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Effect of Ni impurities on the optical properties of YBa2Cu3O61y
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The optical properties of twinned single crystals of YBa2(Cu12xNix)3O61y have been determined for a
nominally pure system and for Ni concentrations ofx50.0075 and 0.014 with oxygen dopings ofy50.60
~underdoped! and 0.95~optimal! over a wide frequency range above and belowTc . The optical conductivity
of the twinned materials shows a rapid increase in the residual conductivity at low frequency with increasing
Ni concentration, and an unusual feature appears belowTc at '300 cm21 (37 meV), which is absent in the
pure system and is not sensitive upon oxygen content. In a detwinned crystal of the optimally doped system
this Ni-induced feature is observed only along theb axis, suggesting that Ni is doping into the chains. Since the
feature is observed in the normal state, it is not associated with the superconducting transition. The free-carrier
response in the CuO2 planes is quite different in the optimally doped and underdoped materials. The presence
of Ni in these materials has little effect upon the in-plane dynamics, but the low-frequency conductivity along
just the chains is destroyed. This suggests that Ni acts either as a localization site, or an impurity scatterer and
strong pair breaker, destroying the superconductivity along the chains and strongly reducing the anisotropy of
the system at low frequency. The feature at'300 cm21 along the chain direction is most likely due to the Ni
impurities acting as strong scattering barriers, resulting in thermally activated hopping. However, the proximity
of this feature to the estimated value of thec-axis pseudogap in the underdoped materials also suggests that
strong scattering out of the chains may be coupling to thec-axis dynamics.@S0163-1829~99!00537-8#
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I. INTRODUCTION

Since the discovery of superconductivity at high tempe
tures, YBa2Cu3O72d has been one of the most thorough
investigated systems.1–4 While the presence of CuO chain
creates an added degree of complexity in this material,
finements in growth techniques5 have allowed the intrinsic
properties ~which strongly suggest an unconvention
d-wave symmetry of the order parameter6,7! to be distin-
guished from the extrinsic effects due to impurities.8 This
serves as a natural motivation to study the optical proper
of nominally pure systems in comparison to systems i
which impurities have been selectively introduced. For
stance, it has been proposed that impurity doping in
CuO2 planes of the high-Tc superconductors may also allo
a distinction betweend wave and the variouss-wave
models.9–11 A comparison between the effects of Ni and Z
doping in YBa2Cu3O72d shows that while both Ni and Zn
are effective scatters in the normal state and preserve
linear temperature dependence of the resistivity,12–15 Zn re-
ducesTc about three times more quickly than Ni.16 There is
some evidence that the rapid reduction ofTc due to Zn dop-
PRB 600163-1829/99/60~13!/9782~11!/$15.00
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ing may be related to magnetic effects.17,18

It is primarily because of this anomalous effect uponTc

that optical studies of impurity effects in single crystals
YBa2Cu3O72d and YBa2Cu4O8 have been restricted so fa
to Zn doping.19–21While there is no unusual structure at lo
frequency that could be attributed to a gap, there is so
evidence in the mid-infrared region ('2000 cm21) for car-
rier localization along the chains due to impurity defects19

which has also been observed in early work on~undoped!
detwinned, oxygen-reduced systems.22 A larger body of
work exists of studies of Ni and Zn-doped YBa2Cu3O6.95
thin films.12,13

In this paper, we report on the effects of Ni doping on t
optical properties of twinned, single crystals
YBa2(Cu12xNix)3O61y with optimal oxygen doping (y
50.95) over a wide frequency range, above and belowTc
for a pure system (x50), a material with a light Ni concen
tration (x50.0075), and a heavy Ni concentration (x
50.014). In addition, the crystal with the lighter Ni conce
tration has been mechanically detwinned and studied at b
the optimal oxygen doping, and in the underdopedy
50.60) regime, for light polarized along thea and b axes
9782 ©1999 The American Physical Society
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and is compared to nominally pure material with the sa
oxygen content. The selective introduction of impurities
preferable to other techniques such as radiation dama23

which introduce scattering sites throughout the crystal. Ho
ever, Ni is thought to substitute preferentially into the Cu(
plane sites in YBa2Cu3O72d crystal structure,24 @although
there has been some evidence of Ni doping into the Cu
chain sites as well25,26# thus providing a well-controlled
means of studying the effects of impurities in the Cu2
planes, which are the common element to all of the cup
superconductors. A preliminary report on the results of
lightly doped crystal with optimal oxygen doping has be
previously published.27

The temperature and frequency dependence of the op
conductivity of the nominally pure twinned system is simil
to previous studies.3 However, the low-frequency residua
conductivity increases rapidly with Ni doping above and b
low Tc . In addition a shoulder in the conductivity~not seen
in the undoped systems! is observed at'300 cm21 for T
!Tc .

In the detwinned crystal with the light Ni concentration
optimal oxygen doping, the shoulder is observed only alo
the b axis, the direction of the CuO chains, and not in thea
direction. In addition, this feature is observed in the norm
state aboveTc , as well as belowTc , indicating that it is not
associated with the superconducting transition in this m
rial. While there is a great deal more residual conductivity
low frequencies along the chain direction, Ni doping h
little effect upon the CuO2 planes. In the oxygen-underdope
material with the same Ni concentration, a similar behav
along the chain direction is observed. While Ni incorporati
has relatively little effect on the CuO2 planes, the normal-
state dynamics is quite different in the optimally doped a
oxygen underdoped materials. The possible origins of
shoulder at'300 cm21 due to thermally-activated hoppin
in the chains~or possibly strong scattering out of the chai
into the bilayers! will be discussed, as well as the more ge
eral aspects of the optical properties that evolve not o
with Ni incorporation, but also with oxygen doping.

