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Comprehensive investigations of superconductivity in the charge-doped high-temperature super-
conducting cuprates often involve examining the evolution of physical properties within a series
of samples having controlled variations of some dopant element − most frequently oxygen. Many
important observations have been extracted from such experiments, however, the associated mea-
surements are by nature discrete snapshots of the evolving material. We demonstrate here a novel
approach to sample preparation of the high-Tc cuprate YBa2Cu3Ox. By post annealing a uniformly
overdoped YBa2Cu3Ox (x ≈ 7.0) film in a low pressure O2 atmosphere with a thermal gradient
across the film length, we have successfully grown a charge gradient YBa2Cu3O∇x sample, i.e., a
film having a varying oxygen doping level along the length of the substrate. Surprisingly, we observe
three distinct regimes of oxygen distribution across the sample, as well as behavior pointing to a
full alignment within the a-b plane.

PACS numbers: 74.25.Dw, 74.62.Bf, 74.25.Bt

The charge doping − temperature, p − T , phase di-
agram of high critical temperature (high-Tc) supercon-
ducting cuprates have been extensively studied for over
two decades as an accurate understanding of it is an
essential step towards establishing the origin of super-
conductivty in these materials. In many of these com-
pounds the oxygen content, in addition to driving struc-
tural transitions, determines the amount of hole or elec-
tron doping in the superconducting CuO2 planes. The
standard method for investigating the evolution of elec-
tronic ground states in these materials is to prepare a
series of samples with various fixed levels of oxygen con-
tent upon which to perform experimental investigation
of physical properties, see e.g., Refs. [1 - 6]. It would,
in many cases, be beneficial to have even higher exper-
imental resolution of the evolving properties under in-
vestigation − ideally a continuum of physical specimens
to examine. Here, we demonstrate a novel method for
the growth of a single film having a monotonically vary-
ing oxygen content as a function of the physical distance
along the sample, resulting in a ‘phase diagram on a
chip’ of the high−Tc cuprate YBa2Cu3Ox, which we re-
fer to as YBa2Cu3O∇x. The film was characterized with
bulk magnetization M(T ), x-ray diffraction, and resis-
tivity R(T ) measurements taken in succession, followed
by polarized optical imaging. From these measurements
we can confirm the monotonically evolving charge dop-
ing distribution along the film. A smooth evolution of
oxygen content along the sample length conforming to
the local temperature along the thermal gradient is ex-
pected. However, contrary to this assumption, we find
three physically distinct regimes of oxygen distribution.
From analysis of the data we observe (1) a full stabiliza-

tion of the p = 1/7 doping state which depletes a wide
range of the adjacent hole concentrations as well as a
quasi-stabilization of the p = 1/8 doping state, and (2)
behavior consistent with a de-twinning of the lattice of
the film.

I. EXPERIMENT

A. Sample Preparation

An epitaxial YBa2Cu3Ox film was grown on a <001>
SrTiO3 substrate (` × w = 1.0 cm × 0.5 cm) via the
pulsed laser ablation method using a 248-nm laser. Fol-
lowing the method of Ref. [7], the target material used
for the ablation process was prepared from stoichiomet-
ric quantities of Y2O3, Ba(NO3)2, and CuI. All heating,
cooling, and annealing of the target material were car-
ried out under flowing oxygen at a rate of ∼ 150 cm3 /
min. During the ablation process, the laser beam was
focused onto the target over an area of 1 mm × 2 mm
with an incident energy of ∼ 110 mJ, and a pulse rate of
10 Hz. The film was deposited at 780 ◦C in 280 mTorr
of flowing oxygen with the incoming gas directed into
the laser plume directly above the substrate/film. Im-
mediately following the film growth process the oxygen
pressure in the chamber was increased to 950 Torr at a
rate of ≈ 65-70 Torr / min. The oxygen was flowed into
the chamber through an alternate inlet so the gas was
not flowing across the sample. Concurrent with the in-
crease in chamber pressure, the film was cooled to 450 ◦C
at a rate of 10 ◦C/min and annealed at 950 Torr for a
period of 16 hours. The film undergoes the Tetragonal
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FIG. 1. Schematic of the apparatus used to produce the
YBa2Cu3O∇x film. The y(mm) scale shown corresponds to
the sample orientation shown in Fig. 7b below.

to Orthorhombic phase transition8 at P ≈ 760 Torr, T ≈
670 ◦C. The pressure / temperature continues to increase
/ decrease to P ≈ 950 Torr, T ≈ 645 ◦C, and from there
the sample is cooled to 450 ◦C. Under these conditions
the O(1) chain-layer (β) site is preferentially occupied
with a fractional occupancy of ≈ 0.8 at the beginning
of the anneal period, and approaches full occupancy as
the sample is finally cooled to room temperature in a
fully oxygenated state at rate of 5 ◦C/min. The oxygen
pressure at this temperature was 870 Torr.

Following the in situ annealing of the as deposited film,
the sample is initially in the fully overdoped p ≈ 0.20
state (YBa2Cu3O7). The sample is removed from the
deposition chamber and placed in an annealing appara-
tus which applies heat (via a heater block) to one edge
of the substrate/film with the opposite edge of the sub-
strate/film in contact with a stainless steel block that is
thermally sunk to the chamber walls− resulting in a ther-
mal gradient across the sample as shown in Fig. 1. The
apparatus is placed into the deposition chamber which
is then evacuated to P . 10−6 Torr and back filled with
oxygen to atmospheric pressure multiple times. The pres-
sure is then reduced to P ≈ 120 mTorr and the chamber
is sealed. The temperature of the heater block is raised
to 395 ◦C at a rate of 5 ◦C/min while the pressure is
monitored to keep it stable. (A sample prepared under
conventional annealing conditions with the same temper-
ature and oxygen pressure will result in a uniform dop-
ing of p ≈ 0.12).9,10 Following this annealing procedure,
the physical properties of the film were examined with
bulk magnetization M(T ), x-ray diffraction, and resis-
tance R(T ) measurements taken successively. Zero field
resistance and x-ray data confirm the quality of the film
and the x-ray data confirms a c-axis orientation.

