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Role of oxygen in the electron-doped superconducting cuprates
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We report on resistivity and Hall measurements in thin films of the electron-doped superconducting cuprate
Pr,_Ce,CuOy4.s Comparisons between x=0.17 samples subjected to either ion irradiation or oxygenation
demonstrate that changing the oxygen content has two separable effects: (1) a doping effect similar to that of
cerium and (2) a disorder effect. These results are consistent with prior speculations that apical oxygen removal
is necessary to achieve superconductivity in this compound.
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A striking property of the high-temperature cuprate super-
conductors is that the superconducting transition temperature
(T,) depends on the number of carriers put into the copper
oxygen planes (i.e., doping). In the electron-doped (n-doped)
cuprate system RE,_,Ce CuO, (RE=La,Pr,Nd,Sm,Eu),
Ce** partially replaces the rare earth ion (RE**) thereby in-
troducing electrons into the CuO, plane.! However, for these
materials doping alone is insufficient: Oxygen reduction is a
necessary step to achieve superconductivity. Usually, this re-
duction process is done by annealing the sample in a low
pressure oxygen environment. Oxygen has a strong effect not
only on T, but also on many other properties such as the
resistivity and Hall effect,” and the temperature at which an-
tiferromagnetic order is established.> Understanding why
oxygen reduction is vital for superconductivity, and why it
has such a strong effect on the transport and other normal
state properties of n-doped cuprates, is the focus of this
paper.

Of the ideas put forth to explain the role of oxygen reduc-
tion in the n-doped cuprates, the predominant explanations
are to decrease impurity scattering,* to suppress the long-
range antiferromagnetic order in the CuO, planes,>® or to
change the number of mobile charge carriers.” Oxygen in
RE,CuO, occupies two sites in the ideal lattice: sites in the
CuO, plane and in the PrO layer. In practice, a small percent
of oxygen (=1%) is also found to occupy a third, impurity
site (the apical site) located directly above the copper in the
CuO, plane. Therefore, a decrease in impurity scattering and
the appearance of superconductivity is consistent with the
view that oxygen is removed from the apical sites. Indeed,
neutron scattering experiments found an average apical oxy-
gen reduction of =0.06 per formula unit® in undoped
Nd,CuO,. By contrast, Richard et al.> and Riou et al.® re-
ported that, for superconducting samples, oxygen reduction
occurs primarily in the CuO, planes and they suggested that
this suppresses long-range antiferromagnetic ordering in the
plane and allows the competing phase of superconductivity
to appear. In the context of charge carriers, Jiang et al.’
found oxygen reduction to increase the number of holelike
carriers in a two-band model of these materials.

When a metal is cooled down to low temperatures, the
electrical resistivity is dominated by impurity (or disorder)
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scattering. The residual resistivity p, is inversely propor-
tional to the carrier density and the time between impurity
scattering events. The Hall coefficient Ry at low tempera-
tures is primarily related to the number of carriers. It is there-
fore possible to differentiate disorder effects from carrier
concentration effects by measuring both p, and Ry at low
temperatures. Our experiment looks at one of the n-doped
cuprates, Pr,_,Ce,CuQ,, s (PCCO), and is based on a com-
parison between oxygenated thin films and optimally pre-
pared thin films subjected to ion irradiation, primarily a
source of disorder. One should bear in mind that if oxygen
has a doping effect, then adding oxygen should add holes
into the CuO, planes, and thus act in a manner opposite to
cerium doping. Most prior transport studies as a function of
oxygenation>’ and irradiation”!! were performed on
samples having optimum Ce doping, x=0.15. In that case,
adding disorder (by irradiation) or holes (by adding oxygen)
would have the same effect on T, and p,, i.e., 7, would
decrease and p, would increase as the material became either
disordered or “underdoped,” and the results would be nearly
indistinguishable from each other (see Fig. 1). It is therefore
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FIG. 1. T, versus doping phase diagram (schematic) for PCCO.
Dashed line indicates optimal cerium doping (x=0.15). The star on
the diagram indicates the Ce doping presented in this paper. Elec-
tron carrier concentration increases to the right. Increasing oxygen
concentration decreases the electron carrier concentration and is
represented by moving to the left. Upon cerium doping, the material
becomes more metallic and the residual resistivity decreases as one
moves to the right in the diagram.
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more informative to study the overdoped region where add-
ing holes would result in an increase in T, and an increase in
po as illustrated in Fig. 1. The results of our analysis in this
paper show that changing the oxygen concentration in over-
doped PCCO can be described by two additive effects: one
due to a change in carrier concentration, and another due to
disorder.