II. EXPERIMENT AND SAMPLE PREPARATION

High quality, twinned single crystals o
YBa2(Cu12xNix)3O6.95 were grown using a flux technique5

for x50.0, 0.0075, and 0.014~‘‘pure,’’ ‘‘light,’’ and
‘‘heavy’’ nickel concentrations!. The crystals were post an
nealed in a furnace under high-purity oxygen flow at 860
for 48 h, then slowly cooled to 450 °C and reannealed fo
week. The crystals had optically flat surfaces and were ty
cally 1.031.5 mm in thea-b plane, but only'50 mm
along thec axis. The pure crystal shows a narrow transiti
in susceptibility (<0.5 K) at 93.2 K, while the light and
heavy Ni concentrations show somewhat broader transit
(<0.9,1.1 K) at 91 and 89 K, respectively. A pure crys
with optimal oxygen doping from the same group has be
mechanically detwinned, allowing the optical properti
along thea andb axes to be studied. In the course of the
experiments, the crystal with the light Ni concentration a
optimal oxygen doping was also mechanically detwinn
~this crystal is referred to as ‘‘RL1138’’ in the plots!. The
crystals were first detwinned using uniaxial stress, and t
e
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reannealed in flowing oxygen at 450 °C for a week. Th
temperature is low enough so that there is negligible retw
ning, unless there are strains present in the sample. Sam
were checked for signs of retwinning by examining the
under a microscope using polarized light.

The oxygen-underdoped materials have also been ex
ined. Both a nominally pure sample and the detwinn
sample with the light Ni concentration~RL1138! of
YBa2Cu3O6.95, were first annealed at 700 °C in order to r
duce the oxygen content. After quenching to room tempe
ture, the crystals were detwinned under uniaxial stress.
crystals were then sealed in a quartz tube along with so
YBa2Cu3O61y powder that had also been treated to produ
an oxygen content ofy50.6 ~Ref. 28!. The crystals and the
powder are then annealed together at 390 °C to ensure
the crystals have a homogeneous oxygen content ofy50.6,
without going to high enough temperatures to cause retw
ning. ~Note that the samples were again checked for sign
retwinning under a polarizing microscope.! The twinned
crystal with the highest Ni concentration was also oxyg
reduced; however, this sample was not detwinned.

The crystals were mounted on optically black cones, a
the reflectance was measured from'40–9000 cm21 on a
Bruker IFS 113v using anin situ overcoating technique
which has previously been described in detail elsewher29

This technique is especially useful when measuring sm
samples, as it allows the entire face of the sample to
utilized. The measurements of the pure, detwinn
YBa2Cu3O6.95 and oxygen-reduced YBa2Cu3O6.60 samples
were performed at McMaster using the same technique w
a custom-built interferometer. While the uncertainty of t
reflectance of the gold reference limits the accuracy of
absolute value of the reflectance to60.5%, the noise in the
reflectance is typically less than60.1%. The optical conduc
tivity has been determined from a Kramers-Kronig analy
of the reflectance, for which extrapolations tov→0,̀ must
be supplied. Forv→0, the reflectance was extrapolated
assuming a Hagen-Rubens frequency dependence in the
mal state, (12R)}v1/2; below Tc a (12R)}v2 extrapola-
tion was used. When the reflectance approaches unity,
results in the region of the data are fairly insensitive to
type of low-frequency extrapolation employed.30 The reflec-
tance has been extended to high-frequency (
3105 cm21) using the measurements of Romberget al.31

and Basov and co-workers32,33 above which a free-electron
behavior (R}v24) was assumed.

III. RESULTS

A. Twinned samples

The optical conductivity for twinned single crystals o
nominally pure YBa2Cu3O6.95 (Tc593.2 K),
YBa2(Cu12xNix)3O6.95 with a light Ni concentration ofx
50.0075 (Tc591 K), and a heavy Ni concentration ofx
50.014 (Tc589 K) are shown in Figs. 1~a!, ~b!, and ~c!,
respectively. The results in Fig. 1~a! are similar to other op-
tical studies of twinned single crystals of YBa2Cu3O72d
~Refs. 3 and 4!. At room temperature, the conductivity ca
be described in general terms as a Lorentzian centere
zero frequency~Drude component! with the contribution to
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the optical conductivity in the midinfrared due to excitatio
of an unspecified nature. A general view of the free-car
response includes a frequency dependence in the scatt
rate and effective mass. This generalized Drude mode
‘‘one component’’ model has the complex dielectric functi

ẽ~v!5e`2
vp

2

v@m* ~v!/m#@v1 iG~v!#
, ~1!

wherevp is the plasma frequency of the charge carriers, a
G(v)51/t(v) andm* (v)/m describe the frequency depe
dent ~unrenormalized! carrier scattering rate and effectiv
mass enhancement over the bare~or optical! mass. The ef-
fective mass is also given bym* (v)5m@11l(v)#, where
l(v) is a frequency dependent renormalization. The co
plex conductivity iss̃(v)52 ivẽ(v)/(4p), which neglect-
ing the contributions to the imaginary part due toe` , is
s̃(v)5vp

2/$4p@m* (v)/m#@v2 iG(v)#%. The 1/t(v) and
l(v) can be found experimentally34 by

1

t~v!
5

vp
2

4p
ReF 1

s̃~v!
G , ~2!

and

m* ~v!

m
511l~v!5

vp
2

4pv
ImF 1

s̃~v!
G . ~3!

In the one-component model@Eq. ~1!# there are no explicit
contributions to the frequency dependent scattering rate
the effective-mass enhancement due to bound excitati
However, because these quantities are determined em

FIG. 1. ~a! The optical conductivity @s1(v)# for
YBa2Cu3O6.95 (Tc593.2 K). Inset: the reflectance at 295, 10
and 12 K from'50–1000 cm21. ~b! The optical conductivity for
YBa2(Cu12xNix)3O6.95 for x50.0075 (Tc591 K). Note the
shoulder ins1(v) at '300 cm21 below Tc . ~c! The optical con-
ductivity for YBa2(Cu12xNix)3O6.95 for x50.014 (Tc589 K).
Note that the shoulder ins1(v) is still visible at low temperature.
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cally, high frequencies will include the contributions to th
dielectric function from the free carriers as well as the bou
states. Consequently, the one-component model is typic
applied only at low frequencies (v&1000 cm21).