After performing magnetization and x-ray measure-
ments on the as prepared film of YBa2Cu3O∇x, the film

was chemically etched for 1 minute in a nonaqueous so-
lution of 1% Bromine in Methanol as per Ref. [11]. The
Bromine etch has been previously used to improve the re-
producibility of tunnel junction fabrication.12 The elec-
trode materials were then deposited through DC Mag-
netron Sputtering first with 10 nm of Ti followed by
200nm of Au. Resistance bridges aligned along the sam-
ple width (parallel to constant concentrations of oxygen
within the YBa2Cu3Ox lattice) were then photolitho-
graphically patterned using a hard baked mask consisting
of NR9-3000PY negative resist. The Au-Ti layer was
etched in unmasked areas through a Transcene KI/I2
etch (< 2 min) followed by a short (< 1 min) etch in
49% Hydrofluoric acid to remove the Ti sticking layer.
The YBa2Cu3Ox film was subsequently removed using
8% Phosphoric acid for about 1 min. After stripping
the bridge photomask, an additional photolithographic
process was performed using Shipley 1813 resist to mask
the electrical contacts for a final KI/I2 gold etch to re-
move the metallic short on the resistance bridge. The
final sample dimensions for each line are ` × w × t =
0.25019 cm × 0.01143 cm × 1300 nm. Gold wires (0.002
in. dia.) were attached to the sample using indium con-
tacts adhered to the gold pads. Polarized optical imag-
ing of the film bridges show no twin structures at the
∼ 10 µm scale.

B. Magnetization

The strength and position of the bulk magnetic re-
sponse of the YBa2Cu3O∇x film was measured as fol-
lows. A measurement of the magnetization vs temper-
ature, M(T ), was performed on the sample in a Quan-
tum Design MPMS SQUID magnetometer. Magnetiza-
tion data were taken with the film length aligned parallel
to the applied magnetic field (H ‖ a-axis; see Analy-
sis below). The sample was centered at T = 200 K in
an applied magnetic field of H = 1 kOe using a 4 cm
scan length, (from which it follows that the center posi-
tion is 2 cm). The sample was mounted such that the
high (low) oxygen content edge corresponds to the scan
length position of 2.5 cm (1.5 cm). After centering the
sample, the magnetic field was reduced to zero and the
sample was cooled to T = 95 K. Subsequently, a small
field ofH = 10 Oe was applied, and the sample was slowly
cooled through the superconducting transition down to
T = 35 K. For these measurements the auto centering
option was disabled so that the center location of the
measured signal from the sample can be tracked as a
function of temperature. The temperature control was
in “No Overshoot” mode. A small upward temperature
drift is observed from the recorded beginning and end
temperatures of each scan, typically of ∆T ≈ 0.05 K.

Given that the oxygen content varies along the film, it
is important to recall that as the sample cools, various
portions of the film become superconducting when the
local critical superconducting temperature Tc is reached.
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FIG. 2. Voltage signal response of the SQUID mag-
netometer for the longitudinal magnetic moment of the
YBa2Cu3O∇x sample at temperatures in the vicinity of the
superconducting transition. The values of the temperature
shown are the mean of the beginning and end temperature
recorded by the MPMS for each scan. The error value in-
dicates the range of the temperature during the scan. The
arrows indicate the center position of the voltage response as
determined by a curve fit. These positions are shown as open
circle symbols in Fig. 3b.

Hence, the magnetization data is essentially a compos-
ite of multiple samples at positions y(mm) along the
substrate length so that the curve observed is both
a measure of Tc(p) and the increase in the diamag-
netic response as the sample continues to cool, i.e.,
M(T ) =

∑
pM(T, p(y)).

We show in Fig. 2 the induced voltage signal response
as detected by the SQUID magnetometer from which the
magnetic moment is calculated. A sudden shift of the
center of the voltage signal from 2.0 cm to ∼ 2.49 cm is
observed as a portion of the sample cools into the super-
conducting state. As the sample continues to cool, the
center of the signal proceeds to move back towards the
initial centering position of 2 cm. The center position
indicated by the arrows in Fig. 2 is shown as open circle
symbols in Fig. 3b.

Various features in the M(T ) data and SQUID mag-
netic moment center indicated in Fig. 3a and 3b can
be correlated with specific charge doping values of p
and features in the Tc−x phase diagram, as determined
in Ref. [9], where the dependence of structural proper-
ties, hole doping, and the value of Tc upon the oxy-
gen content in a series of high quality single crystals of
YBa2Cu3Ox were precisely mapped out.

The magnetic moment center feature at T ≈ 87.5 K
(along with the M(T ≈ 86.5 K) kink) is most likely due
to encountering the end of the overdoped region. (See

FIG. 3. Magnetization data for the YBa2Cu3O∇x film. (a)
Total magnetic moment vs. temperature, M(T ), of the
YBa2Cu3O∇x sample. (b) Magnetic moment signal center
in the SQUID magnetometer vs temperature, Mcenter(T).
Open circles indicate data from voltage signal curves shown
in Fig. 2. Filled circles are the average of four magnetization
/ center position measurements taken at each temperature.
The values of 1.5 cm, 2.0 cm, and 2.5 cm of the signal posi-
tion corresponds to the sample length positions of y = 0 mm,
y = 5 mm, and y = 10 mm, respectively. (See also Fig. 7).

