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As a typical hole-doped cuprate superconductor, BiSroCaCu>Os-+s (Bi2212) carrier doping is mostly
determined by its oxygen content. Traditional doping methods can regulate its doping level within the range
of hole doping. Here we report the first application of CaH:; annealing method in regulating the doping
level of Bi2212. By continuously controlling the anneal time, a series of differently doped samples can be
obtained. The combined experimental results of x-ray diffraction, scanning transmission electron
microscopy, resistance and Hall measurements demonstrate that the CaH induced topochemical reaction
can effectively change the oxygen content of Bi2212 within a very wide range, even switching from hole
doping to electron doping. We also found evidence of a low-T. superconducting phase in the electron doping
side.

The parent compounds of high-7¢ cuprate superconductors are usually antiferromagnetic Mott
insulators with the half-filling of electron occupancy. With extra electron or hole carriers, these
cuprates can become superconductors with the characteristic two-dome phase diagram. However,
it has been noticed from the early days of the high-T7. era that the two-dome phase diagram has a
strong asymmetry between electron and hole doping. ['"*) The mystery for this asymmetry, which
remains unsolved to this day, is whether it is intrinsically related to fundamental differences
between electron and hole doping (i.e. due to different residing orbitals ! or different correlation
strengths caused by electron or hole charges ') or the structural difference between electron-doped
cuprates (7" structure) and hole-doped cuprates (7 structure). >!° To solve this mystery, it is
desirable to have a cuprate material which can be doped by both electrons and holes, thus removing
the influence of structure difference. Unfortunately, only very few systems can be doped by either
holes or electrons. !-16] Previously we made efforts along this direction by developing the ozone-
vacuum annealing method. [!”) While this method can in situ dope the surface layers of hole-doped
Bi2Sr2CaCuz0s+5 (Bi2212) and electron-doped Lay—.CeCuOs4 over a wide doping range, it fails to
reach the opposite doping side. ['®!° Here we focus on the Bi2212 system again, but by using a
new CaH; annealing method to further reduce the valence of Cu, which is inspired by the discovery
of nickelate superconductors. [2

In this work, we report a systematic study of regulating the doping level of Bi2212 by the
CaH» annealing method (Fig. 1(a)). The original samples are optimally hole-doped Bi2212 single
crystals grown by the floating-zone technique. [2!! Firstly, we select high quality optimally doped



Bi2212 samples and wrap them loosely by a small piece of aluminum foil. Secondly, we take an
appropriate amount of CaH, powder (0.18 gram are used in all treated samples) and put it into a
quartz tube. Thirdly, we put the selected samples into the quartz tube without contacting CaH»
powder and pump the tube to vacuum. Fourthly, we seal the tube after its vacuum is better than
1x107* Torr, and heat it with a tube furnace. For all the samples shown in this paper unless
mentioned otherwise, we adapt the heating rate of 4.5°C/min until it reaches 280°C and keep this
temperature for a variable period of time (anneal time) to control the annealing sequence. Finally,
we reduce the temperature to the room temperature at the same 4.5°C/min rate and then move the
treated samples out of the tube. We select and cleave the samples with clean and flat surface for
further experiments.
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Fig. 1. Schematic diagram of CaH> annealing method and structural characterization of Bi2212 single crystals with
different annealing time. (a) Schematic diagram of regulating the doping level of Bi2212 by the CaH, annealing
method and the optical pictures of optimally doped, 4-hour annealed, and 72-hour annealed Bi2212, respectively. (b)
Room-temperature XRD spectra of Bi2212 with different annealing time. All samples are annealed at 280°C, but with
different annealing time. (¢) Atomically resolved iDPC-STEM image of an optimally doped Bi2212 sample. (d) Same
as (c) but for a Bi2212 sample annealed for 4 hours at 280°C.

With the increase of annealing time, the luster of the sample surface disappears gradually, as
shown in Fig. 1(a). In order to verify that this CaH» annealing method can indeed regulate the
oxygen content of Bi2212 sample, we characterized the samples by x-ray diffraction (XRD) and
scanning transmission electron microscopy (STEM). Figure 1(b) shows the XRD spectra of
Bi2212 with different annealing time. Within a large range of annealing time (4 hours to 36 hours),



five main diffraction peaks % of (008), (00 10), (00 12), (00 16), (00 20) persist, indicating that
the crystal structure is largely retained. With the increase of annealing time, the (00 10) diffraction
peak and the (00 20) peak tend to shift to higher diffraction angles, indicating that the annealing
effect reduces the c-axis length. The broadening of these two peaks may indicate the non-uniform
reduction of the c-axis. Figure 1(c) shows the atomically resolved integrated differential phase
contrast STEM (iDPC-STEM) image of an optimally doped Bi2212 sample. The interstitial
oxygen atoms marked with red arrows are located between the BiO layers and SrO layers, similar
to previous reports. 3! But after annealed for 4 hours at 280°C, the interstitial oxygen atoms
disappear, as shown in Fig. 1(d). It is widely believed that the interstitial oxygen corresponds to
the value of § of the oxygen doping level, [>+%] so this result confirms that the CaH, annealing
method can indeed regulate the oxygen doping level of Bi2212. In addition, the atomic
arrangement of the samples after CaH» annealing is flatter than that of the optimally doped samples,
as clearly seen in Figs. 1(c, d). This means that the incommensurate modulation in Bi2212 gets