In the pure sample shown in Fig. 1~a!, as the temperature
decreases from 300–100 K there is a dramatic narrowin
the free-carrier component and transfer of spectral weigh
low frequencies. Well belowTc , at 12 K, s1(v) is sup-
pressed below'800 cm21 reaching a minimum value o
'1100 V21 cm21 at '400 cm21; below this frequency a
large amount of residual conductivity is observed ands1(v)
begins to increase with decreasing frequency. Superimpo
on the smoothly varying conductivity are several sharp f
tures which are associated with the normally active infra
vibrations of the lattice; these features will be examined
detail in a separate publication. The reflectance is show
the inset in Fig. 1~a!; it increases rapidly at low frequenc
with decreasing temperature, which is characteristic o
‘‘metallic’’ response. In the superconducting state the refl
tance is always less than unity to the lowest measured
quency ('50 cm21), indicating the presence of residu
conductivity at low frequencies.

In the YBa2(Cu12xNix)3O6.95 material with the light Ni
concentration ofx50.0075 (Tc591 K) shown in Fig. 1~b!,
the behavior ofs1(v) is similar to that of the pure materia
above and belowTc . However, there is an unusual should
in s1(v) at '300 cm21 observed belowTc , seen as a
‘‘bump’’ or slight minimum at roughly the same position i
the low-temperature reflectance.

In YBa2(Cu12xNix)3O6.95material with the heavy Ni con-
centration ofx50.014 (Tc589 K) shown in Fig. 1~c!, the
effects of nickel incorporation are quite prominent. Wh
s1(v) begins to decrease below'800 cm21 belowTc , the
minimum at'400 cm21 is now far less pronounced~almost
nonexistent!, and the amount of residual conductivity at lo
frequency has increased dramatically to the point that
'12 K, the shoulder ins1(v) is not clearly visible. How-
ever, at'6 K, the amount of low-frequency residual con
ductivity has decreased enough to allow the shoulder
'300 cm21 to be distinguished. The feature a
'300 cm21 can be seen as a weak feature in the reflecta
at roughly the same position belowTc . While the low-
frequency reflectance increases belowTc , the fact that it is
now noticeably less than in either the pure or lightly dop
materials is due to the large amount of residual conductiv
at low frequency belowTc .

We now turn to the calculation of the free-carrier spect
weight. We define spectral weight as I (v)
5(120/p)*0

v@s1(v8)dv8#, where s1(v) has the units of
V21 cm21; from the f-sum rule, in the absence of an
bound excitations,I (v→`)5vp

2 ~Ref. 35!. Because of the
non-Drude behavior of the free-carrier conductivity and t
presence of interband absorptions it is necessary to choos
arbitrary cutoff, which we take as 1 eV. This frequency i
cludes the mid-infrared band, but not the charge-transfer
citations that start at'1 eV ~Ref. 36!. In Fig. 2 the value
for I (v) is shown up to a value of 8000 cm21 for
YBa2Cu3O6.95 at 295, 100, and 12 K. In the normal state, t
curves for I (v) do not converge over the examined fr
quency range, which suggests that the midinfrared exc
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tions have a temperature dependence associated with t
We call this quantity infrared spectral weight, and the as
ciated plasma frequency the infrared plasma frequency.

The integral has been truncated atvc58000 cm21

('1 eV). The resulting values forvp , which are listed in
Table I, are quite sensitive to the choice of the cutoff f
quency. The experimentally determined values forvp can be
compared to the expected values. The measured carrier
centration in YBa2Cu3O72d has been determined37 to ben0
'6.231021 cm23. The plasma frequencyvp54pne2/m* ,
assuming thatm* 5me , and that the carrier density along th
chains isn0, and perpendicular to the chains is1

2 n0 ~if the
holes are equally distributed between the chains and
planes!, yields values of vp,a516 660 cm21 and vp,b
523 570 cm21 in the optimally doped material. In a
twinned sample, the observed plasma frequency will b

FIG. 2. I(v) for YBa2Cu3O6.95 at 295, 100, and 12 K from
'50–8000 cm21, where I(v)5(120/p)*0

vs1(v8)dv8 is the con-
ductivity sum rule;vp

25I(v→`). The values forvp in the text
have been obtained by integrating to a cutoff frequency
8000 cm21, listed in Table I. The difference in the sum rules f
T.Tc and T!Tc is normalized with respect tovpS

2 in Table I
~dot-dash line!; this value quickly converges to unity abov
'800 cm21, indicating that the condensate in optimally doped m
terials is fully formed well below the cutoff frequency.
m.
-

-

on-

e

a

combination of the chains and the planes,vp,ab
2 5(vp,a

2

1vp,b
2 )/2, or vp,ab520 410 cm21, which because of the

choice of effective mass represents anupper limit for the
plasma frequency. The values returned from the sum-
estimates are actually slightly larger than these values. H
ever, it is difficult to asses the relative contributions of t
free-carrier to the mid-infrared components, so this resul
not surprising. In any case, it should be noted that differ
values of vp simply scale the results for 1/t(v) and
m* (v)/m. The values ofvp for the pure, lightly, and
heavily doped materials are all within'700 cm21 of each
other (vp'21 000 cm21 at T*Tc , using a cutoff frequency
of 8000 cm21!, indicating that the carrier concentration r
mains unaffected at these levels of nickel doping.

We also calculate a second spectral weight and pla
frequency, the Drude spectral weightvpD , by performing a
nonlinear least-squares fit of the simple Drude conductiv
with a constant scattering rate, to the optical conductivity
low frequency, just aboveTc . While the Drude model does
not describe the optical conductivity over a wide frequen
range, by restricting the fit to low frequencies only~typically
<500 cm21!, an estimate of the spectral weight associa
with the narrow free-carrier component may be determin

The third spectral weight we calculate is that of the s
perconducting condensatevpS determined from the real par
of the dielectric function forT!Tc in the superconducting
state. In a system where all of the normal-state carriers
lapse into the superconducting delta function, the real par
the dielectric function in Eq.~1! becomes e(v)5e 8̀
2vpS

2 /v2, wherevpS is the plasma frequency of the conde
sate. The inset in Fig. 3 showse1(v) vs v22 at 12 K for the
three materials; linear regressions of the straight lines y
~with the penetration depths in brackets! vpS59740
6400 (1634 Å), 91406400 (1741 Å), and 7320
6300 cm21 (2174 Å) for the nominally pure, light, and
heavy Ni concentrations, respectively. The low value forvpS
in the material with the heavy Ni concentrations indicate
sharp reduction in the strength of the condensate at 12
However, at 6 K the value forvpS587306400 cm21 indi-

f

-

ct-
sum

n for
TABLE I. The estimated infrared (vp) and Drude plasma frequencies (vpD) for T.Tc , and the plasma frequency of the supercondu
ing condensate (vpS) for T!Tc , determined from an analysis of the real part of the dielectric function as well as optical-conductivity
rules, for YBa2(Cu12xNix)3O61y twinned and detwinned single crystals, fory50.60 and 0.95 oxygen dopings.~All units are in cm21 unless
otherwise noted.!