Appendix A). Below this, at T ≈ 81 K, a significant
jump (a factor of 7) is observed in the magnitude of the
measured magnetic moment along with an approximately
2 mm shift in the center position of the SQUID voltage
signal. Taking into account the ∼ 3 K difference between
the maximum value of Tc of our film and that of the single
crystals,9 a value of Tc ≈ 81 K for the film corresponds
to a superconducting transition for a sample having a
value of p ≈ 0.141. For temperatures above T ≈ 81 K,
the M(T ) data exhibits a generally positive curvature,
however, in the range 68 K . T . 81 K, the M(T )
data has a linear temperature dependence, as does the
center position of the SQUID voltage signal. The value
of Tc = 68 K for our film corresponds9 to a hole doping
value of p ≈ 0.126.

Below T ≈ 68 K, the M(T ) data resumes a positive
curvature to the lowest temperature measured, and a
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FIG. 4. Integrated x-ray diffraction data for the YBa2Cu3O∇x film. (a), Full diffraction scan centered at position of (x, y) =
(1.67 mm, 9.5 mm). See Figs. (1) and (7) for corresponding axis configuration. (b) <00 10> diffraction peak from a series of
full diffraction scans at (x, y) = (1.67 mm, [0.5, 1.5, ... 9.5] mm). (See also Figs. 11 and 12 of Appendix B).

corresponding kink is seen in the center position as also
following a non-linear temperature dependence. As dis-
cussed further below in the context of x-ray diffraction
and resistivity measurements, the discontinuity in M(T )
and the center signal position is attributable to the film
having a wide section with a nearly uniform doping value
of p ≈ 1/7, wherein the adjacent doping states in the in-
terval (1/8+δ) ≤ p ≤ (1/6−δ), (δ ≈ 0.005) are depleted.

C. X-ray diffraction

Following the taking of the magnetization data, the
sample was x-rayed at various positions along the sam-
ple length as indicated in Fig. 4 in a Bruker D8 DIS-
COVER with a 2D detector and a focused beam spot
of d ≈ 350µm. X-ray data were taken uniformly along
the direction of the applied thermal gradient so as to
determine the local oxygen content through the changes
in the 2θ positions of the <00 `> reflections. From the
<004> and the <00 10> peak locations (see Fig. 4 and
Figs. 11 and 12 of Appendix B) the c-axis lattice param-
eter along the film sample length was determined from
the 2θ values extracted from fits to the x-ray data. The
hole doping level p of the film was inferred from Eq. (2) of
Ref. [9]. The value of the c-axis lattice parameter c(nm)
and corresponding values of p as a function of position
y(mm) along the sample length are shown in Fig. 5 and
also given in Table I. Three distinct physical regions are
observed. In the regions from y ≈ 0.5 mm − 3.0 mm and
y ≈ 5.0 mm − 9.5 mm the change in c(nm) per sample
length y(mm) is linearly dependent, with slightly differ-
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FIG. 5. (Color online) YBa2Cu3Ox film c-axis lattice param-
eter vs position, c(nm) vs y(mm) along the direction of the
thermal gradient. Values of c(nm) are calculated from the se-
ries of the <004> and the <00 10> peaks. Linear fits to the
average of the c-axis length determined from the two sets of
peaks are shown for three distinct regions. In the regions from
y ≈ 0.5 mm − 3.0 mm and y ≈ 5.0 mm − 10 mm the change in
hole concentration per sample length is ∆p/∆y ≈ 6.1 ×10−3

(holes/Cu)/mm and 7.4 ×10−3 (holes/Cu)/mm, respectively.
The intermediate region, in the p ≈ 1/7 plateau, ∆p/∆y ≈
7.4 ×10−4 (holes/Cu)/mm.
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ing slopes. However, in the intermediate region, near p =
1/7, c(nm) exhibits little change, implying a wide region
of uniform charge doping and then, necessarily, the pres-
ence of two highly strained boundaries within the film
with a corresponding discontinuity in the oxygen (charge)
doping gradient, ∇x (∇p).

D. Resistivity

After performing magnetization and x-ray measure-
ments on the YBa2Cu3O∇x film it was prepared for
zero field resistance, R(T ), measurements by lithographic
etching. In order to ensure that the ρ(T ) measurements
sampled a uniform region of oxygen doping / hole content
p a single wire was attached to each end of the sample,
rather than a standard 4-wire measurement. Each wire
was soldered to the sample puck at the V ± and then the
I± terminals to form a quasi- 4-wire resistivity configu-
ration. This results in a short segment of gold in series
with the sample segment. The normalized R(T ) data is
shown in Fig. 6 and in the inset. Values of Tc as a func-
tion of y(mm) were determined from the mid-point of
the resistive superconducting transition for each position
measured. A small non-zero offset can be seen for some of
the normalized R(T ) data. The resistivity bridge located
at y = 6.39 mm was not measured as a good electrical
contact to the sample was not obtained.

Of particular interest, as shown in Fig. 7c, is an ob-
served doping dependent difference ∆Tc(p) between the
superconducting transition of the films with respect to
that of single crystals having the same c-axis length as
determined in Ref. [9]. (See also Fig. 13 of Appendix C).
We note that the values of Tc of the single crystals used in
Ref. [9] were determined by measuring the in-field cool-
ing magnetization at 1 Oe (applied parallel to the c-axis),
with Tc being chosen as the midpoint of the transition.
The value of Tc for the film segments was determined
from the midpoint of the resistive transition. There is
typically a small discrepancy between the values of Tc ob-
tained by the two criteria used, however such a discrep-
ancy is expected to be systematic as the resistive transi-
tion for the film segments is narrow and only broadens by
a few degrees for highly underdoped segments. As we dis-
cuss further below, the manner in which ∆Tc(p) evolves
is remarkably comparable to the effects of in-plane strain
on Tc(p) of un-twinned single crystals13,14 throughout the
majority of the film − with the highly strained bound-
ary regions about the p ≈ 1/7 section deviating from the
overall trend. Furthermore, the normalized resistance
shows behavior consistent with the effects of the sample
being under compressive strain15,16 wherein a systematic
reduction of resistance is observed in the under doped
regime relative to the optimally/over-doped segments.
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FIG. 6. (Color online) Normalized resistance vs. tempera-
ture, R(T )/R(T = 300K), as a function of sample position.

