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Localization by disorder in the infrared conductivity of Y ;_,Pr,Ba,Cus;05 films
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Theab-plane reflectivity of (Y _,Pr,)Ba,Cu;O; thin films was measured in the 30—30 000 cnmange for
samples withk=0 (T,=90 K), x=0.4 (T.=35 K), andx=0.5 (T;=19 K) as a function of temperature in
the normal state. The effective charge density obtained from the integrated spectral weight decreases with
increasingx. The variation is consistent with the higher dc resistivityxXer0.4, but is one order of magnitude
smaller than what would be expected for-0.5. In the latter sample, the conductivity is dominated at all
temperatures by a large localization peak. Its magnitude increases as the temperature decreases. We relate this
peak to the dc resistivity enhancement. A simple localization-by-disorder model accounts for the optical
conductivity of thex=0.5 sample.
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[. INTRODUCTION The optical conductivity of untwinned single crystals of
nonsuperconducting PrB@u;O; (PBCO shows that substi-
The only consensus on the electronic properties of théution of Y by Pr empties the CuQplanes and localizes the
normal state of high-, superconductors is that they are not charges into a midinfrared band presumably along the CuO
conventional. Examples of models describing cuprates noichains?’ Optical (Ref. 28 (x=<0.35) and coherent THRef.
mal state are charge stripepplarons’® and various flavors  29) (x<0.4) data on the in-plane response of Pr-YBCO sup-
of modified Fermi liquid~" and Luttinger liquicf All these ~ POrt a picture in which the localization grows continuously
models assume a strong electron-electron and/or electroMith Pr doping. More recently, Bernhard and co-workers
phonon interaction. The disorder introduced by cationic ormeasured the far-infrared-axis conductivity of Pr-YBCO
oxygen doping influences the spectrum of excitations, makUsing ellipsometry. Their data suggest that Pr acts as an un-
ing the physics of the system more complex. Indeed, Basogerdoping agenit’ For their highest dopingx(=0.45) they
et al® propose that the Drude-like peak observed in the infind some indirect support of charge localization. However, a
frared spectra of irradiated YB&u;,O, (YBCO) moves up localization peak has not been resolved in Pr-YBCO.
in frequency to a localized state. Problems that have been We investigate Y_,PrBaCu;0; samples withx=0,
discussed now for many years are the relevance of disordé:4, and 0.5. The superconducting state of the first two com-
to localization and localization to superconductivity, in par- Positions is discussed in detail elsewh&rén this paper we
ticular near the metal-insulator transitidhi? In cuprates, resolve the localization peak in Pr-YBCO at the composition
this could apply to a strongly underdoped material. AnotheX=0.5. A simple localization model based on Pr disorder
twist appears with the observation of a normal-state gap ifieproduces this localization peak. We suggest that a signature
underdoped cupratés:® It was first observed as a Of this peak is already present in tie-0.4 compound and
pseudogap in NMR datd. It was later associated with the competes with the normal-state gap opening.
departure from linearity in the resistivity:'® Puchkov and

co-workers .proposed. that the apparent optical conductivity Il EXPERIMENT
spectral weight loss in the normal state of underdoped cu-
prates is a manifestation of the pseudogap. Thin films of pure and Pr-doped YB@u;O,; were grown

There is a significanfand somewhat contradictoripody by sputtering on stabilized zirconig’SZ) substrates. The
of literature suggesting both hole depletion in the GuO samples are-axis oriented and typically 5000 A thick. The
planes and localization in Pr-substituted compoufid& In  four-point electrical dc resistivity is shown in Fig. 1, giving
this paper we describe the optical reflectivity of Pr-dopedT,=90 K (x=0), T,=35 K (x=0.4), andT.=19 K (x
YBa,Cu;0; (Pr-YBCO) ab-plane thin films as a function of =0.5). The resistivity of thec=0.5 compound is almost an
temperature. order of magnitude highdright-hand side scalehan that of
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FIG. 1. Temperature dependence of the dc resistivity of
(Pr,Y)BaCuO; films on YSZ. Note that the<=0.5 compound

(right-hand axig is almost one order of magnitude more resistive — At At
thanx=0.4 and pure YBCO. The temperature where the resistivity 0 300 »11000 1500
no longer shows a linear thermal dependence is indicateb*by Frequency (cm )