Eiab Eia Eib
YBa2(Cu12xNix)3O6.95 Tc ~K! vp (vpD) @vpS# vp (vpD) @vpS# vp (vpD) @vpS#

‘‘pure’’ 93.2 21 360 (9660) @9740# 16 990a — @9947#a 26 600a — @14 470#a

0.0075 91 20 590 (9580) @9140# 16 710 (6610) @8976# 23 380 (14 520) @9130#
0.014 89 21 080 (10 580) @7320#b — — — — — —

Eiab Eia Eib
YBa2(Cu12xNix)3O6.60 Tc ~K! vp (vpD) @vpS# vp (vpD) @vpS# vp (vpD) @vpS#

‘‘pure’’ '59 — — — 14 090c — @6420#a 21 390c — @8720#a

0.0075 '57 — — — 13 250 (5510) @5620# 19 710 (8330) @5820#
0.014 '55 17 790 (6250) @5280# — — — — — —

aThese values were determined from the data in Ref. 32.
bThe strength of the condensate is'8700 cm21 at 6 K, indicating that the condensate still has some temperature dependence eveT
!Tc .

cMeasurements performed at McMaster~unpublished!.
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9786 PRB 60C. C. HOMESet al.
cating thatvpS still possesses some temperature depende
even forT!Tc , in agreement with measurements ofl(T) at
microwave frequencies.8 It is notable that the estimate
Drude weight and the weight of the condensate are com
rable, indicating that most of the spectral weight that c
lapses into the condensate originates at low frequencies.
effect is shown most clearly by the normalized spec
weight of the condensate shown in Fig. 2, which is cal
lated by taking the difference of the sum rules forT*Tc and
T!Tc , and dividing by the value of condensatevpS

2 ~Ref.
38!; by '800 cm21 this value has approached unity, ind
cating that nearly all of theab-plane spectral weight ha
gone into the condensate.

The frequency dependent effective penetration de
lab

21(v)52pAvs2(v) is shown in Fig. 3 from
'50–1500 cm21 for the nominally pure, light, and heav
Ni concentrations at 12 K. There is a rapid increase
lab(v) at low frequency with increasing Ni content. Th
extrapolated values oflab(v→0)'1600, 1800, and 2200 Å
for the nominally pure, light, and heavy Ni concentration
respectively, are in good agreement with the values for
penetration depth calculated above from the real part of
dielectric function~summarized in Table II!.

The two most striking features in the optical conductiv
that evolve with increasing Ni concentration are the lo
frequency residual conductivity and the unusual shoul
seen ins1(v) at '300 cm21. The increase in the low
frequency residual conductivity coincides with the decre
in the strength of the condensate belowTc , while the plasma
frequency of the normal-state carriers stays essentially c
stant~see Table I!.

B. Twin-free systems

1. Optimal oxygen doping: YBa2Cu3O6.95

The optical conductivity for the detwinned single crys
of YBa2(Cu12xNix)3O6.95 for x50.0075 (Tc591 K) for
Eia @s1a(v)# at 295, 100, and 12 K from'50–1500 cm21

FIG. 3. Theab-plane frequency dependent penetration depth
YBa2(Cu12xNix)3O6.95, for the nominally pure material and sev
eral different Ni concentrations. At low frequency,lab(v) in-
creases rapidly with increasing Ni concentration. The extrapola
values oflab(v→0) are in good agreement with the values det
mined from a plot ofe1(v) vs v22 shown in inset; full circle,
square, and triangle for 0, 0.0075, and 0.014 Ni concentrati
respectively.
e,
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is shown in Fig. 4~a!; the conductivity forEib is shown for
the same temperatures and over the same range in Fig.~b!.
The reflectance forEia andEib is shown in the insets from
'50–1000 cm21 in Figs. 4~a! and 4~b!, respectively. Light
polarized along thea axis probes just the CuO2 planes, while
light polarized along theb axis probes the CuO chains, a
well as the CuO2 planes.

The overall nature ofs1a(v) in Fig. 4~a! is similar to that
of s1(v) in the same twinned sample in Fig. 1~b!. However,
in the normal state the Drude-like profile used to describe
carriers is much narrower than in the twinned sample. Be
Tc the residual conductivity at low frequency is steadily d
creasing with increasing frequency and reaches a minim
at '500 cm21. However, at low temperature the minimu
in s1a(v) is <500 V21 cm21, which is less than half of

n

d
-

s,

TABLE II. The penetration depthl(T)51/2pvpS(T)(Å) at T
!Tc ('12 K) in YBa2(Cu12xNix)3O61y twinned and detwinned
single crystals, fory50.60 and 0.95 oxygen dopings.

Material l (Å)
YBa2(Cu12xNix)3O6.95 Tc ~K! Eiab Eia Eib

‘‘pure’’ 93.2 1634 1600 1100
0.0075 91 1741 1773 1702
0.014 89 2174 — —
YBa2(Cu12xNix)3O6.60 Tc ~K! Eiab Eia Eib

‘‘pure’’ '59 — 2480 1825
0.0075 '57 — 2832 2735
0.014 '55 3014 — —

FIG. 4. ~a! The optical conductivity for the detwinned singl
crystal YBa2(Cu12xNix)3O6.95 (x50.0075, Tc591 K) for radia-
tion polarized along thea axis. This polarization probes just th
CuO2 planes. Note the lack of any feature at'300 cm21. ~b! The
optical conductivity for radiation polarized along theb axis. This
polarization probesboth the chains and the planes. Note the prom
nent feature at'300 cm21 visible above and belowTc , and the
large amount of residual conductivity at low frequency. Insets sh
the reflectance.
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that observed ins1(v) in the twinned sample. The presen
of Ni at the 0.0075 level seems to have very little effect
s1a(v), and overall is very similar tos1a(v) in studies of
nominally pure, detwinned systems.32,39 No spectral feature
at '300 cm21 is observed in this polarization.