II. ANALYSIS

Central to understanding the results presented here
are the issues of the mechanism of oxygen diffusion
within YBa2Cu3Ox under normal conditions,17 oxy-
gen ordering in the Cu-O chain layer,18–20 the im-
pact of oxygen ordering effects within YBa2Cu3Ox on
charge redistribution14,21–28 and/or changes in inter-
atomic distances29–32 within the lattice caused by applied
strain, pressure, and/or electro-static bond strain33–35

and, anisotropic strain sensitivity of Tc.
14,21–23,36 A large

part of our analysis below centers on the correlation of
the values of p to oxygen ordering, annealing conditions,
and stabilization of predicted Cu-O chain states. As de-
scribed above, the values of p were extracted from the
x-ray data via the relationship of the c-axis lattice pa-
rameter to p, as determined in Ref. [9] for unstrained
single crystals. The analysis below shows that our sam-
ple exhibits shifts in the value of Tc consistent with the
effects of in-plane strain. As such, we first address the
question of strain (pressure) induced charge transfer from
the Cu-O chains to the CuO2 planes. Models which as-
sume an induced charge transfer process have been shown
to describe well the hydrostatic pressure dependence of
dTc/dp and that of dTc/dpc of single crystals, as well
as photoassisted changes of Tc of various RBa2Cu3O6+x

materials.14,24–28 However, as noted often, the in-plane
pressure effects on Tc can not be described by a sim-
ple charge transfer effect within these models.14,21,27 Ad-
ditionally, evidence exists that there is no appreciable
transfer of charge from the Cu-O chains to the CuO2
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planes for strain along the a-, b-, and c-axes, and rather
there is charge redistribution within the CuO2 layers22,23

as well as significant changes in the distance of the apical
oxygen to the planar copper atom which appears to play
a key role in the modulation of the pairing interaction
in the CuO2 plane.29–32 If though, we were to assume
that charge transfer were in fact taking place, then, from
Fig. 4 in Ref. [15] we have d∆nh/dP ≈ 22×10−3 h/GPa
at an oxygen content of x ≈ 6.8 (for hydrostatic applied
pressure). Next, by taking values of the c-axis lattice
parameter from Fig. 5 (and Table (I) below), and assum-
ing that the boundary between the p ≈ 1/6 to 1/7 and
1/7 to 1/8 are abrupt on the scale of a single unit cell,
we find an upper bound of the c-axis strain of the order
of 0.1 %, which roughly corresponds to a pressure of 90
MPa.22 From this we find ∆nh ≈ +5.5 × 10−3, which
results in a value of ∆Tc ≈ +3.7 K (at the p ≈ 1/7 to
1/8 boundary), which is 4-5 times smaller and opposite
to what is observed. Strain values in the uniform regions
above and below these boundaries (along the c-axis) are
≈ 0.06%/mm − 0.08%/mm giving negligible c-axis strain
from one unit cell to the next and subsequently no sig-
nificant transfer of charge or discernible impact on the
values of Tc. Thus, in light of the above considerations,
we have a high confidence in the values of p determined
above (to within the error bars) via the method of Ref.
[9]. Of particular interest are recent studies involving
similarly structured compounds that have shown how in-
ternal electrostatic fields can produce very large bond-
strains, subsequently altering dramatically the materials
electronic properties.33–35 We return to the subjects of
the role of the apical oxygen and that of electrostatic
effects later in the analysis further below.

Taken together, the data show, a clear demon-
stration of the growth of a novel “charge gradient”
YBa2Cu3O∇x film, with compelling evidence for the ex-
istence of a large stabilized region of the highly struc-
turally ordered p ≈ 1/7 state. We make the case below
that, (1) reasonable evidence exists supporting a conclu-
sion that the film is likely free of twin structures, and
(2) there likely exists an internal electric field which may
play both a role in the observed trends of the suppression
of the values of Tc(p) and the stability of the structures
within the Cu-O chain layer.

As seen in Fig. 7, the sudden jump of the magnitude
of M(T ) and of the position of Mcenter(T ) at T = 81 K
is correlated with the observation of a wide region of
the film having a nearly uniform oxygen content such
that p ≈ 1/7 as determined from x-ray data. This
strongly indicates that the oxygen ordering structure as-
sociated with the p ≈ 1/7 doping level is inherently sta-
ble, drawing in the adjacent oxygen that would have
supported electronic states corresponding to the doping
range 0.130 . p . 0.161. In a related observation, ad-
ditional features of significance are seen in Fig. 7c, (1)
the linear distribution of charge doping in the upper and
lower doping regions, (2) the slopes of these regions are
such that they don’t intersect on the sample length, i.e.,