Thin films of c-axis oriented, overdoped PCCO
(x=0.17) were deposited from a stoichiometric target onto
(001) oriented SrTiO; substrates using a pulsed laser depo-
sition technique. A LPX 300, 248 nm KrF excimer laser pro-
vided a fluence of 1.5-2 J/cm? at a frequency of 10 Hz,
yielding =0.3 A per pulse. The substrate temperature was
maintained at =770 °C in a 230 mTorr N,O environment,
inside a vacuum chamber. Annealing (oxygen reduction) was
performed postdeposition, in situ, at =720 °C in a low pres-
sure N,O environment. The time of the annealing was ad-
justed to give a sharp and symmetric transition in the imagi-
nary component of ac-susceptibility measurements, which
we used as a measure of sample quality. The typical full
width at half maximum was better than 0.2 K for all the thin
films in this study. The N,O pressure was varied depending
on the desired result. The film subjected to ion irradiation
was prepared using “optimal annealing” conditions, which
started at a pressure of 1 X 10~ Torr and decreased down to
3 X 107 Torr, where the pressure was maintained for the re-
mainder of the annealing. In order to increase the oxygen
content for the oxygenated films, we increased the N,O pres-
sure relative to the “optimal annealing” pressure and main-
tained this pressure for the entire annealing process. This
increase in total pressure results in an increase in the oxygen
partial pressure which corresponds to an increase in the oxy-
gen population relative to optimally reduced films. The time
of the anneal is then adjusted in order to minimize the width
of the superconducting transition in ac-susceptibility mea-
surements. All annealing times for either method were be-
tween 10 and 17 min. The oxygenated films were annealed
in 1 X107, 1X1073, and 2.3 X 10~ Torr of N,O. The film
thicknesses were ~3000 A, as determined by Rutherford
backscattering spectroscopy. All films were patterned into a
Hall bar geometry using either photolithography or a me-
chanical mask and ion milling. The oxygenated films had the
typical eight contact pad Hall geometry. The film used in
irradiation was patterned such that up to six Hall bars could
be irradiated separately along a shared current path. This
sample was irradiated with 2 MeV H" ions in doses of 0, 1,
2.5, 8, and 32X 10" ions/cm?2. Transport measurements
were performed in a Quantum Design Physical Property
Measurement System in fields up to 14 T and in tempera-
tures down to 350 mK. Cerium overdoped samples
(x=0.17) were chosen to maximize the chance of observing
an increase in T, caused by increasing the oxygen content, as
mentioned above.

Figure 2 shows the ab-plane resistivity measurements as a
function of temperature for both the oxygenated and irradi-
ated films. Measurements were performed in zero magnetic
field and also in 10 T field, applied parallel to the ¢ axis. We
determined the transition temperature from the peak in the
derivative plot (‘-JE versus T) of the zero field data. The re-

dT
sidual resistivity was calculated from the normal state data
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FIG. 2. ab-plane resistivity versus temperature for x=0.17
cerium-doped PCCO films. Symbols are data taken in zero applied
magnetic field. Dashed lines are taken in 10 T field (H| ¢ axis) and
coincide with H=0 T above T.. Scales for (a) and (c) are the same,
as well as for (b) and (d). (a) Films with different oxygen content.
The arrow indicates the order of increasing oxygen, and the corre-
sponding post-deposition annealing pressures are: 1X 1074 (OJ),
1x1073 (A), and 2.3 107" Torr (). (b) Full temperature scale
for the same oxygenated films presented in (a). (c) A single, opti-
mally annealed, film subjected to increasing irradiation doses. The
arrow indicates the order of increasing irradiation corresponding to
doses 0 (O0), 1 (O), 2.5 (A), 8 (V), and 32 (<) X10' ions/cm?.
(d) Full temperature scale for the irradiated film presented in (c).