The picture fors1b(v) shown in Fig. 4~b! is dramatically
different. The additional presence of chains along theb-axis
direction results in an increase of the plasma frequency a
s1b(v) that is considerably larger thans1a(v), as expected
At room temperature,s1b(v) is quite broad. However, fo
T*Tc some narrowing and transfer of spectral weight to l
frequency has occurred, but what is unusual is that the sh
der at'300 cm21, which was previously observed only fo
T!Tc in the twinned and detwinned samples,39 is now
clearly visible in the normal state; indications of this featu
can also be seen in the reflectance. BelowTc , there is a
decrease in the low-frequency conductivity associated w
the formation of a superconducting condensate. The pres
of the shoulder ins1b(v) above and belowTc indicates that
the'300 cm21 shoulder is not feature of the supercondu
ing state in Ni-doped YBa2Cu3O6.95.

The frequency dependent penetration depth is show
Fig. 5 for YBa2(Cu12xNix)3O6.95 with the light Ni concen-
tration (x50.0075,Tc591 K) along thea andb axis at 12 K
from '50–1500 cm21. For v*300 cm21, la(v)
.lb(v). However at low frequency,lb(v) increases rap-
idly to approachla(v), while la(v) remains relatively con-
stant. The extrapolated values ofla(v→0)'1850
6100 Å andlb(v→0)'18006100 Å are in good agree
ment with the values the plasma frequency of the conden
~Table I! determined frome1(v), shown in Table II. The
normal-state in-plane anisotropy as determined by the r
of the plasma frequenciesvp,b

2 /vp,a
2 '1.9–2.1, is in good

agreement with previous estimates.32 However, the in-plane
anisotropy belowTc taken from la /lb , is '1.4 at high
frequency, but asv→0 the materials become complete

FIG. 5. The frequency dependent penetration depth in a
twinned single crystal of YBa2(Cu12xNix)3O6.95 for x50.0075
(Tc591 K). Note that la(v).lb(v) over the illustrated fre-
quency range, but below'300 cm21 lb(v) increases quickly
~indicated by the arrow! and the values converge asv→0 to
'18006100 Å , for Eia and Eib, shown as filled and open
circles, respectively. Inset: A plot ofe1a(v) ande1b(v) vs v22 at
12 K for v'50–500 cm21. In the clean-limit case, the slope
vpS

2 , which from a linear regression isvpS589766400 and 9130
6400 cm21 for Eia andEib, respectively.
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isotropic, suggesting that the superconductivity along
chains has been destroyed. The rapid increase inlb(v) at
low frequency is similar to that seen inlab(v) in the
twinned samples, indicating that the behavior in the twinn
systems is a reflection of the chain dynamics rather than
in-plane dynamics.

The inset in Fig. 5 shows the real part of the dielect
function forEia andEib vs v22 at 12 K; linear regressions
yield values of vpS589766400 cm21 (1773 Å) and
vpS591306400 cm21 (1702 Å) along theEia and Eib,
polarizations, respectively. Thus within experimental err
there is no anisotropy in theab plane asv→0.

At this point, it is useful to compare the results for th
optical conductivity of a nominally pure, detwinned sing
crystal of YBa2Cu3O6.95 grown by the same group with tha
of the twinned and detwinned material with a light Ni co
centration. The optical conductivity of nominally pur
YBa2Cu3O6.95 at 12 K from '50–1500 cm21 is shown in
Fig. 6~a! for Eia and Eib; while the results for
YBa2(Cu12xNix)3O6.95 with a light Ni concentration (x
50.0075) at 12 K over the same frequency range forEia
andEib are shown in Fig. 6~b!. In both cases the results fo
the twinned crystal (Eiab) have also been included. Th
insets show the reflectance at 12 K from'50–1000 cm21

for both of the respective materials. These two mater
have the same optimal oxygen doping, so the number
oxygen vacancies in the chains should be the same. H
ever, in the nominally pure material, theEia andEib curves
have a similar character, and there is no indication o
shoulder in any of the conductivity curves, including th
twinned crystal for which the signal-to-noise ratio is qu
good. In comparison, the shoulder in the conductivity
clearly visible in the twinned crystal with a light Ni concen
tration.

e-

FIG. 6. ~a! The optical conductivity for nominally pure twinne
and detwinned single crystals of YBa2Cu3O6.95. Note the absence
of any feature in the optical conductivity in either the twinned
detwinned sample at'300 cm21. Inset: the reflectance at 12 K
~b! The optical conductivity for the twinned and detwinned crys
of YBa2(Cu12xNix)3O6.95 for x50.0075. Note that the shoulder i
s1(v) seen at'300 cm21 is only seen forEib in the detwinned
sample, and is absent forEia. Inset: the reflectance at 12 K.
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9788 PRB 60C. C. HOMESet al.
While the spectra forEia in the nominally pure crystal and
the crystal with a light Ni concentration look almost iden
cal, theEib curve for the Ni-doped material isquitedifferent
than its counterpart in the pure material; the shoulder
'300 cm21 is quite prominent and the large amount of r
sidual conductivity at low frequency has washed out
minima seen ins1b(v) in the nominally pure crystal.