FIG. 7. (Color online) (a) Center of the longitudinal mag-
netic moment of the YBa2Cu3O∇x sample with respect to
the sample position y(mm). The M(T ) scan of sample was
taken prior to lithographic etching. (b) YBa2Cu3O∇x sam-
ple after it has been patterned for R(T ) measurements. The
colored regions indicate values of hole doping inferred from
the x-ray data using the relationship the c-axis length and p
established in Ref. [9] with the same coloring scheme used in
Fig. 5. Note the grey shaded region in the interval 3.4 mm .
y . 5.6 mm with p = 0.143 ≈ 1/7. The solid black bracket
indicates the region determined from x-ray and R(T ) mea-
surements. The dashed extension of the bracket is inferred
from M(T ) data. The orange dashed line with p = 0.130
indicates the inferred doping by linearly extending the p(y)
dependence of the highly underdoped region. (c) ∆Tc vs.
sample position y(mm), and hole concentration vs. sample
position p vs. y(mm). The values of p shown as closed blue
circles are determined from the linear fitted mean values of
c(nm) shown in Fig. 5 (heavy dashed line). The values of
p shown as open blue circles are inferred by correlating the
position y of the resistance paths shown in Fig. 6 with an in-
terpolation of closed blue circle p data points. See main text
for further details
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with T (y) = 395 − 105y[cm], assuming an equilibrium linear
thermal profile.39 Note that the scales on the left and right
y-axes are different, and thus there is a small discrepancy
between the ranges of oxygen concentration in the film cal-
culated by the two methods. Also, our sample was annealed
in an oxygen atmosphere with P = 120 mtorr, corresponding
to logp∗O2 = -3.8, hence a small underestimation of the oxy-
gen content can be expected. However, qualitatively, the two
calculations of the oxygen distribution are in good agreement
above y = 5.5 mm prior to the p ≈ 1/7 (O ≈ 6.8) discontinu-
ity. Interestingly, the (scaled) blue dashed line intercepts the
edge of the p = 1/7 plateau and the tail of the p . 1/8 region
at the edge of the sample.

a discontinuity in charge doping along the sample is in-
evitable, and (3) the difference in the critical tempera-
ture between the resistively determined value and that
calculated for a single crystal from the c-axis length via
Ref [9]. In Fig. 7, the error bars shown represent values
of p determined from the c(nm) data of the <004> and
the <00 10> peaks separately. Values of p were calcu-
lated from a curve fit37 to data shown in Ref. [9]. Closed
and open black circles indicating the values of ∆Tc corre-
spond to the closed and open blue circles. See also Fig. 8
for the corresponding oxygen distribution along the sam-
ple length. Above p ≈ 1/6 (O ≈ 6.89) the level of oxygen
distribution follows the expected evolution given the an-

nealing oxygen pressure and a linear thermal gradient.
The p ≈ 1/7 plateau necessarily deviates from expected
distribution. However, we find that the p . 1/8 (O .
6.72) region also deviates from the expected oxygen dis-
tribution, indicating that this region has also stabilized
its oxygen configuration in a manner contrary to the es-
tablished relationship between oxygen content and the
annealing conditions of oxygen partial pressure and tem-
perature in thermally uniform YBa2Cu3Ox bulk, single
crystal, and film samples.9,10

Within the oxygen ordering model for YBa2Cu3Oz of
Refs. [18 - 20], ordering within the Cu-O chain layer is
described through a branching algorithm wherein the Or-
tho I (c = 0.50) and Ortho II (c = 0.25), (z = 2c +
6), structures are the generating structures for those of
successive levels. The notation <1> and <10> denote
the Ortho I and Ortho II chain states where a one or
zero indicates a completely full or empty Cu-O chain re-
spectively and an exponent denotes a repeated structure.
The Ortho III structure, <110>, arises from the Ortho I
and II structures, i.e., <1> + <10> → <110>, and so
forth. Comparing the hole doping vs. oxygen content,
p vs. 6 + x, data shown in Fig. 4a of Ref. [9] with the
branching algorithm dependence on the parameter c, the
p = 1/7 doping state corresponds to the <140> fully or-
dered chain state (c = 0.40).37 This result is consistent
with our interpretation of the data here as indicative of
the p = 1/7 state as being exceptionally stable. Simi-
larly, the p =1/8: <130110> (c = 0.36) state appears to
have exerted a stabilizing force on the adjacent (further
underdoped) region, albeit in a less dramatic manner, yet
still impacting the ordering of the oxygen over a large re-
gion. It may be that, under somewhat different annealing
conditions, or, given a longer annealing time, the p =1/8
may fully stabilize in the same manner observed for the
p = 1/7 state.

Evidence for the film being twin free comes from the
absence of detection of twin domains by polarized opti-
cal imaging and from the suppression of Tc as a function
of hole doping p. Shown in Fig. 9 is a polarized optical
image of the overdosed portion of the YBa2Cu3O∇x film
after it has been patterned and measured for ρ(T) prop-
erties in zero applied magnetic field. While the limited
resolution of optical imaging means we can not rule out
twinning at scales below the micro-scale,38 the evolution
of ∆Tc ≡ (Tc[film]−Tc[singlecrystal]) with p does indi-
rectly support this conclusion. As shown in Fig. 10, ∆Tc
vs. p is remarkably similar to that of dTc/dpab vs. p for
single crystals of YBa2Cu3Ox under an (inferred) applied
compressive in-plane (a-b) pressure, particularly for val-
ues of p . 0.130 where both sets of data are linear. The
key differences however, are that ∆(dTc/dpab)/∆p < 0,
while ∆Tc/∆p > 0, and (dTc/dpab) > 0 while ∆Tc < 0.
The behavior of ∆Tc vs. p suggests that the film is behav-
ing as if it were under a strain having primarily in-plane
components. Such a strain would be independent of that
attributable to the interface with the substrate − which
should relax within 70 nm from the interface40–42 and
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FIG. 9. (Color online) Polarized optical image of the resis-
tivity bridges on the YBa2Cu3O∇x film. The image shows
segments of the film on the overdoped region of the film with
p ≈ 0.188, 0.181, and 0.174. No twinning is observed at the
micro-scale. Thermal grease can be seen remaining on the
film and substrate surfaces. Remnant un-etched portions of
the film can also be seen.

not effect the remaining 95% of the film volume. If the
film were twinned and somehow subject to an in-plane
(compressive) strain then both the a-axis and b-axis of
the film are subject to the same force and ∆Tc vs. p can
reasonably be expected to follow dTc/dpab vs. p. In con-
trast, if the sample is twin free, in order to have ∆Tc < 0,
the sample must have a strain imbalance between the
a-axis and b-axis directions such that there is a greater
compression along the a-axis, a greater expansion along
the b-axis, or compression along the a-axis along with ex-
pansion along the b-axis.14,22 The linearity of ∆Tc(p) (for
p . 0.130 and p & 0.175) is consistent with the effects of
uniform strain in the two sections of the film excluding
the boundaries of, and within, the p ≈ 1/7 region.