FIG. 2. Real part of the optical conductivity of Pr-YBCO films
pure orx=0.4 Pr-YBCO(left-hand side scaje The dashed on YSZ. From top to bottom=0, 0.4, and 0.5. The solid symbols
straight lines help to locate approximately the pseudogajre obtained from the dc resistivity for the corresponding tempera-
opening temperaturel ) in the Pr-doped samples, indicated tures in the normal state. In the=0.5 sampler; is dominated by
by the arrows. Note that in the=0.5 compound an upturn @ peak around 300 crl. The inset shows the scattering rate at 100
before the superconducting transition occurs. One relevart f_or all sa_mples. The scales for tlxe=0.4 and 0 conductivities are
point to this work is that similafT*’s can be seen in under- Sh'ﬂedflw'thflresF’eCt to thex=0.5 sample by 2000 and
doped YBCO film$® havingT,’s of 70 K and 60 K. 40002 cm*, respectively.

Our infrared reflectivity spectra were obtained with a . B
Bruker IFS 66v interferometer between 30 and 7000 &m at 100 cm and not more than 2% at 200 crh Above
A 4 K bolometer was used to take data up to 500 érand 250 cm - the differences are negligible. _
a DTGS/KBr pyroelectric detector was used in the midinfra- A generalization of the Drude model can be obtained us-
red. Near-infrared and visible data between 4000 andnd @ frequency-dependent scattering fatédefined as
30000 cm! were measured in a Cary 4000 grating spec-
trometer with a photomultiplier. In the overlapping spectral EZZ_Wgz g1 1)
range, measurements from both spectrometers agree within T Zy pgi+02’
0.5%. We used gold mirrors as a reference for measures in ) . ]
the Bruker spectrometer and silver mirrors in the Cary. WeZo=377 €2 being the vacuum impedand@,,, the effective
utilized a He gas flow cryostat to measure the spectra beRlasma frequency, is related to the charge densityarrier
tween 6 K and room temperature in the whole frequencyeffective massm*, and vacuum permittivitye, by Q3
range. The temperature stability during the measurements N€’/ e;m*.>* Here o(w)=0o4+io, is the complex con-
was better than 0.5 K. Polypropileriéar-infrared and vis-  ductivity.
ible) and ZnSe(midinfrared windows were used to cover ~ One can estimate the plasma frequency through the clas-
the whole spectral range. sical sum rule

Z ©
2_70
lll. DATA ANALYSIS 2p=—], oul@)de. @
The spectral functions were determined for our sample®ne usually introduces a cutoff energly-2 eV} in order to
by Kramers-Kronig transform. At low frequencigbelow  restrict the integration to the free carrier contribution. Equa-

30 cm?) a Hagen-Rubens extrapolation was used at altions (1) and(2) assume tha®,, 7%, andw are measured
temperatures, including the superconducting state. Above the cm~* ando, in Q= cm ™.

highest measured frequency (30000 ¢inthe reflectivity
was assumed to be constant up t§ kfin~ ! followed by a
o~ % termination to infinity. Below 150 K our samples are
opaque enough to avoid a significant contribution from the Figure 2 shows the real part of the optical conductivity for
substrate. We also checked that different low-frequency exall three samplest=0, 0.4, and 0.5. The normal-state low-
trapolations do not change the conductivities more than 7%requency conductivity extrapolates consistently at various

IV. RESULTS
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TABLE I. Pr-YBCO characteristic parameterb, and AT, (in AL R A DAL LR LR I
parenthesgsare directly obtained from the resistivity in Fig. @, - EBm—— ]
andN.¢; are obtained with Eq2) integrating the room-temperature 100 P k=05 .‘_
optical conductivity up to 1.5 eMNg¢; uses the bare electron mass I YBCO
asm*. « is the slope of the linear part of the resistiviigashed - l g
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The YBCO film exhibits a conventional behavior. Its ) _
spectral response does not change significantly in the normal FIG- 3. Thermal dependence of the charge densiymalized
state from 150 K to 100 K and is dominated by a Drude-liket© its value at 300 Kcalculated with Eq(2) integrated up to 1.5 eV.
peak. YSZ is not the best substrate to grow YBCO. For in-The arrows indicate the critical temperature for each sample. The
stance, the residual conductivity in the superconducting statg‘:’t'mated error ilNey is roughly twice the symbol size. The inset

is twice as high as that from the best fillsHowever. our ows the same data, now normalized for all samples to the effec-

YBCO'’s normal-state conductivity and scattering rate are’® charge of YBCO at 300 K.

gualitatively and quantitatively the same as those from good
samples?