This comparison suggests a number of things. The
sence of any feature at'300 cm21 in the nominally pure
detwinned YBa2Cu3O6.95system suggests that it is not due
oxygen vacancies, but rather to Ni impurities. The similar
of the conductivities in the copper-oxygen planes@s1a(v)#
for the nominally pure and lightly doped materials, wh
viewed in conjunction with the dramatically different co
ductivities along the chain direction@s1b(v)# suggest that
the CuO chains, which can apparently be viewed as one
mensional in character, are very sensitive to the presenc
impurities, and that a significant fraction of the Ni appears
doping into chain sites.25,26 However, it is difficult to esti-
mate from these data the relative concentration of the N
chain and plane sites. The presence of Ni in the chain s
also leads to a sharp reduction in the strength of the su
conducting condensate along the chain direction~Table I!,
and therefore the anisotropy of the Ni-doped material. T
observation is consistent with the suggestion that it is
disorder~or impurities! in the chains32 of YBa2Cu3O72d that
are responsible for the low anisotropies which have b
observed in early studies of these materials.40

From an examination of the twinned sample with t
heavy Ni concentration, it is clear that the position of t
'300 cm21 feature does not shift with increasing Ni do
ing. However, it is important to examine both nominally pu
and Ni-doped, detwinned oxygen-reduced samples to de
mine if the position of this feature is sensitive to oxyg
content.

2. Oxygen underdoped: YBa2Cu3O6.60

The detwinned sample~RL1138! has been oxygen
reduced to YBa2(Cu12xNix)3O6.60 for the light Ni concentra-
tion (x50.0075), with an estimatedTc'57 K. Note thatTc
has only been measured directly for the pure oxygen-redu
material,Tc559 K. In view of the effect of Ni incorporation
on Tc in the optimally doped materials, it is likely that tha
the Tc of the lightly doped, oxygen-reduced material is su
pressed by'2 K. However, this has not been explicitl
measured. The optical conductivity forEia at 295, 70, and
12 K from '50–1500 cm21 is shown in Fig. 7~a!; the re-
flectance for the same temperatures from'50–1000 cm21

is shown in the inset. The overall value ofs1a(v) is much
lower than is observed in the material with optimal-oxyg
doping due to the decrease in the number of carriers in
planes; the extrapolated value of s1a(v→0)
'1600 V21 cm21, while it is *4500 V21 cm21 in the
optimally doped material with the same Ni content. T
minimum in the conductivity forT!Tc has not changed po
sition, and is still'500 V21 cm21, which appears to be a
general feature of these materials.41,42There are a number o
features ins1a(v) that are associated with phonons, but
unusual weak feature at'300 cm21 may now also be dis-
tinguished at low temperature. However, this feature isnot
t
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seen in the normal state, so it is uncertain if it is related to
feature seen at the same frequency in the chains.

The optical properties along theb axis of the underdoped
material are quite different from those of the CuO2 planes.
The conductivity for Eib at 295, 70, and 12 K from
'50–1500 cm21 is shown in Fig. 7~b!; the reflectance for
the same temperatures from'50–1000 cm21 is shown in
the inset. At room temperature,s1b(v) is quite flat. Just
aboveTc the low-frequency component of the conductivi
has narrowed, but it appears that the response observ
commensurate with the narrowing that is observed in Cu2
planes@s1a(v)#, which cannot be distinguished from th
chains in this polarization. BelowTc , there is a slight col-
lapse of the conductivity at low frequency due to a trans
of spectral weight into the condensate, but it also appe
that this response is due entirely to the planes. In the nor
state there is a feature at'300 cm21 which becomes quite
prominent atT*Tc , but does not appear to change in po
tion or strength belowTc .

A comparison between the frequency dependent pene
tion depths along thea andb axis is shown in Fig. 8 at 12 K
from '50–1500 cm21. As in the case of the optimally
doped materialsla(v) is essentially frequency independe
and lb(v) is equal tola(v) at zero frequency, butlb(v)
decreases rapidly with increasing frequency. The ze
frequency penetration depths agree with those calcula
from the plasma frequency of the condensate~shown in
Tables I and II!. The inset in Fig. 8 showse1a(v) and
e1b(v) vs v22 at 12 K; a linear regression of the straig
line yields vpS556206300 cm21 and 58206300 cm21

for Eia andEib, respectively.

C. Chain conductivity

It has been proposed that the conductivity along
chains may be determined bysch(v)5s1b(v)2s1a(v)

FIG. 7. ~a! The a-axis conductivity for oxygen-reduced
YBa2(Cu12xNix)3O6.60 for x50.0075 (Tc'57 K). Inset: the re-
flectance at 295, 70, and 12 K.~b! The b-axis conductivity. The
feature at'300 cm21 is now quite prominent above and belo
Tc . Inset: the reflectance at 295, 70, and 12 K.
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~Ref. 22!. The chain conductivity determined in this mann
is shown in Fig. 9~a! for YBa2(Cu12xNix)3O6.95 for x
50.0075 at 295, 100, and 12 K and in Fig. 9~b! for
YBa2(Cu12xNix)3O6.60 for the same light Ni concentration a
295, 70, and 12 K from'50–1000 cm21. As Fig. 9~a!
shows, apart from a scale factor the chain conductivity
very similar for the two doping levels: the room-temperatu
conductivity is flat but a peak develops at low temperat
with a sharp drop at'300 cm21. The overall scale facto

FIG. 8. The frequency dependent penetration depth in a
twinned single crystal of oxygen-reduced YBa2(Cu12xNix)3O6.60

for x50.0075 (Tc'57 K). Note thatla(v).lb(v) over the il-
lustrated frequency range, but below'300 cm21 lb(v) increases
quickly ~indicated by the arrow! and the values converge asv→0
to '28006200 Å, for Eia and Eib, shown as filled and open
circles, respectively. Inset: a plot ofe1a(v) and e1b(v) vs v22;
linear regressions yieldvpS556206300 cm21 and vpS55820
6300 cm21, for Eia andEib, respectively.

