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History


Nov. 2011: Installation at BNL

Feb. 2012: Start of acceptance testing

Nov. 2012: Operational readiness evaluation

Apr.  2016: Final contract milestone/payment

Oct.  2016: HIP status Operational
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Conclusion:

At same position��samples annealed at lower temperature have higher Tc
 

Crystals of La2CuO4+δ after annealing

Recent runs


Mar 29, 2016 (80 ksi, 1150C, 3 h)   
Mar 28, 2016 (99 ksi, 1180C, 15 h)   
Nov   3, 2015 (99 ksi, 500C, 5 days) 
Oct  29, 2015 (99 ksi, 500C, 1.5 days) 
Aug   5, 2015 (99 ksi, 600C, 7 h)

Some crystals tested

1200 C, 18 h


Composition         % O change

  YNiO3-δ                       0.2

  YSrNiO4-δ                    9.8

  NdNiO3-δ                   15.6

  Y2BaNiO5+δ                 4.2

  La1.875Sr0.25NiO4+δ       2.1


                       (by mass change)
Ruidan Zhong and Genda Gu



La1.9Ca1.1Cu2O6+δ

HEFEI HU et al. PHYSICAL REVIEW B 90, 134518 (2014)

Characterizations were performed on pieces cut from the
annealed and as-grown crystals. The magnetization mea-
surements were carried out by using a superconducting
quantum interference device. All TEM-related experiments
were performed using a JEOL ARM 200CF transmission
electron microscope operated at 200 kV, which is equipped
with double aberration correctors and a cold field-emission
gun. The TEM samples were prepared by crushing the bulk
material into thin flakes transparent to the electron beam, which
were then placed on a copper grid coated with a lacey carbon
film.

III. CHARACTERIZATION RESULTS

Figure 1 shows the magnetization measurement of a piece
cut from the oxygen-treated superconducting La-2126 sample
at a magnetic field H of 2 Oe parallel to the c axis. Tc was
determined to be 53.5 K by linearly extrapolating the 4πM
data at the superconducting transition to the zero magnetization
line. Interestingly, a small drop is observed at ∼13 K, implying
the presence of a secondary superconducting phase. The
zero-field-cooled (ZFC) measurement indicates nearly full
shielding below the sharp high-temperature transition; the
low-temperature transition has only a weak effect on the
shielding fraction. The Meissner fraction, determined by the
FC measurement, is small, but this is not uncommon for
cuprates. (Small observed Meissner fractions are frequently
attributed to flux pinning on cooling through Tc.)

Figure 2(a) shows a representative HAADF-STEM image
of the as-grown sample, viewed down the [110] zone axis
at medium magnification. The contrast gradient is due to
variation in the sample thickness. A typical atomic-resolution
HAADF image is shown in the inset. Only heavy atoms are
shown in the structure model, since oxygen is too light to be
seen in the HAADF-STEM image next to the heavier metal
atoms. From x-ray-diffraction [1] and neutron-diffraction [10]
studies of La1.9Ca1.1Cu2O6, the La and Ca are known to have
preferred sites, but with substitutional disorder. Within the
I4/mmm space group, La dominates the 4e sites with ∼90%
occupancy, while Ca prefers the 2a sites, with a similar average
occupancy [1,10]; in the atomic-resolution inset of Fig. 2(a),

FIG. 1. Temperature-dependent magnetic susceptibility (M/H )
of a superconducting La1.9Ca1.1Cu2O6+δ single crystal, measured
at a 2-Oe externally applied magnetic field. Measurements were
performed both in zero-field cooling (ZFC) and field-cooling (FC)
modes. Magnetic field is parallel to the c axis of the crystal.

FIG. 2. (Color online) (a) ADF image along [110] of the as-
grown nonsuperconducting sample. Inset: Atomic-resolution image.
(b) Electron diffraction from the area shown in (a).

these atoms are denoted by the largest (red) and smallest (blue)
circles, respectively. Figure 2(b) shows the electron diffraction
pattern from the same area as in (a). Some of the diffraction
spots are indexed. Overall, the as-grown samples show good
structural homogeneity.