In the x=0.4 film the free carrier response is still the  Even though there are not many data points in Fig. 3, we
major contribution to the normal-state conductivity. The losscan infer some general trends for each sample. In pure
of spectral weight from~800 cni* down to 300 cm®  YBCO we observe that, within experimental ermi; does
observed at temperatures abdveis assigned to the opening not vary in the normal state. In the=0.5 sampleNg; in-
of the normal-state gaf. It is worth remarking at this point creases when cooling down to 50 K and then begins decreas-
that a weak shoulder appears at 250 ~¢érin the 40 K spec- ing. The increase is consistent with the accumulating spectral
trum. weight in the low-frequency peak. The decrease at low tem-

A major change, consistent with the huge increase in theratures is the signature of the superconducting transition.
dc resistivity, is observed in the=0.5 sample. The free The x=0.5 Pr sample exhibits a clear peak at
carrier contribution is not seen and is replaced by a broad-250 cm !. Experiments in YBCO and pure PBCO have
peak centered around 250 cmthat dominates the far- shown a peak in the conductivity when light is polarized
infrared spectruntbelow 700 cm'). These spectra do not along theb axis?”® In pure PBCO, the peak at an energy
show any signature of a pseudogap or of the superconducting1700 cmi! has been assigned to localized carriers in the
transition. Actually, an opposite effect is observed since thehains?’ In single-domain YBCO crystals, thie-axis con-
magnitude of the peak around 250 chincreases with de- ductivity displays a peak at 300 cni !, again assigned to
creasing temperature. the chains® Other authors did suggest disorder on Pr sites or

In the inset we show the frequency-dependent scatteringh oxygen environmerf?® Two-dimensional2D) localiza-
rate calculated with Eq(1). The YBCO film displays a stan- tion within the CuQ planes has also been propog&df Lo-
dard behavior with a scattering raterldepending roughly calization by disorder is notorious ifisuperconducting
linearly on frequency in the normal state. In the Pr-samples’3° Similar peaks have already been observed in
substituted samples the absolute value of ihtreases and high-T, compound$’—#? some of them being purposely
some structures appear at low frequencies (250 9m  disordered*! Therefore, we propose to assign this peak to
Both effects indicate a lower mobility of charge carriers with states localized by disorder in our samples, whether in the
a possible localization effect. chains or in the planes.

The values for(}, estimated from the conductivity inte- The influence of Pr ions located between the cuprate
grated up to 1.5 eV af=300 K are shown in Table |. The planes on the energy of the electronic states in their vicinity
charge carrier concentratiot is derived from(}, assum-  has two different reasons. First, Pr changes the energy of the
ing thatm* is the bare electron mass. In Fig. 3, we displaycarriers in each CuQplane. Second, Pr changes the electron
the thermal evolution of.¢; for each sample normalized by hopping matrix element between the planes since the hop-
its value at 300 K. The estimated errorNiy¢; is about twice  ping occurs via either Y or Pr orbitals. Due to the hopping,
the symbol size. The arrows indicate the measurgdAll the wave functions of the electronic states are either even or
samples exhibit a decrease of the carrier density when crossdd with respect to the reflection in the Y/Pr plane. The
ing T, associated with the spectral weight transferred to theelectronic density of the odd states vanishes at the Y/Pr
zero-centered function. The inset shows the same data nor-plane, and, therefore, Pr influences the even and odd states
malized byN4¢; of YBCO at 300 K for all samples. differently. Localization in the planes can be described by a

V. DISCUSSION
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simple quantum-mechanical model, a shallow 2D potential =~ 3000 ——
well of radiusa and depthU: [
2500 |
—Ugy, p<a, 52 C

U(p)= >~ Vo, () 2000

0, p=a, m* a

wherep is the in-plane distance. Equati@8) implies that Pr _§
ions modify in their vicinity the effective crystal potential ¢
acting upon the carriers. Thereforea 2s expected to be