The as grown sample here is almost certainly twinned,
even after in-situ annealing in a high pressure oxygen at-
mosphere. However, the sample (single crystal SrTiO3

substrate and YBa2Cu3Ox film) was placed under an es-
timated pressure of P ≈ 4.5 MPa while the thermal
gradient was applied (in the low O2 atmosphere). The
temperature distribution across the sample was 290 ◦C
- 395 ◦C. These conditions of applied pressure and the
higher temperature value are very similar to what is re-
ported in Ref. [29] for the de-twinning of YBa2Cu3Ox sin-
gle crystals. With the pressure along the length of the
sample, then the preferential orientation is for the a-axis
to align with the pressure/thermal gradient, which nec-
essarily means the (b-axis) Cu-O chains are aligned along
the perpendicular direction. The a-axis is then com-
pressed and the b-axis is dilated.43,44 Oxygen diffuses
most readily along the b-axis, with the a-axis and c-axis
diffusion rates approximately 102 and 106 times slower,
respectively.45 Such an orientation results in oxygen dif-
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FIG. 10. Comparison of the charge doping dependence of the
change of Tc for single crystals due to in−plane pressure to
the difference between the values of Tc of the YBa2Cu3O∇x

film and unstrained single crystals. The dTc/dpab vs p data
(open circles) are deduced values for compressive in-plane (a-
b) pressure applied to single crystals of YBa2Cu3Ox. The
single crystal data, along with the linear guide lines, are re-
produced from Ref. [14]. Values of ∆Tc vs. p (closed cir-
cles) for the strained YBa2Cu3O∇x film are determined from
Fig. 13 in Appendix C. The short dashed line is speculative
as to the strain effects at the boundary between the p ≈ 1/7
and p ≈ 1/6 regions. Note the sign reversal used for the
(right) ∆Tc axis. A negative impact on Tc is consistent with
compressive/expansive strain along the a/b-axis direction.

fusion primarily along the width of the sample. It re-
mains to be established as to why the YBa2Cu3O∇x film
behaves as though it is untwinned after the removal of
the applied pressure at the end of the process, though,
we suggest here a likely mechanism.

Taking into consideration the known intrinsic ferro-
elastic properties of YBa2Cu3Ox,46–49 we propose that an
internal static electric field arising from the oxygen gra-
dient (charge doping) aligned along the a-axis, (perpen-
dicular to the b-axis Cu−O chains), provides the phys-
ical mechanism responsible for the observed behavior of
∆Tc(p) and locks in the apparent un-twinned configura-
tion. The corresponding static electric fields within the
three regions are approximately 37 V/m, 3.7 V/m and
45 V/m respectively, and 0.4 - 90 kV/m at the bound-
aries. (See Appendix D). Then, taking into consideration
results and conclusions from earlier independent studies,
along with results here, it becomes conceivable that even
the relatively low static electric fields arising from the
charge doping gradient are sufficient to impact the struc-
tural stability of the lattice. Specifically, we note:

(1a) The observation of the correlation of static dis-
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placements between apical oxygen and planar copper
atoms and the link between the chain and plane struc-
tures provided by the apical oxygen, which, as Etheridge
observes,48 is such that “a local distortion in the chain
could couple to a copper atom in the adjacent plane a co-
herence length away from it via the apical oxygen,” along
with evidence for the existence of electric dipole moments
arising from the charge transfer from the Cu-O chains to
the CuO2 planes via the apical O(4) oxygen50,51,58 (which
together imply a correlation of dipoles two unit cells
apart). Doping dependent dipole moments are formed
in the CuO2 plane at the O(1) and O(5) sites with |p| ≈
0.002 eÅ and 0.06 eÅ at O ≈ 6.5 and |p| ≈ 0.002 eÅ and
0.015 eÅ at O ≈ 6.75. The primary component is along
the c-axis, however, there exist non-zero components in
the a-b plane.50

(1b) An upper estimate47 of the twin domain wall en-
ergy of ED ≈ 40 meV/m2 along with the coordinated
motion of oxygen between the O(1) and (normally va-
cant) O(5) sites necessary for the formation or motion of
a domain wall under applied stress.

(2a) The locally perturbed charge density distribu-
tion of connected networks of oxygen-pyramidal planes
and the resulting inversion symmetry lacking nano-
domains in which ferroelectricity and ferromagnetism are
possible,48 as well as other experimental results consis-
tent with ferroelectric behavior.47,52–54

(2b) The intrinsic instabilities within the lattice, and
the percolative nature of the superconducting path which
is embeded in a poor metallic background.55–57

(3a) The highly correlated nature of electronic charge
doping in the CuO2 plane and oxygen ordering in the
Cu-O chains noted above in Refs. [18 - 20].

(3b) The apparent feedback mechanism between elec-
tronic doping and oxygen ordering observed here wherein
the oxygen structures in the Cu-O chains (associated
with the p ≈ 1/7 and 1/8 doping states in the CuO2

plane) are stabilized at temperatures (under the given
oxygen pressure) at which they would not form under
conventional conditions.

