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EXECUTIVE SUMMARY

Over the past decade key experiments have been performed by a number of authors on the evolution of
characteristic physical properties of the high-7. compound YBayCu3O,. By using the now available
reported values of the critical temperature, 7, the upper critical field, H.2(0), the superconducting
effective mass, m*, and the superconducting penetration depth, A\, we examine the nature of characteristic
energy scales of pressure stabilized “quantum structural” lattice states in YBasCu3Oy,, films.
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1. INTRODUCTION

We have recently developed a sample preparation method wherein the resulting film has a monotonically
varying oxygen doping composition along the sample length [1], [2]. This method enables us to examine
with high resolution the evolving physical properties in the high-temperature superconducting (HTS)
compound YBayCu3z0O, [6 < x < 7]. The process is generally compatible for studies of materials that have
a diffusive constituent or interstitial atom or molecule [3]. A sample is initially prepared with a uniform
compositional state, e.g., in the case of YBayCusO,, the film is either completely oxygenated or depleted,
i.e., x =6, or z = 7. The film is then placed in an annealing device in which a controlled thermal gradient is
established across the longest dimension. The sample is then placed in an atmospherically controlled
chamber that is filled to a desired pressure with pure oxygen and the heating device is activated. The
heating process is relatively slow, allowing for an equilibrium thermal gradient to be quickly established
along the direction of thermal flow and a corresponding continuously varying oxygenation state is formed
(YBayCu3z0O, = YBayCu3Ovy,). See Figure 1. The final distribution of oxygen content along the length of
the film can be altered by the additional application of uniaxial pressure to the sample during the annealing
process [1], [2], and [4]. In the case of YBasCu3Ov, the application of sufficient uniaxial pressure results
in the film having discrete regions of uniform oxygen content where = ~ [6, 6.5, 6.72, 6.81, 7]. See parts
(a) and (c) of Figure 2. These oxygen levels correspond to certain known lattice superstructures which have
been examined in detail theoretically by de Fontaine et al., and McCormack et al. [5], [6], and [7].

Because the sample preparation method is key to the observation of the pressure stabilized lattice states,
we briefly examine and distinguish between the device described in [1], [2], [3], and [4], and that of other
gradient annealing devices described by independent authors. Additionally, we examine here fundamental
characteristic properties of the lattice superstructures belonging to the superconducting doping region (x >
6.33). We find that these lattice structures exhibit quantum-like “states” in that they have near integer ratios
of the superconducting to normal state carrier densities and condensation energy densities.

\ Uniaxialpressure{. P
~10°D;, /
Oxygen

diffusion
rates

Figure 1. Depiction of the annealing device developed for the preparation of YBa,Cu3zOvy films

[1] and [3]. The application of pressure results in an alignment of the crystalline a-axis along the direction
pressure/thermal gradient. Oxygen diffuses most freely along the b-axis, with minimal mobility along the
c-axis which is perpendicular to the film surface/fiim-substrate boundary. Directional oxygen diffusion
rates, D, relative to the b-axis are indicated.



2. GEOMETRY OF THERMAL GRADIENT ANNEALING

The search for new materials and study of known compounds is often facilitated through a systematic
doping/substitution of elements within a parent compound. A rapid investigation of the material properties
relies on high-throughput production and characterization methods. To enable such a combinatorial
materials science approach, the use of gradient annealing devices has been developed by a number of
researchers. See references [8]-[16]. In general, these devices are used for rapid optimization of materials
in thin film form by the simultaneous processing of a fixed sample composition at different temperatures
and/or a stoichiometric variation across the film dimensions, i.e., a chemical gradient that is established
during the deposition process. Inherent to the configuration of these devices, the primary component of
heat flow from the thermal gradient produced by the heater stage through the supporting substrate and into
the film is perpendicular to the surface of the film. In contrast, our design (see Figure 2 (b)) is such that the
conduit for the thermal heat path between the heat source and the heat sink (or between two controlled heat
sources) is parallel to the substrate/film interface. These devices are routinely used for preparation of
metallic samples that have high thermal conductivity and are thermally isotropic, i.e., heat flows the same
in all directions.

