequengy mode
The mode at 331 cit is a pure Pr-Q2) bond stretch, (Table ). This feature does not appear to evolve from a
while the 304-crn! mode is almost a pure Cué@ bond  strong asymmetry or shoulder in the low-frequengy

2. Origin of the low-temperature doublet a=130 cni !
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1071 71T modes, only the low-frequency mode involves a significant
(2) 295K, PraCu0, 4 Pr-Cu interaction. Magnetization measurements in this work
0.8 show that the Pr atoms are ordered at low temperatures
0.6 » (=50 K), and neutron-scattering measurem&nssow that
T there is at least a partial ordering at higher temperatures,
04l indicating the presence of a Pr-Cu exchange interaction. In
i the case of the low-frequend;, mode, the displacements of
S-S the Pr and Cu atoms are strongly correlated, suggesting that
E : the exchange interaction will have a significant effect upon
9 0.0 = the nature of this vibration. This can lead to a symmetry-
= i breaking process and the splitting of the doubly degenerate
B 08 - E, mode. This view is consistent with the observation that
06l this new feature isiot present in PrgCe, 1:CuQy, which is
CL in the region of the phase diagram for this class of materials
0.4 where the AFM order is destroyéd Because the othe,,
r modes do not involve strong Pr-Cu coupling, no exchange-
0.2 ¢ 7 induced splitting would be expected. In fact, of all the other
00 T R A vibrational modes, only the low-frequenéy,, mode has a
o 200 400 600 significant Pr-Cu interactiofiTable Ill); but since this mode
FREQUENCY (cm-1) is singly degenerate, no splitting is expected, nor it is

observed? Similar behavior might also be expected in

FIG. 7. (a) The reflectance in the infrared region o,€u0, for  Nd,CuQ,, where the Nd moments order below 37 K. In fact,
light polarized in thea-b plane at room temperatuteolid line) and 3 weak feature is observed in the reflectance ofQND, at
the fit to the data from Eq(1) (dotted ling using the vibrational 10 K and at~165 cni !, quite close to the low-frequency
parameters in Table |, witk.=6.5 and a sample thickness df £ mode, and it has been suggested that this feature is indeed
=50 um. The dashed line indicates the calculated behavior in th‘?nagnetic in origir?.l Kramers doublets have also been re-
(infinitely thick) bulk material, which is identical to that of the ported in the Raman spectra at low temperafﬂrwhich
model, indicating the opaque nature of the sam(ii.The reflec- have been attributed to the removal of degeneraf:y by the
tance at 15 K(solid line) with the model fit(dotted ling using the Nd-Cu exchange interactid¢f While this is a reasonable ex-

vibrational parameters in Table I, using the same values fand lanation for the strona feature at low frequency. it is less
€, . The dashed line indicates the calculated behavior of the bul : 9 u w irequ y, It

material. The doublet structure, fringe spacing, and amplitude are iﬁat'SfaCtory for the fine structure observed at high frequency.

1
good agreement with the reflectance. Note the absence of fringes in The n_eW _str_uctL_Jre observed at688 cm - at low tem-
regions of strong absorption. perature is similar in frequency to the structure that has been

observed the reflectance in other electron-doped

. " ) 012749 o ~1
mode. There is also an additional very weak new fine strucmaterial$”* at ~690 cm*. It has been suggested that
ture in the low-temperature reflectance -a641 and 688 Many of the fine structures observed in the cuprate systems

cm~ L. These frequencies are well above the high-frequenci'e local vibrational modes due to polaron fine structirg.
E, mode at~490 cil. A symmetry-breaking process Alternatively, a number of weak features are also seen below

would allow the Raman-active modes as well as théhe Neel transitionin CuO, including a mode at690 cm*,
longitudinal-optic (LO) modes to become weakly active. which has been attributed to th_e activation _of a zone-
However, the highest observed frequency for a Raman modePundary mode due to the redércg)t;on.of the Brillouin zone
is theE, mode at~480 cm %, suggesting that these features "esulting from the magnet!clorfd ot |skp033|ble tlha.t the
are not Raman modes. To determine the positions of the L@1agnetic order is responsible for a weak structural distortion
modes, the reflectance and optical conductivity have alsg"d the activation of the zone-boundary modes due to the

been fitted using a factorized form of the dielectric functfon COmmensurate reduction of the Brillouin zone. However, a
difficulty with this explanation is that any reduction of the

Brillouin zone should result in a number of new modes being
R , (3)  activated, rather than just the three that are observed. One of
@To,j @ ~1Y10j@ the difficulties in explaining the vibrational fine structure ob-
served in this system is the failure to observe these results on

the normally active transverse op(itO) modes, and LO and a consiste_n_t_basis in different studfés>This rai_ses the djs-
TO dampings, respectively. The fit at 15 K yields values fortinct possibility that some of these_features arise fr_om. impu-
the TO modes which are nearly identical to those shown ifti€S @nd/or phase separation, ultimately making it difficult
Table I, and LO modes at 131, 149, 332, 430, and 588%m to |d(_ant|fy a specific mechanism responsible for the origin of
respectively. None of the LO modes are close to the ney® fine structure.
features observed at low temperature, making it unlikely that
any new structure is due to the LO modes.

A more promising explanation of the splitting of the low-  The strong temperature dependence of the low-frequency
frequency mode may involve the fact that of all thg  reflectance above~250 K results in a resistivitypy,

2 2_;
2

;(w) = eocl;[

wherew o j, ®10j, YL0,j, and yro; are thejth LO and

V. CONCLUSIONS
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~1lo1(w—0) which is exponential with temperature, fol- whered is the sample thickness amdis the Fresnel reflec-

lowing the functional formpgccexpEa/ksT), where E;  tance of the bulk material,
~0.20 eV. A more detailed transport measurement yields a

slightly lower and more accurate value®f~0.17 eV. The

fact that the transport gap, is much less than the inferred T 1

optical gap A~1.2 eV, and that transport measurements of 1+

the resistivity show a departure from activated behavior for

T=<160 K to apg.>xexd(To/T)4] power-law behavior sug- o ~ _ o

gests that the transport in this material is due to variable- The complex refractive index is=n-+ik, which is re-

range hopping between localized states in the gap. lated to the complex dielectric functian= e, +ie,=n?, al-
Due to the unusual vibrational structure in,€uQ, at lowing the real and imaginary parts of the refractive index

low temperature, considerable attention was devoted to a disndk to be determined

cussion of the lattice modes. A normal coordinate analysis

has been performed to provide a detailed understanding of 1

the nature of the zone-center vibrations in this material. A n:[z[\/6§+ €5+ €1]

prominent feature close to the low-frequengy mode de-

velops at low temperature, and additional weak fine structure

is observed at high frequency. These new features appear 1 172

below Ty ¢, at roughly the same temperature at which the Pr k= [E[Vfﬁ €5~ 61]] : (A4)

moments are thought to begin to orde¢rZ00 K). Only the

low-frequencyE,, mode involves a significant Pr-Cu interac-

tion. This suggests that the new vibrational structure is due t

the antiferromagnetic order in this material and due to thé®

removal of degeneracy of this mode.

S

(A2)

S

112
: (A3)

Jhe optical properties of the bulk material are modeled using
series of Lorentzian oscillators,
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