1500 |

1000 |,| Localized ‘o

close to the lattice parameter in the Gu@ane, whileU, o states N LeeesttT MIR band ]
depends on the parity of the state. The depths of the well 500 |, _,,-"‘\\ 2
should be typically of the order of 1 eV due to a relatively - TN eee L 3
large difference between Pr and Y ions. However, due to the obdes s v v v s ST
two dimensionality of the system, this potential yields a 0 500 1000 1500 2000

weakly bound state with energyeqg<Uy: Frequency (cm'”)

m* aze experimental data are the solid circles. The solid line is composed
of two localization peaks and a mid-IRMIR) peak. The individual
with the Fourier component of the wave function contributions of the localization peaks are shown by the dashed
line. The dotted line is the MIR contribution.

_ 2m? _2h® 1 7 FIG. 4. IR conductivity at 50 K of thex=0.5 sample. The
o m*a? Uo/’

p(q)=2m (5)

1+12g?’ bution to o1 (w~|eo|/h) if N.>Ng|eo| /A for |eq| 7/hi>1

or N >Nofi/|gg| 7 for |gq| /2> 1, whereN, is the concen-

where the radius of the bound statel isfi/y2m*[eo|>a.  tration of the mobile carriers participating in the Drude-like

An external electric fieldE=Eq,e '“! (E, being the field conductivity.

amplitude at the frequencyw=—e,/fi causes transitions  Virtually any conducting oxide shows a broad over-

from the localized to band states with momentum damped midinfrared banMIB). Several papers attempted

=2m* (hw+ gy). Using Fermi's golden rule, we obtain the to describe this band in terms of various excitations such as

transition ratgprobability per time unijtfrom the (q) state  polarons*~*°stripes?® two magnorf” etc. Nevertheless, no

to the band states: conclusive evidence to support any of this effects as being

the MIB exists. For any practical purposes, it is widely ac-

2 cepted that the characteristics of the Miisition and spec-

(hw)? fao(l_ f80+ﬁw)E0’ 6) tral weigh) can be obtained from a Lorentz oscillator. There-
fore, the general case for the conductivity composed of

wheref,,:o and f80+ﬁw are the filling factors of the states. disordered and midinfrared states gives

Equation(6) assumes that the perturbation corresponding to

the dipole interaction with the electric field &=

—i(e/m* w)pE, p being the momentum operator. The en-
ergy dissipation rate in a mediutper unity volume is pro-
portional to o1(w)E2. In other words, the contribution of where the first summation is on disordered states and the
one localized state to;(w)E3 is proportional to the energy second is the Lorentz MIR statés.Ae is the oscillator
absorbed per transition multiplied by the transition rate. Itstrength,(), the resonance frequency, apdts damping.
then follows that the optical conductivity due to localized The solid circles in Fig. 4 show the conductivity of the
states is proportional t9V(w) in Eq. (6) multiplied by 7 w x=0.5 sample at 50 K. Since the Pr substitution influences
and the concentration of the localized staigs Neglecting the odd and even states differently, one expects two different
the w dependence of, ., the contribution of the local- localization energies in the system, which correspond to con-
ized states with the energy; to oy(w) atw=—&, /% isthen  {ribution of the odd and even statesan(w). The solid line
written as is a fit using the model in E8) with two disordered stat&%

and one MIR oscillator. The fitting parameters 4eg")|
hwo+eg =110 cm?, AM=18x1FQ"* cm? B
(ﬁ—)3' (7 =200 cmil, A@=15x10°0"1 cm 2, Ae=90, Q,

@ =1800 cmi!, and y=5500 cm’. Individual contribu-
whereA is a constant proportional to the concentration of thetions from disordered localized states and MIR bands are
bound states. At a temperatuFe part of the localized states shown, respectively, by dashed and dotted lines. The chosen
is empty due to thermal excitation, and the thermally acti-values forA®) and A®) correspond td\, ~ 10 cm™? for
vated carriers contribute in the Drude-like way to the opticalodd and even states amif of the order of the bare electron
conductivity. The localized states give the dominant contri-mass. Going back to E¢4) we can estimate the radius of the