Taken together, the results noted above are consistent
with a picture wherein the complexly coupled electronic
and structural order can be perturbed by a local static
electric field. A comparison of the twin domain wall en-
ergy for a segment crossing a unit cell with that of the
O(1) or O(5) dipole energy in the “charge gradient” in-
duced (a-b plane) electric field suggests that the motion
of oxygen between the O(1) and O(5) sites is inhibited
by this field. We estimate the unit cell domain wall en-
ergy as E = EDA ≈ (40 meV/m2)(

√
2(3.86 Å)(11.4 Å))

≈ 2.5×10−20 eV. Estimating an a-axis dipole moment of
|p| ≈ 0.0001 eÅ and then using |E| = 37 V/m gives UD =
|p||E| ≈ 3.7×10−14 eV. While this comparison suggests
that the electric field may be responsible for maintaining
an untwinned film it is not readily apparent whether it
is sufficient to produce (or retain) the strain necessary
to result in the observed suppressed values of Tc. How-
ever, the potential existence of nano-scale ferroelasticity

and ferroelectricity along with lattice instabilities would
lend to such behavior. Alternatively, the interaction of
the dipole moments with a large (applied) local electric
field (∼ 0.1 V/Å) is expected theoretically to impact the
charge transfer mechanism between the Cu-O chains and
the CuO2 planes via oxygen reordering,50,51 which in turn
would have an effect on the value of Tc. The magnitude of
the electric field which we have estimated however is sig-
nificantly less. Another consideration are the results from
ab initio calculations which show the formation of in-
plane strain induced surface dipoles due to charge redis-
tribution within the CuO2 planes from the Cu(2) to the
O(2) and O(3) sites wherein compression (expansion) of
the a-axis (b-axis) subtracts from the preexisting strong
ionic dipole in the CuO2 plane.22,23 The interaction of
the in-plane static electric field could potentially alter the
Madelung potential between the apical O(4) and planar
O(2) / O(3) sites resulting in a change of Tc.

22,29 Further
along these lines, it is well known that the distance dA
of the apical oxygen to the planar copper atom in the
CuO5 pyramid varies more than any bond length in the
cuprate family. As mentioned above, it has been shown
that the length of dA appears to determine the energy
levels of electronic orbitals within this structure impact-
ing the pairing interaction and subsequently the value of
Tc.

29–32 Recent work involving similar layered complex
oxides have shown how internal electrostatic fields can
produce very large bond-strains, subsequently altering
dramatically the materials electronic properties.33–35

An alternate explanation for the observed behavior not
invoking a local electric field may well exist. The abrupt
strain at the boundaries of the p ≈ 1/7 plateau almost
certainly has an effect on Tc in those regions, though as
noted above, c-axis strain alone can only account for a
small portion of the observed shifts in Tc. Future studies
are planned to systematically investigate this, to address
the issue of whether the film is in fact untwinned, as well
as other related questions.

III. CONCLUSIONS

The results presented here demonstrate a realizable ap-
proach to producing films of YBa2Cu3Ox having varied
doping levels on the same chip. In the course of estab-
lishing this novel sample preparation route, we have also
observed that the YBa2Cu3O∇x film exhibits twin-free
properties, i.e., behavior comparable to that observed
for twin-free YBa2Cu3Ox single crystals under uniaxial
stress. We have also found new novel evidence furthering
the already well established link between oxygen, elec-
tronic, and structural ordering18–20,48,56,57 in the form
of local oxygen content stabilization against the anneal-
ing thermal gradient at the p ≈ 1/7 level, and to a
lesser extent at the p ≈ 1/8 level as well. We believe
that the evolving electronic and structural nature of the
YBa2Cu3Ox films make them ideal for carrying out new
novel experiments which could potentially discriminate
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TABLE I. c-axis length c(nm) calculated from x-ray data, inferred hole doping content p using Eq. (2) of Ref. [9], and
corresponding Tc(K) value of a single crystal (Ref. [9]), and Tc determined from ρ(T) measurements (defined as the mid-point
of the resistive transition), as a function of position y along the sample length.

y(mm) c(nm)<004> p(h/Cu) <004> c(nm)<0010> p(h/Cu)<0010> c(nm)[avg] p(h/Cu) [avg] Tc(K)[avg] Ref.9 Tc(K) [ρ(T)]

9.5 1.168267 0.1911 1.168225 0.1920 1.168246 0.1915 89.99

9.06 89.44

8.5 1.168743 0.1809 1.168593 0.1840 1.168668 0.1825 92.64

8.17 90.25

7.5 1.169157 0.1727 1.168903 0.1777 1.169030 0.1752 93.72

7.28 90.5

6.5 1.169448 0.1673 1.169329 0.1694 1.169388 0.1683 93.69

6.39 −
5.5 1.169863 0.1599 1.169678 0.1631 1.169770 0.1615 92.46

5.49 81.8

4.61 71.3

4.5 1.170963 0.1424 1.170845 0.1442 1.170904 0.1433 81.57

3.73 65.9

3.5 1.171005 0.1418 1.170903 0.1433 1.170954 0.1425 80.84

2.84 64.1

2.5 1.172505 0.1216 1.172015 0.1278 1.172260 0.1247 65.90

1.96 61.2

1.5 1.172880 0.1170 1.172640 0.1199 1.172760 0.1184 63.73

1.04 57.2

0.5 1.173300 0.1120 1.173227 0.1129 1.173262 0.1124 61.55

between the many competing microscopic theories of su-
perconductivity in the high-temperature cuprates as well
as other compounds.

ACKNOWLEGDEMENTS

This work was supported and funded by the Space and
Naval Warfare Systems Center Pacific (SSC PAC) Naval
Innovative Science and Engineering (NISE) Program and
also by the U.S. Department of Energy, Office of Basic
Energy Sciences, Division of Materials Sciences and Engi-
neering under Award Grant no. DE-FG02-04-ER46105.