measured in 10 T, using the relation p=p,+AT? with p,, A,
and B as the free parameters. Here we were interested in
extracting p,. The oxygenated samples [Fig. 2(a)] show an
increase in py and a decrease in 7, with increasing oxygen
content. The irradiated sample [Fig. 2(c)] shows the same
behavior with increasing dose, however the change in T, for
a given change in p, is larger than in the oxygenated
samples.

In Fig. 3, we show the results of the Hall measurements.
For the temperature range shown, field sweeps of =14 T
were used to determine the Hall coefficient (Ry). The oxy-
genated samples show a decrease in magnitude of Ry as the
oxygen content increases. The trend is consistent with a de-
crease in cerium doping, from x=0.17 toward x=0.16. T,
however, does not increase as would be expected from a
purely cerium-doping standpoint (Fig. 1). In contrast, the ir-
radiated sample shows an increase in Ry with irradiation.
Since the relative change in Ry of the irradiated sample is in
the direction opposite to that observed in the oxygenated
samples, we make the assumption that the primary result of
irradiation is to induce disorder (i.e., affect scattering) with
no effect on the carrier density. This allows us to use the
irradiation data as a measure of only the disorder for these
samples. This assumption draws on the fact that 2 MeV H*
ion irradiation mainly creates oxygen vacancies and intersti-
tials, with no loss of total oxygen. This rearrangement of the
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(b) FIG. 3. Hall coefficient (Rp)
versus temperature for the same
films in Fig. 2. Scales for both
plots are identical. Although this
material is classified as n doped,
Ry is positive on the overdoped
side of the doping phase diagram.
(Ref. 17). (a) Films with different
oxygen content (arrow indicates
order of increasing oxygen). The
data labeled x=0.16 (@) is from
an optimally annealed x=0.16
cerium-doped thin film. (b) Single
(optimally annealed) film sub-
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oxygen should have a minor effect on the carrier density.’!”

The above-mentioned observations lead us to the model
chosen to analyze the data and to ultimately clarify the role
of oxygen in this class of material. The residual resistivity is
given by pozﬁ where m” is the effective mass, n is the
carrier density, e is the electronic charge, and 7 is the time
between elastic scattering events. The Hall coefficient for a
simple metal is given as RH=nl—e. PCCO is usually not clas-
sified as a simple metal and its transport properties have been
qualitatively interpreted in terms of a two-band model.!>!
However, using a two-band model, without expanding the
number of measurements, makes quantitative analysis dubi-
ous. Thus we restrict ourselves to the one-band Drude model
and bear in mind that this model is oversimplified. While we
do not calculate the carrier density from Ry, we do use Ry as
an empirical measure of carrier concentration. Also, since Ry
is related to the number of carriers and p to both the number
of carriers and impurity scattering, it is possible to differen-
tiate disorder effects from the carrier concentration effects by
measuring p, and Ry at low temperatures.

Using these assumptions, we now determine the contribu-
tion to py and 7. due to additional disorder in the oxygenated
samples. We then compare the disorder effect on 7, with the
measured 7, and we show that the oxygenated samples have
an additional, positive contribution to 7., which has a behav-
ior similar to that of cerium doping. In order to show this, we
write the residual resistivity of the oxygenated samples as

m" 1 1
Po(02) = e2(n+An)<:0+:1>’ )

where An represents any change in the carrier density, 7,
represents the low temperature elastic scattering term inher-
ent in the optimally annealed system, and 7, represents the
low temperature elastic scattering term due to additional dis-
order introduced by the extra oxygen. The effective mass is
taken to be independent of doping!>'® and is a constant in
this analysis. After expanding the (n +1An) factor, we rewrite

Eq. (1) as Apy(O,) by subtracting py.

jected to increasing irradiation
doses (arrow indicates order of in-
creasing irradiation dose).