The compound YBasCu3O, has anisotropic thermal conductivity—near x = 7, heat flows ~ 10 times
greater in the in-plane (a — b) direction than in the out of plane (c¢) direction [17]-[21]. On top of this, the
anisotropy of the heat flow increases as x decreases—heat flow becomes even more channeled along the
direction of the film/substrate interface as the oxygen content is reduced during the annealing process [20].
This results in non-negligible reflection of heat flow at the film/substrate boundary. The anisotropic thermal
properties of YBapCusO,, are highly relevant to the thermal gradient annealing process, as it impacts the
manner in which heat flows through the sample and across the film/substrate interface. Standard models for
thermal boundary conductance are inadequate to describe heat flow in layered and chainlike materials [22]
such as YBapCu3O,. Significantly different results will be obtained depending on whether thermal flow is
configured as with our device or is aligned as in References [8]-[15] due to the thermal anisotropy.

A particularly relevant and related subject to the scenarios we are distinguishing between here is that of
thermal meta-materials, also referred to as thermal cloaking [23]-[27]. Within this emerging field of study
it has been experimentally demonstrated how heat flow can be made to bend through the use of materials
having sufficiently different thermal conductivities and tailored anisotropic structures. There are two
examples especially relevant to our discussion, (1) a heat waveguide, and (2) a heat spreader.

In Reference [25], Han demonstrates experimentally a new class of metamaterials for use in controlling
heat flow, including a thermal concentrator, focusing/resolving, and uniform heating. The devices
described by Han are composed of two regular isotropic materials in an optimized geometry which then
give rise to a structure having anisotropic thermal properties. See, in particular, Figure 1(b) and (c) of
Reference [25] of a schematic depiction wherein heat sources are positioned at the ends of channels created
by the alternating of low and high thermally conductive paths and the subsequent controlled directionality
of heat flow. See Figures 2—4 of Reference [25] for experimental data demonstrating the concept in action.
In Reference [24], Kadic describes various thermodynamic metamaterials, including simple layered
materials in planar geometry similar to the film/substrate interface formed by the YBayCuzOv;, films, and
similarly those of Reference [24]. In Reference [27] Dede presents experimental results for heat cloaking,
focusing, and reversal in ultra-thin anisotropic composites. All of the preceding examples demonstrate how
heat from a source positioned at one end of a structure having a thermal boundary parallel to the primary
component of natural heat flow, such as a film as depicted in Figure 2(b), i.e., in the annealing scenario we
have developed, heat flows along the direction of the film/substrate interface quite naturally.



Subsequently, the case of what is known as a heat spreader is relevant to the scenario described in
References [8]-[16]. An examination of Figure 4 in Reference [25] of the same structure discussed above
shows also how heat flow is spread laterally when encountering an anisotropic thermal boundary. Note in
particular the inset to Figure 4(c) of Reference [25] where heat flux near the top (and bottom) of the
structure that encounters the boundary at an angle close to perpendicular direction is then redirected
primarily along the channel formed by the boundary. A second relevant example is that of the extremely
anisotropic material graphene [28], [29]. Gao [28] demonstrated the use of graphene layered films as an
effective heat spreader. The temperature of a hot spot driven at a heat flux of up to 430 W/cm? was
decreased from 121 °C to 108 °C (AT = 13 °C) with the application of a monolayer of graphene. These
examples demonstrate that in an annealing scenario for YBay;Cu3Ov,, wherein heat from the applied
thermal gradient must flow through the substrate-film boundary, the thermal lines of flow will be spread out
along the film/substrate interface, resulting in a more uniformly heated sample, and subsequently a reduced
oxygen gradient along the length of the film.