92 ﬁw-l—so
W(w)=—-271h—c¢
m*

m n 2
)= 3, o+ 3, 2 2y’

®

o (w)=—Agg
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potential well. Sincea~ \/Eh/«/Uom*In(UO/|so|), for & lator strength is smaller and the mobile carriers response
~200 cnil(25 meV) andU,=1.0 eV, we obtaina dominates the specfta since the conditions N
close to 2 A. This radius of the potential well indicates that™Nol&o| /% or NL>No#/[eo| 7 are not yet fulfilled there.
the changes really happen at the atomic level, consistent with One may argue that substitution of Ba atoms by Pr would
our picture of disorder introduced by Pr ions. invalidate our model. However, Pr considerably replaces Ba

Below 700 cmi?, the IR conductivity shown in Fig. 4 is Only at very specific synthesis conditions forming crystals
mostly described by this localization model. The model re-Superconducting at 90 R=>*This is clearly not the case in
produces the amplitude and the asymmetric shape of the |Qur films where Pr depletes superconductivity. We conclude
calization peak weff® The dc conductivity, however, is due therefore that our samples have Pr atoms in Y sites, in agree-
to a small free carrier contribution. ment with previous work&?~** o

Localization reconciles the apparent contradiction be- It is interesting to note that the loss of spectral weight in
tween the dc resistivity and the optical conductivity in the YBCO occurs at all frequencies below800 cm *.** Why
x=0.5 sample. The inset of Fig. 3 shows the behavior of thdhen is the loss of spectral weight in the=0.4 material
carrier densityN,; (normalized here to the 300 K YBCO limited to the 300-800 cm' range? According to thex
valug. The linear parts of the resistivity in Fig. 1 have their =0.5 behavior, the localization peak evolves in the opposite
slopes shown in Table I. If Matthiessen’s law were roughlydirection of the normal-state gap. We suggest that the local-
followed, the ratio between slopes should be proportional tdzation peak in thex=0.4 sample compensates the normal-
the ratio of the charge densities. The loss in spectral weigHitate gap spectral weight loss in the 200 “¢megion, thus
for x=0.4 follows satisfactorily the slope change observed irexplaining the apparent discrepancy between underdoped
the dc measurements. The ratio between the resistivity slop@d Pr-substituted YBCO.
is 0.79 and the integrated charge density ofxke0.4 com-
pound equals 76% that from YBCO. This suggests that what
we observe here has to be mainly assigned to actual under-
doping, namely a decrease of the ration*. In summary, the optical response of Pr-YBCO films

A striking effect appears on th&=0.5 Pr sample. shows the localization of the charge carriers, thus clearly
Whereas its dc conductivity is 5% of pure YBCO, the inte-indicating the coexistence of localization and superconduc-
grated carrier density is 65% of that from YBCO, entirely tivity. A peak in the optical conductivity due to this localiza-
inconsistent with the observed resistivity increase. The slop#ion effect is fully resolved in the= 0.5 Pr-YBCO sample at
ratio (0.24) is not of much help in solving this puzzle. We are 250 cni' . We argue that such a localization is already
thus led to conclude that the high dc resistivity in the present in thex=0.4 sample and compensates the normal-
=0.5 sample is related to the localization of free carriersstate gap spectral weight loss. The localization peak is de-
rather than to the decrease in their concentration. The Drudé&cribed through in-plane disorder introduced by Pr atoms.
like peak related to mobile charge carriers becomes a peak
centered at 250 cit without a strong loss of spectral
weight.

Such a disorder induced localization must build up gradu- The authors are grateful to G. Deutscher and R. Combes-
ally with Pr concentration and localized states have to beot for helpful comments, and to B. Briat for his help with
present in thex=0.4 sample optical conductivity. The the visible measurements. One of (®&P.S.M.L) acknowl-
frequency-dependent scattering rate of the 0.4 and x edges financial support of UE Grant No. 93.2027.IL. E.Y.S.
=0.5 samples shows similar structures around 250 ‘tm acknowledges support from the Austrian Science Fund via
At this very frequency, the optical conductivity of the  Project No. M591-TPH. This work was partially supported
=0.4 material has a shoulder. Thus the localization peak iy the Oren Family chair of Experimental Solid State Phys-
already present in the=0.4 compound. Of course its oscil- ics.
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