FIG. 9. ~a! The optical conductivity along the chains@s1b(v)
2s1a(v)# for the detwinned optimally doped
YBa2(Cu12xNix)3O6.95 material with the light Ni concentration.~b!
The optical conductivity along the chains for the oxygen-redu
material with the same Ni concentration at 295, 70, and 12 K fr
'50–1000 cm21. Note the absence of any temperature dep
dence throughTc .
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that would make the two sets of spectra collapse on top
one another is'1.6, which, within experimental error, i
precisely the ratio of the number of chain oxygens for t
two compositions 6.95 and 6.60, namely 1.58. The same
havior is also observed in the pure materials for the same
oxygen stiochiometries, where the conductivity ratio in t
midinfrared along the chain direction is again'1.6. Thus we
are led to the conclusion that the properties of the chains
independent of doping in this range of oxygen concen
tions; the only effect of oxygen is to add to the number a
length of the chain fragments. This view is in agreement w
the results of x-ray absorption fine structure, where it
found that above a composition of 6.50, the average vale
of the chain oxygens does not change.43

The temperature dependence ofs1b(v) in Fig. 4~b! ap-
pears to originate only partly from the chains. As Fig. 9~a!
shows, the conductivity along the chains at 295 K is ess
tially frequency independent. The only change in the cond
tivity that occurs with decreasing temperature is related
most entirely to the feature at'300 cm21; this feature is
entirely absent at 295 K, and reaches full strength aboveTc .
With the exception of some residual conductivity at low fr
quency, there appears to be little change insch(v) below
Tc . If the localized carriers exhibited a broad mid-infrare
absorption, then optical-conductivity sum-rule calculatio
in the normal state would not be able to distinguish betwe
a free-carrier component and localized carriers. As Tab
indicates, for the cutoff frequencies examined, there is
appreciable decrease in the value returned by the sum ru
the cutoff frequency upon Ni incorporation. However, if th
carriers are localized on the Ni sites in the chains, then
provides an alternative to strong pair breaking to explain
decrease in the strength of the condensate along the ch
below Tc ~Table I!.

In Fig. 9~b!, the oxygen-underdoped sample with th
same Ni doping, the room-temperature conductivity is f
quency independent. Except for a slight uniform increase
the conductivity, the most dramatic change with decreas
temperature is the appearance of the feature at'300 cm21;
entirely absent at 295 K, it is fully formed atT*Tc ~this
behavior is identical to the material with optimal oxyge
doping!. Below Tc , there is essentially no change ins1b(v)
over the entire low-frequency range. As in the previous ca
this suggests that the conductivity at low frequency along
chains is not metallic and that the presence of Ni has tot
destroyed the superconductivity along the chains. This ef
can also be inferred from the plasma frequency of the c
densate; ifvpS,ch

2 5vpS,b
2 2vpS,a

2 then in the nominally pure
material with optimal oxygen dopingvpS,ch'10 500 cm21,
but in the optimally doped material with a light Ni conce
tration vpS,ch'1670 cm21, which is only 3% of the con-
densate density of the pure material. A similar behavior
observed in the underdoped material, where the nomin
pure material yieldsvpS,ch'5900 cm21, while the same
material with the light Ni concentration hasvpS,ch
'1510 cm21, only 7% of the condensate density of th
nominally pure, undoped material. The fact that the infer
conductivity along the chains for the optimally doped a
underdoped materials with the light Ni concentration@Figs.
9~a! and 9~b!# is almost frequency independent, suggests
ther carrier localization or very strong elastic scattering h
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9790 PRB 60C. C. HOMESet al.
destroyed the coherent Drude peak. In accord with this, th
is a nearly complete absence of superconductivity in
chains. It is striking that while the relatively low Ni concen
tration has little effect on the superconductivity on t
planes, it is enough to destroy the condensate on the ch

To display the feature at 300 cm21 more clearly, in Fig.
10 we subtract out the room-temperature incoherent ba
ground, and plotsch(10 K)2sch(295 K) for the material
with the light Ni concentration, for the optimally and oxyge
underdoped systems.

IV. DISCUSSION

A. Localization and hopping

In what follows we focus on the chains since, at the lo
level of doping of our samples, the conductivity of the Cu2
planes is unaffected by the nickel impurities, and all t
a-axis spectra look the same in the detwinned samples,
the optical properties being determined by solely by oxyg
content. The incorporation of Ni into these materials w
initially thought to occur mainly in the CuO2 planes. How-
ever, the profound effect of the Ni upon the conductiv
along the chains indicates that a substantial amount of N
in fact doping into the chains. While highly ordered chai
are expected to exhibit metallic properties,32,44 the failure of
the chains to display a Drude-like response shows that
presence of even a small concentration of Ni impurities
the chains has destroyed not only the coherent metallic
havior of the chains but also their superconductivity. In wh
follows we discuss several models that yield such incohe
response. We start by summarizing what is known about
300 cm21 feature, the most striking manifestation of N
doping in theb-axis conductivity spectra.

The feature at 300 cm21 has been observed in the thin
film absorptivity,45 but is not reproducible. A recent study o
radiation damage in single crystals23 also shows a shoulder a
s1(v) at '300 cm21, but this feature was not consistent

FIG. 10. The conductivity along the chain direction with th
room-temperature contribution removed, sch(10 K)
2sch(295 K) @where sch(v)5s1b(v)2s1a(v)#, from
'60–1000 cm21 for YBa2(Cu12xNix)3O61x for x50.0075,
y50.95~optimally doped!, andy50.60~underdoped!. The two cal-
culated curves depict the conductivity due to a localization proc
@s loc , from Eq. ~4!#, and a hopping process@shop , from Eq. ~5!#.
Both curves have been scaled to illustrate their functional for
and are intended only as a guide to the eye.
re
e

ns.

k-

e
th
n
s

is

e
n
e-
t
nt
e

observed. In the twinned samples examined here, there i
indication of this shoulder in the normal state, which initial
led to the suggestion that this may be a feature of the su
conducting state. Also, recent calculations of the optical c
ductivity of a dirty d-wave superconductor predict such
shoulder in the conductivity in the region of twice the max
mum value for the gap.10

While studies of nominally pure, twinned, and detwinn
YBa2Cu3O72d crystals generally do not indicate any stru
ture in the 300 cm21 region,32 there has been a report of
feature in this approximate region forT!Tc along the chain
direction in adetwinnedcrystal. In this study by Schu¨tzmann
et al. on a detwinned YBa2Cu3O72d crystal,39 it was sug-
gested that oxygen vacancies at low temperatures w
strong backscattering barriers for the carriers in the cha
and that the feature at 300 cm21 was due to thermally acti-
vated hopping across oxygen defects in the chains.39 On the
other hand, there have been a number of studies on subs
tions for Cu by Fe, Co, Al, and Au in YBa2Cu3O72d ~Refs.
46–48!, which suggest that these impurities dope primar
into the chains, creating disorder and forming fragmen
There is also evidence that in PrBa2Cu3O72d , where the
hole doping in the chains is expected to be the same as in
Y-based material, there is strong carrier localization in
chains,49 leading to a large peak in the optical conductivity
'1600 cm21 at low temperatures.50