In the configuration described in References [8]-[16], the interface behaves like a heat-spreader wherein
heat flow is spread laterally, resulting more uniform thermal profile and subsequently a reduced variation in
the oxygen gradient across the film. In contrast, when the heat/heat sink is applied to the ends of the film,
heat flows along the boundary and is effectively channeled like a heat waveguide. See References [24],
[25], and [27] for examples of how heat from a source positioned at one end of a structure having a thermal
boundary parallel to the primary component of natural heat flow, such as a film as depicted in Figure 2(b),
flows along the direction of the film/substrate interface quite naturally. The barrier between the film and
substrate acts analogously to that of an optical waveguide. The heat that enters the film primarily stays in
the film, and likewise for the substrate. This configuration results in an oxygen profile that is consistent
with what is calculated given the controlled annealing conditions (See Figure 2(a)). Without establishing
this initial oxygen distribution profile, it is impossible to observe the pressure stabilized lattice states
depicted in Figure 2(c) of the hole-doped cuprate YBasCusO,.
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Figure 2. (a) Calculated oxygen distribution along the length of a YBa;Cu3Ovy, film annealed in a
110-mTorr pure oxygen atmosphere, with the hot end of the film at 395 °C and the cooler end at
290 °C, with zero applied uniaxial mechanical pressure; (b) heat flow in the case of a film having
anisotropic thermal conductivity and a large film/substrate thermal boundary resistance where heat
is applied along the direction of high thermal conductivity. The heat flow dynamics behave like a
thermal cloak device wherein the heat which enters a channel (i.e., film or substrate) largely remains
in the channel; (c) calculated oxygen distribution along the length of a YBa;Cu3Ov,, film annealed in
a 110-mTorr pure oxygen atmosphere, with the hot end of the film at 395 °C and the cooler end at
290 °C, with approximately 100 MPa applied uniaxial mechanical pressure.



3. FUNDIMENTAL PHYSICAL PROPERTIES OF YBa;Cu;0,
vs. HOLE DOPING

Over the past decade, key experiments have been performed by a number of authors on the evolution of
characteristic physical properties of the high-7. compound YBayCu3O,. By using the reported values of
the critical temperature [28], T, the upper critical field [29], H.2(0), the superconducting carrier effective
mass [30], m*, and the superconducting penetration depth [31], A, we examine the nature of characteristic
energy scales of pressure stabilized ‘quantum structural’ lattice states in YBayCu3Ov,, films. Because the
data in the preceding references are not uniformly reported as a function of the same experimental variable,
we make particular use of the sets of data given in Reference [28], wherein we have extracted an empirical
relationship between the oxygen content, x, and the hole doping value (in the CuOs planes) p(h/Cu), as
shown in Figure 3. From this value, we have replotted in Figure 4 the superconducting penetration depth A,
reported in [31] as T, vs. 1/A2, as A vs. p. In Figure 5, we have replotted the superconducting carrier
effective mass m*, reported in [30] as m™* vs. x, as m™* vs. p. Also shown in both Figures 4 and 5 are
empirical fits to the data that are used for the subsequent analysis in Figures 7 and 8.

In Figure 6, we have reproduced the upper critical field data, H.2(0) vs. p, from Grissonnanche et al.
[29], along with the applied smooth curve fit used for the analysis presented in Figures 7 and 8.
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Figure 3. Relationship between the oxygen doping content, O, and the hole doping value, p(h/Cu),
in the Cu-O,, planes. The data shown here is produced by combining the data shown in Figures 1
and 2 of Liang, Bonn, and Hardy [28].
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Figure 4. The superconducting penetration depth X vs. p of the YBa,Cu3O, system. Original data
was reported by Zuev [33] as T, vs. 1/X2. Also shown are empirical fits to the data for the regions
p < 0.089 and p > 0.089. The empirical fits are used for the analysis in Figures 7 and 8.
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Figure 5. The superconducting effective mass m* vs. p of the YBa,CusO, system as determined
from optical conductivity measurements. The original data was reported by [30] as m* vs. z. Also
shown are empirical fits to the data for the regions p < 0.089 and p > 0.089. The empirical fits are
used for the analysis in Figure 7. We note that the authors interpret the data as indicative of a
constant effective mass across the phase diagram. The rms value of < m* >~ 2.24 m, is indicated
with the black dashed line and the standard deviation of o = 0.24 m, is indicated by the shaded
region. The single data point with m* ~ 3.1 was excluded from the rms calculation.