The superconducting samples prepared by the high-
pressure oxygen treatment were studied next. Figure 3(a)
shows a representative HAADF-STEM image of the oxygen-
annealed sample down the same [110] zone axis. Surprisingly,
stripes with high contrast are clearly evident. A typical atomic-
resolution HAADF image, as seen in Fig. 3(b), shows that an
intergrowthlike defect phase has formed, which contributes
to the high contrast seen in Fig. 3(a). This new phase

FIG. 3. (Color online) (a) ADF image along [110] of the su-
perconducting sample after post-high-pressure oxygen treatment.
(b) and (c) Atomic-resolution image expanded from the region shown
in (a). Green and red labels indicate the different materials. (c)
Lattice modulating between La-2126 and La-214 that allows for the
intergrowth. (d) Electron diffraction from the area shown in (a). Some
reflections are labeled for La-2126 and La-214 phases, respectively.
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FIG. 1. (Color online.) Diamagnetic shielding
signals from several samples with nominal compositions
La1.9Ca1.1Cu2O6+δ after high pressure oxygen annealing. χ
is the magnetic susceptibility. Samples no. 1, no. 2, and no.
3 were annealed in three consecutive treatments within two
weeks: 1180◦C at 100 kPSI for 10 hours, 1150◦C at 90 kPSI
for 5 hours, and 1130◦C at 80 kPSI for 16 hours. Samples no.
4 and no. 5 were annealed only once, at 1180◦C at 100 kPSI
for 10 hours. Sample no. 3 was cut from the inside of a larger
annealed piece, whereas the other samples were measured as-
annealed. Data were taken at applied magnetic field H = 10
Oe. Filled symbols denote data taken under zero-field-cooling;
unfilled symbols represent field-cooling data, taken for sam-
ples no. 1 and no. 5. The inset shows a zoomed-in version
of the data for sample no. 1, highlighting the onset of the
superconducting transition near 55 K.

composition of La1.9Ca1.1Cu2O6.
The samples annealed for the longer treatment exhib-

ited susceptibility curves that were shifted toward higher
temperatures than those annealed for the shorter treat-
ment. Though bulk superconductivity appears between
40 to 45 K, the onset of the diamagnetism was around
55 K as seen in the inset of Fig. 1. The apparent re-
lation between the temperature of the onset of bulk su-
perconductivity and annealing conditions suggests that
longer annealing times led to increased oxygen doping
and higher Tc in a larger portion of the sample, though
more annealing experiments are needed to clarify these
trends.
In Figure 2 we see neutron scattering intensity maps

that show the various elastic features for T = 4, 55, and
200 K. The left column shows data at K = 0, and the
right column shows data at K = 0.5. All data were in-
tegrated within ∆K = ±0.1 r.l.u. and −0.5 ≤ h̄ω ≤ 0.5
meV. In addition to the structural Bragg peaks visible
at integer H and L, superstructural peaks can be seen at
various quarter-integer H and non-integer L positions.
Superstructural peaks in oxygen-doped La2−xCuO4+δ

have been attributed to the ordering of interstitial oxy-
gen [3], and a similar ordering may be present in our
annealed La1.9Ca1.1Cu2O6+δ sample. Diffuse lines along
the L direction at integer H positions can be seen, pos-

FIG. 2. (Color online.) Elastic neutron scattering intensity
maps in the (H, 0, L) and (H, 0.5, L) planes at 4, 55, and 200
K. Data were mapped into the H ≥ 0, K ≥ 0, L ≥ 0 region
by reflection about H = 0, K = 0, and L = 0. Data were
averaged within ∆K = ±0.1 r.l.u. about K = 0 for the left
column and K = 0.5 for the right column. Data were also
averaged within −0.5 ≤ h̄ω ≤ 0.5 meV.

sibly indicating structural disorder such as that from
intergrowth-like defects of La2−xCaxCuO4+δ within the
bulk La2−xCa1+xCu2O6+δ compound [19]. The intensity
of the elastic features at K = 0 do not appear to change
with temperature between 4 and 200 K.

For K = 0.5, elastic peaks can be seen at half-integer
H locations, corresponding to the presence of orthorhom-
bic superlattice peaks or long- or short-range magnetic
order [15]. In addition, diffuse lines of scattering ex-
tend along the L direction at half-integer H. The in-
tensity along (0.5, 0.5, L) is shown in Figure 3 for 4,
55, and 200 K. These neutron scattering data were av-
eraged within 0.4 ≤ H ≤ 0.6, 0.4 ≤ K ≤ 0.6, and
−0.5 ≤ h̄ω ≤ 0.5 meV. These data are roughly sim-
ilar to those from previous measurements for a non-
superconducting La1.9Ca1.1Cu2O6+δ crystal [15], with an
intense peak at L = 6 and weaker peaks present at other
integer L locations, though our lesser resolution did not
allow a precise comparison. We note, though, that we see
only a small decrease in intensity from 4 to 55 K, unlike
the decrease by roughly half seen in Ref. [15] from ∼10 to
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FIG. 3. (Color online.) Elastic neutron scattering intensity
along (0.5, 0.5, L), averaged within 0.4 ≤ H ≤ 0.6, 0.4 ≤ K ≤
0.6, and −0.5 ≤ h̄ω ≤ 0.5, at three different temperatures.
Both subplots show the same data at different intensity scales.