A system of carriers in the presence of a large amoun
disorder can give rise to a conductivity peak through re
nant phononless absorption.51 The optical conductivity for
this process at low temperature is52,53

s loc~v!5
p2

3
e2g0

2\v2arv
4 , kBT!\v, ~4!

wherea is the localization length,g0 is the density of states
and r v5a ln(V0 /v), whereV0 is a measure of the overla
between the two localized states, and will be model dep
dent. The frequency dependence of this expression
s loc(v)}v2@ ln(V0 /v)#4, which gives a broad absorptio
peak with a maximum atV0 /exp(2). This form of the con-
ductivity is shown in Fig. 10 ~dashed line! for V0
'2200 cm21, which gives a peak centered at'300 cm21.
The conductivity increases rapidly, but falls off rather slow
at high frequency, in contrast to the rapid decrease of
high-frequency conductivity in the optimally doped materi
as well as the oxygen-underdoped materials. Furtherm
other evidence for localization in the chains includes the
called ‘‘chain peak,’’19,22,40,50which is seen at much highe
frequencies ('2000 cm21) than the peak at'300 cm21 ob-
served in both the optimally doped, as well as the oxyg
underdoped material, in this work.

While detailed calculations have been performed for
optical conductivity have been performed on disorde
chains,54 an analytic expression for the hopping conductiv
along a chain~at low temperature! is given by55

shop~v!54p2ce0vp,b
2 v0

2v23sinh21S pv0

v D , ~5!

where v0 is the frequency of the hopping excitation, an
vp,b is the plasma frequency of the carriers in the chai
This form of shop(v) will have a maximum atv0
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'vF /(clb), where vF is the Fermi velocity, andl b is the
mean-free path of the carriers in the chains.

The hopping conductivity, which is calculated and sho
in Fig. 10 forvp,ch55500 cm21 andv05280 cm21 ~dot-
dash line!, provides a somewhat better description of t
conductivity along the chains. Thus it may be the case
the Ni impurities act as barriers for forward scattering in t
way that oxygen vacancies were originally thought to.

The hopping conductivity has been calculated in Fig.
only for low temperature, orkBT!\v0, where v0
'300 cm21 is the frequency of the hopping excitation. A
room temperature ('210 cm21) where kBT'\v0 there
will be a large amount of thermally excited hopping and t
frequency dependence of the hopping conductivity will
strongly reduced; at 100 K ('70 cm21) kBT,\v0 and the
response should then be expected to follow the form of
~5!. This yields the expected temperature dependence of
feature.

B. Chain-to-bilayer and interbilayer scattering?

There is another possible, more speculative origin of
feature at'300 cm21. The assumption that scattering ca
occur only along the chains is restrictive, and it is possib
that the carriers in the chains are also being scattered a
Ni impurity sites into the CuO2 bilayers~and perhaps othe
chains!, thereby coupling to thec-axis transport. As origi-
nally pointed out by Anderson56 this mechanism transform
an enhancedconductivity in the ab plane to an enhance
resistivity in the c-axis direction. In the light of this it is
significant that the location of thepeak in sch(v) at
'300 cm21 is almost identical to the value of th
pseudogapin the conductivity along thec axis, which has
been observed in YBa2Cu3O61y for y<0.9 ~‘‘underdoped’’!
materials,57 at '280–310 cm21. Two important character
istics of thec-axis pseudogap are~i! that it develops in the
normal state primarily between room temperature andTc ,
and~ii ! that its position is not sensitive to the level of oxyg
doping. The shoulder ins1b(v) @or sch(v)# is also ob-
served to develop in the normal state and the position of
shoulder does not change with oxygen doping.

The shoulder is observed in the chains at the same p
tion in the optimally doped material as the feature obser
in the underdoped system. However, this presents a diffic
as no pseudogap is expected in the optimally doped sys
This would imply that the Ni doping into the chains creat
the local conditions necessary for ac-axis pseudogap, thu
the preferential scattering at Ni sites will produce the sa
general feature, regardless of the oxygen content. Ther
reason to believe that this may indeed be the case. Meas
ments of Zhaoet al. ~see Fig. 10 in Ref. 58! suggest that Ni
u-
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doping has the effect of reducing the carrier concentratio58

an effect that at first glance is unexpected since in its nor
valence state, Ni is expected to be a hole dopant. Never
less, the magnitude of the effect is such as to reduce
doping level in the limit ofx51 ~the total substitution of Ni
for Cu!, from 6.95 to 6.60. The assertion that the substitut
of Ni into a Cu~1! site creates the local conditions for
pseudogap is, however, speculative and thus this argum
must be viewed as weaker than the localization and th
mally activated hopping arguments.

V. CONCLUSIONS

The optical properties of twinned and detwinned sing
crystals of nominally pure and Ni-doped YBa2Cu3O61y , for
(y50.95) and oxygen underdoped (y50.60) materials, have
been examined over a wide frequency range, above and
low Tc .

In the detwinned systems, Ni destroys the low-frequen
conductivity in the chains@suggesting that there is a substa
tial amount of Ni being incorporated into the Cu~1! chain
sites#. The sharp reduction of the condensate along the ch
direction strongly reduces theab-plane anisotropy below
Tc , and indicates that the chains are not superconduct
The incorporation of Ni does not appear to have an effect
the conductivity in the CuO2 planes.

A feature at'300 cm21 is observedonly along the chain
direction, and is present above and belowTc indicating that
it is not associated with the superconducting transition. If
Ni sites are strong backscattering barriers, then the shape
temperature dependence of the conductivity are descr
fairly well by a thermally activated hopping model. Alterna
tively, the proximity of this feature to the pseudogap alo
thec axis suggests that there may be strong scattering du
the Ni impurities out of the chains into the bilayers whic
allows the chains to couple to thec-axis electrodynamics
this explanation requires that Ni create the local conditio
for a pseudogap along thec axis.
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