4. SUPERCONDUCTIVITY AND ORDERED LATTICE STATES

A physical explanation of the electron pairing mechanism in high-7, cuprate superconductors remains
to be established. These materials have a very complex structure—x-ray diffraction studies have shown the
existence of lattice modulations [34] which have been explained theoretically by de Fontaine et al. [5], [6]
and [7] as having their origin in the ordering of one-dimensional (1-D) O-Cu-O chains located in the CuO
planes. Within this model, the 1-D chains are described through a branching algorithm wherein the
notation <1> and <10> denote the Ortho I (¢ = 0.50) and Ortho II (¢ = 0.25) chain states where a one or
zero indicates a completely full or empty Cu-O chain, respectively, and an exponent denotes a repeated
structure (z = 2¢ + 6, where z is used by the authors to denote the oxygen doping level). Subsequent lower
level structures arise from the interspersing, or superposition of higher structures, e.g., the Ortho III
structure, <110> = <1> + <10>, and so forth. These low-temperature ordered oxygen superstructures
are stabilized by long-range interactions. More recently, Ricci et al. [35] reported the spatial imaging of
oxygen dopant distribution inhomogeneity in YBagCu3Og g7 via scanning nano X-ray diffraction
experiments. The increase of inhomogeneity at the nanoscale is interpreted as evidence for a network of
“superconducting puddles” within which oxygen interstitials are well ordered, a result compatible with the
above model of de Fontaine et al. [7], wherein the material is composed of the interspersing or
superposition of the identified lattice superstructures at oxygen levels in between the corresponding
superstructure states.

As noted in Section 1, with the application of sufficient uniaxial pressure to YBay;Cu3Ovy,, we observed
films during the thermal gradient annealing process that discrete regions of uniform oxygen content are
stabilized where = = [6, 6.5, 6.72, 6.81, 7]. The latter four oxygen content levels correspond to the lattice
superstructures denoted as <10>, <130110>, <1%0>, and <1>, respectively. The concept of a physical
superposition of structural states motivates us to further investigate characteristic energy scales associated
with the corresponding normal and superconducting states of each lattice structure.

A relationship between the superconducting transition temperature, 7;, and various well-defined
physical properties was found by Taylor and Maple [36]. In one form, the relationship can be written as

2m | ng A\? 1
T,= | =] (= , 1
3kp {nn] <§0> my W
or equivalently,
H.5(0) ~ (0.1776 T/K) [Z} UL‘”] T., )

where H.2(0) = &/ 27758 is the upper critical field, &y is the Cooper pair coherence length, m,. is the free
electron mass, m} is the superconducting electron mass, n,, is the normal state charge carrier density, and
ns is the superconducting state carrier density.

We make use of the superconducting effective mass data, m* vs. p, and the upper critical field data,
H.2(0) vs. p, shown in Figures 5 and 6, respectively, and the smooth curve fits to the critical temperature
data, T vs. p of Liang, Bonn, and Hardy [30], to calculate the ratio of the normal state carrier density to
the superconducting state carrier density, . The value of 7= <1 is not possible, and hence the calculated
value reflects some of the error inherent to the reported Values of the data in Figures 3—6. However, we
observe the interesting result that the stabilized lattice superstructures belonging to the superconducting
doping region (z > 6.33) have near integer ratios of [n,, /ns], a result that is consistent with quantized
energy levels of the stabilized lattice superstructures. Next, in Figure 8 we use the upper critical field data
in Figure 6 and the superconducting penetration depth data shown in Figure 4 to calculate the condensation
energy density as a function of hole doping normalized to the lowest point in the region 0.089 < p < 0.20,



i.e., in the doping range over which the superlattice states are formed. Here we notice that the ratios of the
condensation energy densities of the first two (stabilized fourth level) states, <10> and <130110>, have
near equal values and the values of the ratios of the condensation energy densities of the last two lattice
states, <140> and < 1>, are a factor of 2 and 7 larger. This result is also suggestive of a quantization of the
energy levels associated with the superconducting mechanism in each superlattice structure, and hence
superconductivity in the regions (oxygen/hole doping levels) between are a superposition of the (structural)
ground states.