50 K at (0.5, 0.5, 2.5). We do see a substantial decrease
in both the L = 6 AFM peak and in the (0.5, 0.5, L) rod
of intensity from 55 to 200 K.
A comparison can be made to neutron scattering

data reported in Ref. [20] for various underdoped
La2−xBaxCuO4 samples; from x = 0 to x = 0.035, a
progression in (0.5, 0.5, L) elastic neutron scattering in-
tensity was seen, from 3D AFM peaks, which vanished for
x ≥ 0.025, to diffuse rods along L, which were visible for
x ≥ 0.0125. For x = 0.0125, the elastic (0.5, 0.5, L)-rods
were present at 1.5 K but largely disappeared by 35 K.
The decrease with temperature of the elastic (0.5, 0.5, L)-
rod intensity in those LBCO measurements resembles
that seen in non-superconducting La1.9Ca1.1Cu2O6+δ

[15], but constrasts with the relative lack of decrease
in our superconducting La1.9Ca1.1Cu2O6+δ crystal for a
similar temperature range.

FIG. 4. (Color online.) Neutron scattering intensity
maps focusing on the temperature-dependence of the steeply-
dispersing magnetic excitations and the optic phonons. Data
are plotted along energy transfer h̄ω and (H, 0.5) directions,
averaged within 2 ≤ L ≤ 4 and 0.4 ≤ K ≤ 0.6. Data taken
at Ei = 40 meV.

Figure 4 shows neutron scattering intensity maps in
the plane of energy transfer h̄ω and momentum trans-

fer along (H, 0.5). Measurements were taken at Ei = 40
meV. The data were averaged within 2 ≤ L ≤ 4 to fo-
cus on the L-range of the maximum intensities of the
(0.5, 0.5) and (1.5, 0.5) magnetic excitations. Averag-
ing was also done within 0.4 ≤ K ≤ 0.6. Data from
4, 55, and 200 K are plotted, focusing on the magnetic
excitations which disperse steeply out of (0.5, 0.5) and
(1.5, 0.5). An increase in the phonon spectral weight can
be seen with increasing temperature, likely the expected
Bose-factor temperature dependence of phonon intensity,
but a more quantitative analysis is needed to see changes
in the magnetic excitations. These steep dispersions em-
anating from QAF wavevectors are expected for undoped
or underdoped cuprates [4], and similar magnetic ex-
citations were observed in the underdoped composition
La1.965Ba0.035CuO4 [21].

FIG. 5. (Color online.) Neutron scattering intensity maps
for Ei = 120 meV and T = 4 K, highlighting the steepness of
the magnetic excitations at the magnetic wavevectors QAF .
Data averaged within 0.4 ≤ K ≤ 0.6 and 0 ≤ L ≤ 10.

In Figure 5, we show another neutron scattering inten-
sity map along h̄ω and (H, 0.5), this time taken for Ei =
120 meV to cover a greater range of energy and momen-
tum transfers. Data were averaged within 0.4 ≤ K ≤ 0.6
and 0 ≤ L ≤ 10. The magnetic excitations can be seen
to disperse steeply even up to ∼100 meV.

Figure 6 shows the neutron scattering intensity in the
(H,K) plane at various temperatures and energy trans-
fers. Data were averaged within 2 ≤ L ≤ 4 and within
∆(h̄ω) = ±1 meV about each of the energy transfers
listed on the vertical axis for each row. At h̄ω = 4 meV,
slash-like features from spurious scattering are, unfor-
tunately, present, and may possibly arise from multiple
scattering in which Bragg scattering within the sample is
followed by incoherent scattering from surrounding ma-
terials. For other h̄ω, the main features are the mag-
netic excitations at (0.5, 0.5) and (1.5, 0.5), and the optic
phonon features seen at 20 and 24 meV.

In Fig. 7, we show the L-dependence of the mag-
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