An 1 An
—+—|1-—]].
nty T n
The first term represents changes in the oxygenated samples
due only to changes in the carrier concentration. The second

term contains effects from both additional disorder and car-
rier concentration. To simplify Eq. (2), we rewrite it as

Apy(0,) = Apy(Rp) + Apy(disorder),

()

ne

Apy(0) = 2 [—

3)

where we use Ry as a measure of carrier concentration.
Equation (2) tells us that we are able to separate the
effects of oxygen on the residual resistivity if we can elimi-
nate % in the second term. We calculate Apy(O,) for each
oxygen sample from the raw data by using the sample an-
nealed at 107* Torr as the reference p,. This sample is cho-
sen as the reference because we are interested at looking at
the changes due to oxygen within the oxygenated samples
and this sample most resembles the “optimally annealed”
sample in terms of Ry and p,. The doping term [first term in
Eq. (3)] is determined from previously published data'’ on
optimally annealed samples, where the Hall coefficient and
residual resistivities for various cerium dopings are known
[Fig. 4(a)]. From this data we determine the expected change
in the residual resistivity for a given change in Hall coeffi-
cient Apy(Ry) using the x=0.17 cerium doping as our refer-
ence. We subtract this from Apy(O,) giving a quantity we
will call Apg ncorrectea(disorder). This term is not quite the
disorder term in Eq. (3) since we need to eliminate the carrier
concentration dependence. We can determine this depen-
dence, (1 —%) in Eq. (2), by taking the ratios of the residual
resistivities of previously reported cerium-doped samples
and plotting them as a function of the change in Ry from the
x=0.17 composition [Fig. 4(b)]. This can be easily seen if we
let the residual resistivity of the x=0.17 be py(0.17)=-"2—

ne-

and all other cerium dopings represented by
——mt
po(x)_(n+An) 0

.
- Here we assume 7, does not depend on

cerium-doping.'® The (1 —%) factor can now be determined
from Fig. 4(b) for a given AR, within the oxygenated
samples. This factor is then divided out of
APo uncorreced(disorder). We are now left with the term in Eq.
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FIG. 4. (a) Plot of p, versus Ry at T=2.5 K for optimally an-
nealed cerium-doped samples. Cerium concentrations are labeled

next to each data point. (b) Carrier concentration correction factor
po(x) . .
[m] versus change in Ry at T=2.5 K for optimally annealed

cerium-doped samples. (c) AT, versus Ap, for the irradiated
sample. All of the dashed lines are fits to the data.

(3) due to disorder, i.e., Apy(disorder). This is the crucial
term that we will need in the next step to determine how T
is affected by disorder in the two more oxygenated films.

We use the irradiation data to make a correlation between
Ap, and the change in T, (AT,) due to disorder, in order to
determine the expected change in 7, of the oxygenated
samples due to disorder. We assume that the change in 7. can
be written in the same fashion as Eq. (3).

AT,.(0,) = AT.(Ry) + AT (disorder). (4)

The disorder term on the right-hand side is determined from
the irradiation data, shown in Fig. 2(c) and summarized in
Fig. 4(c). With this plot we can now determine AT, (disorder)
for each Apy(disorder) calculated in the previous paragraph
for the two more oxygenated samples. We subtract
AT, (disorder) from AT.(O,), as determined from Fig. 2 us-
ing the 10~ Torr sample as the reference, for the two more
oxygenated samples. The result is the contribution to the
change in 7, of the oxygenated samples from a change in
carrier concentration, i.e., AT.(Ry) in Eq. (4). We plot our
results in Fig. 5 along with the data from cerium-doped
samples.