Given that Equation (1) does not invoke any particular superconducting mechanism, it then provides a
framework into which results of a specific theory of superconductivity involving the characteristic physical
properties (ns/ny,), £, and m?, can be inserted. We now examine the relationship between the expression
for T, given here, and that found in the BCS-Eliashberg theory of superconductivity by inserting the BCS
(s-wave) definition of the coherence length [37], £y = hvp/mA, into Equation (1). While it is customary
to use values of the Fermi velocity vy obtained via measurements of normal state properties in the above
expression, just as we did above for the effective electron mass, we specify a Fermi velocity associated
with the superconducting state, vrs. This distinction is an acknowledgment of the fact that the kinetic
energy of the electrons, m*v% /2, changes upon entering the superconducting state. It is well established
that the electronic kinetic energy increases in conventional superconductors [37] and [38], and there is
growing experimental and theoretical evidence that in the high-7; cuprates there is a reduction of the
electronic kinetic energy [39], [40], [41], and [42]. Then, with this change of notation, by inserting &g
(BCS) into Equation (2), we find

3 2
T. = (s i. (3)
3]€B s %mzv%s

We can, of course, rearrange Equation (3) to take the recognizable BCS-Eliashberg form,

200 = nkBTw
where 7 is the coupling constant, such that
6 (ny %mzv% s
== |— ) — 4
Rearranging Equation (4) gives
Nn\ ™ Ao 5
] T 77@71 G (%)
s 2"sYFs

so we can observe from Figure 7 the relative changes between the product of the strength of the coupling
mechanism with the ratio of the gap energy to the superconducting electron kinetic energy. The near
integer increments of the values of n,, /n associated with the superlattice oxygen levels highlights the
likely fundamental quantum nature of the superstructure lattice states. While not conclusive, this observed
relationship suggests that the relationship between superconductivity and the lattice structure merits further
investigation from the perspective of quantum structural states.
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Figure 7. Calculated ratio of the normal state carrier density to the superconducting state carrier
density >~ vs. p for the YBa,CuzO, system. The values shown were calculated as described in the
text. The dashed lines are calculated by assuming a 0.2 m, deviation of m*. The corresponding
locations of the superstructure lattice states are indicated. Filled squares correspond to pressure
stabilized fourth level branch states as described by [5]; open squares with filled trinagles indicate
metastable fourth level states; open squares with x indicate possible locations of lower level
branches; Red x indicates the absence of any predicted state.
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fourth level branch states as described by [5]; open squares with filled triangles indicate metastable
fourth level states; open squares with x indicates possible locations of lower level branches; Red x
indicates the absence of any predicted state. The inset shown the unnormalized calculated value of

the condensation energy density, H;Iff) (p), in units of meV per lattice unit cell. The unit cell

dimensions are taken as a constant with oxygen doping as a x b x ¢ = (3.823A)(3.885A)(11.68A).
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5. CONCLUSION

We discuss here the importance of the configuration of heat flow in establishing a well-controlled,
high-quality YBayCuzOv . film sample. The anisotropic thermal conductivity of YBayCu30, plays a
critical role in the final compositional spread of oxygen content. A YBayCuzO,, film annealed with a
device wherein the heat must flow through the substrate/film interface will result in a poorly controlled
oxygen concentration gradient. In contrast, by employing a geometry such that the film and substrate are
parallel thermal conduits, we have successfully demonstrated YBasCuzOv . films having a well-controlled
oxygen concentration gradient that fully spans the range expected from the known thermodynamic
relationship between temperature, atmospheric pressure, and dopant (oxygen) concentration [41].

Finally, by using values from the literature, we have examined the evolution of associated energy levels
of the stabilized lattice states <10>, <130110>, <10>, and <1>, and find evidence for discrete energy
levels of the pressure stabilized lattice superstructures.
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