Appendix A: Interpretation of T & 85 K
magnetization data

Due to the double valued nature of Tc(p) at temper-
atures above T ∼ 85 K, features in the M(T ) data (in
Fig. 3) above this value can arise from both underdoped
and overdoped behavior. A small kink in the M(T ) data
and center position data at T ≈ 86 K, and T ≈ 87 K,
respectively can be correlated with the upper edge of the
suppressed region of superconductivity (p ≈ 0.15) ob-
served in Ref. [9]. However, this temperature also corre-
lates with the (extrapolated) critical temperature of the
highest overdoped region of the film where p ≈ 0.195

(see Fig. 7c). To distinguish between the two we exam-
ine the magnetic moment center data in Fig. 3b where,
at temperatures 87.5 K ≤ T ≤ 90 K, the center position
holds constant. This behavior would be consistent with a
symmetrically weighted contribution to the magnetic re-
sponse about the position having the maximum Tc value.
Then, as both overdoped and underdoped portions of the
film having the same Tc become superconducting, the
center position of the measured magnetic moment would
hold constant. Finally, when there is no more overdoped
material left to become superconducting, the center of
the signal will be pulled towards the underdoped side.

Appendix B: θ − 2θ x-ray data used to determine the
c-axis length.

In Fig. (11) and (12) x-ray diffraction data (along with
fits to the data) from the <00 10> peak are shown for
the YBa2Cu3O∇x film sample. From the 2θ values, the
lengths of the c-axis lattice parameter along the sam-
ple are calculated. The θ − 2θ data is extracted from
an integration of the data acquired using the Bruker D8
DISCOVER 2-D detector. The x-ray scans are taken in
three segments: from 14 < 2θ < 40, 35 < 2θ < 70, and
57 < 2θ < 91. Scans of the sample were taken such that
the θ − 2θ segment was held the same and the position,
y(mm), along the sample was scanned in 1 mm incre-
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FIG. 11. (Color online) X-ray diffraction data for the
YBa2Cu3O∇x film. Fits to the <00 10> peak for y = 0.5
mm - 3.5 mm. The red arrow indicates the maximum of the
curve fit. The black arrow indicates a spurious substrate peak
(which does not undergo change in 2Θ as the oxygen content
of the YBa2Cu3O∇x film does).

ments. For the subsequent scan sequence(s) the scan
position was returned to the initial point and the next
θ − 2θ scan was repeated at the same positions on the
sample. From an examination of the observed 2θ posi-
tion to the known values of the <001> and <003> peaks
of the SrTiO3 substrate, a small misalignment of the sam-
ple was found. Subsequently, a correction was made to
the 2θ values of the <004> and <00 10> peaks used to
calculate the c-axis lengths shown in Figure 5a of the
main text. The 2θ correction values used for each set of
peaks are δθ = -.0578, and δθ = 0.0039, respectively.

Appendix C: Superconducting Critical Temperature:
Resistive Transition Tc vs. c-axis length.

Since the Tc vs. y(mm) data on each of the two sets
shown in Fig. 13 do not align exactly with respect to
position on the sample, y(mm), polynomial curves were
fit to various sections of each set of data. For clarity,
continuous smoothed curves which follow the fitting to
the various segments are shown as a guide to the eye.
From the data and the subsequent curve fits shown, 19
values of ∆Tc are calculated. These values are displayed

FIG. 12. (Color online) X-ray diffraction data for the
YBa2Cu3O∇x film. Fits to the <00 10> peak for y = 4.5
mm - 9.5 mm. The red arrow indicates the maximum of the
curve fit. The black arrow indicates a spurious substrate peak
(which does not undergo change in 2Θ as the oxygen content
of the YBa2Cu3O∇x film does).

in Fig. 7c and Fig. 10 in the main text.

Appendix D: Estimation of the charge doping
gradient induced electric field.

We approach the scenario of the charge doping gradi-
ent along the a-axis direction as that of a simple capaci-
tor, wherein the unit cell defines the volume and the two
plates are parallel to the b-axis with four Cu atoms on
each plate. Then, the voltage drop across the two sides
of the unit cell is given by V = Qd/εA, where the charge
Q = 4×(∆p/∆y)×d is the difference in the charge doping
level across the unit cell, d = a = 3.823Å (the cell dimen-
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FIG. 13. Superconducting critical temperature vs. sample
position, Tc vs. y(mm). Values of Tc were determined by the
mid point of the resistive transition (squares), and calculated
from the c-axis lattice length extracted from x-ray diffraction
data (circles) via the Tc − c(nm) relationship shown in Fig.
(1b) of Ref.9. Note that the maximum value of Tc for our
sample is ≈ 3 K lower than that of their single crystals.

sion along the a-axis), A = bc =(3.885Å)(11.7Å) is the
area defined by the unit cell dimensions in the b- and c-
axis directions, and ε ≈ 6ε0.58 As indicated in Fig. 7c, the
change in hole doping, p, along the length of the sample,
y(mm) is ∆p/∆y ≈ (6.1, 0.74, 7.4)×10−3 [(h/Cu)/(mm)]
for the intervals y = (0 - 2.8 mm), (3.45 - 4.65 mm),
and (5.49 - 10mm), respectively. Absent further data on
how sharp the transition between these regions is, a lower
limit of ∆p/∆y ≈ 2.2×10−2 [(h/Cu)/(mm)] is estimated.
A very sharp transition of the order of a micron (see blue
dashed lines in Fig. 7c) would give ∆p/∆y ≈ 0.012 - 0.017
[(h/Cu)/(µm)]. From this we find E = V/a within the
three regions is approximately 37 V/m, 3.7 V/m and 45
V/m respectively, and 0.4 - 90 kV/m at the boundaries.
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