The trend in the oxygenated samples, after our analysis, is
consistent with the trend in the cerium-doped samples, i.e.,
T. increases as Ry evolves toward optimal doping
(x=0.15). This is the interesting, and most important, result
of the research presented in this paper. We see from Fig. 5
that the positive contribution to 7. from hole doping in the
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FIG. 5. Change in T, versus change in Ry at 7=2.5 K. Doping
contributions to the change in 7., AT.(Ry), of the x=0.17 oxygen-
ated samples after the analysis described in the text (A). Optimally
annealed cerium-doped samples ((J). Inset shows the raw data from
the oxygenated samples (V) along with AT.(Ry) from the analysis.

oxygenated samples (A data) is overshadowed by the nega-
tive contribution due to the disorder introduced by the oxy-
genation (inset V data). This finding explains why changing
the oxygen content in x # 0.15 samples never results in the
maximum 7, (=22 K) of x=0.15 samples.

We have shown that oxygen has an effect on the proper-
ties of PCCO that can be separated into two parts: disorder
and doping. Based on this result, we now present a possible
explanation for the long-standing puzzle of why oxygen re-
duction is needed to produce superconductivity in the
n-doped cuprates. We will speculate on the relation between
superconductivity and antiferromagnetism, as well as the lat-
tice sites where oxygen is removed during reduction.

The overall effect of adding oxygen to a superconducting
PCCO (x=0.17) sample is similar to ion irradiation, with
regard to disorder. However, irradiation and oxygenation are
not expected to have the same effect on antiferromagnetism.
It has been clearly shown that 7, increases as the oxygen
content increases (from an optimal reduction)®!*?" in the
n-doped cuprates. In contrast, one would expect Ty to de-
crease upon irradiation.?! To that extent, our data support the
conjecture that the suppression of 7, by oxygenation is pri-
marily disorder driven and is not related to any competing
long-range antiferromagnetic order at this cerium doping.
Conversely, oxygen reduction is necessary to minimize the
disorder which is responsible for inhibiting superconductiv-
ity.

This suppression of 7. by disorder gives some insight into
where oxygen is removed during the reduction process. Let
us look at this problem from the other perspective and con-
sider the case of adding oxygen to a reduced sample. In this
case, there are three sites where the oxygen could be enter-
ing: the CuO, plane; the PrO layer; or the apical sites. The
first two sites are regular lattice sites and the reincorporation
of oxygen into those sites would restore the regular lattice
potential and reduce disorder. The last possibility, the apical
site, is most likely to increase disorder as it is predominantly
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an impurity site in close proximity to the CuO, plane. Irra-
diation, on the other hand, introduces disorder mainly by
creating vacancies in the CuO, plane.'! Since oxygen is not
removed from the material in this process, it must then be
displaced into interstitial sites of which the apical site is a
possibility. The disorder from irradiation then comes from
both the in-plane and the interstitial sites. Our data suggest
that this disorder is quantitatively similar to adding oxygen,
which brings us to the speculation that changing the occupa-
tion of the apical (or interstitial) sites influences the disorder
for a given cerium doping more than disorder from in-plane
vacancies or from the PrO layer. This interpretation of the
effect of out-of-plane disorder is consistent with Fujita ef
al.*> who reported a strong suppression of T, due to out-of-
plane disorder in the hole-doped cuprates La,_,Sr,CuO, and
BiZSrZCuO6+5.

PHYSICAL REVIEW B 73, 104510 (2006)

In summary, we have presented Hall and resistivity data
on overdoped (x=0.17) PCCO thin films subjected to either
oxygenation or ion irradiation. The results of the analysis
demonstrate that oxygen has both a doping effect and a dis-
order effect. Of the two terms, the disorder effect dominates
any change in 7. when the oxygen content is changed. Ad-
ditionally, while we do not know exactly where oxygen is
removed during the reduction process, we conclude that re-
moval of oxygen from the apical sites is responsible for the
reduction of the disorder that inhibits the appearance of su-
perconductivity in the n-doped cuprates.
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