weaker after CaH» annealing, which would lead to a decrease of the superlattice intensity. [2°!
6 = -
@ | . (b) T Hall high T (c)20 i Hall lowT
10° B12$r2CaCu208+5 4 ' ] |
] N ] !
' 25 23 : b 2l
| '] (7)=— 121 = ' ~ : \
10° ; - Tgi‘ “;:‘ = ' @ 3 '
i B 9) 48h = e e J = — ~ -
' 20 - (10) 72h w';. 0 ' v.__ g :
: ] (11) == 300°C 72h x ! [ !
' %15 2 ' 10 '
103 - 3 ] ! 41— 2h_2K'
i = 1= Gh_300K 1 — 150 sk :
i < 1.0 -4 ' — 36h_300K J — 36h 30K !
” 1 —— 72h_300K 2094 710k !
= H ] 1
£102 05 b A TTTTTT T T
> 04 02 0 02 04 04 02 0 02 04
< . B(T B(T)
i 00 “rrrryrrrrprerrrrrprrrTT q
1 3" 0 100 200 300 €
10 3! Temperature (K) @ é )
¢ 10° ks 8
: 10° = Hole 'I: Electron 6 JmHole : & low'T
o 3 10" i S~ 4 i @ highT
10" 4, 100 /o g 5. :
: (1) s Optimal 6 § 2 Al ‘ -);J [}
. 2)— 2 @—1n | &£ 10" 48 " e 0 -- - =dirmonamer -
) (3) === 4h 8 15h Z 10 B iy = 2 : °
T (4) == 6h (9 a8h & N 3 i L
| (5) m—— 8B 10 72h 10° P A~ TN < -4 H Electron|
' (1) — 300°C 72h A i 6 :
! 10 = : :
L B I LI I LI l LELELEL I LI l LI B I -8 - 1
50 100 150 200 250 300 2 Taes 2 4 AR AN A Y
Tcmpcralurc X) Anneal time (h) Anneal time (h)

Fig. 2. Transport results of Bi2212 samples with different annealing time. (a) Resistance curves normalized at 300 K
for Bi2212 samples with different annealing time. (b) Hall resistance of the samples annealed for different time, which
is measured by Van der Pauw method at the room temperature (300K). (c) Hall resistance measured at low
temperatures (<30K). (d) Resistance ratio of 5K and 300K as a function of the annealing time. (e) Product of Hall
carrier concentration (r) and sample thickness (d) as a function of the annealing time. To better visualization, the
annealing time (2 hours to 72 hours) is commuted to the logarithm form.

To determine to what extent the doping level of Bi2212 system can be regulated by this CaH>
annealing method, we perform transport measurements, as shown in Fig. 2. We measure the
resistances of samples by the four-wire method *”! and normalize them with their corresponding
resistances at 300K (Fig. 2(a)). The resistance of the samples starts to exhibit the insulator-like



behavior when annealed for 2 hours, and reaches the maximum around an 8-hour annealing time,
then decreases with further increase of annealing time. This behavior suggests that the samples
change from the metallic/superconducting phase to the insulating phase and revert to another
metallic phase. Furthermore, we measure the Hall resistance of the samples with different
annealing time by the Van der Pauw method. ?*! Figures 2(b) and 2(c) show the Hall resistance
measured at the room temperature (300K) and at the low temperatures (<30K), respectively. With
the increase of annealing time, the sign of Hall resistance gradually changes from positive to
negative, indicating that the main carrier type changes from hole to electron. To better quantify the
change of resistance, we show the resistance ratios of 5K and 300K of the samples with different
annealing time in Fig. 2(d). Apparently, the increase in resistance is because that the samples
approach an insulating parent phase as the hole doping level decreases. With further reduction of
oxygen content, the resistance of the samples gradually decreases, which indicates that the Bi2212
system may enter the electron-doped region. Considering the thicknesses (d) of all the samples are
approximately the same, Figure 2(e) actually shows the variation trend of Hall carrier
concentration (n) with annealing time, which is calculated from Figs. 2(b, ¢). These transport
results indicate that it is possible to change the doping type from hole to electron in the Bi2212
system by the CaH» annealing method.

Next, it is desirable to find out whether the metallic state in the electron-doped side can
become superconducting at a lower temperature. Therefore, we preform the lower temperature
transport measurements by using a dilution refrigerator which can reach a lowest temperature of
10mK. Remarkably, we find that a new superconducting phase appeared in some samples with a
long annealing time, as shown in Fig. 3(a), which displays three samples annealed for more than
77 hours at 290°C with a much slower heating and cooling rate of 0.45°C/min. The onset
temperatures of the superconductivity (7¢, onset) are ~1.23K, 1.4K and 1.44K, respectively, and the
temperatures with zero resistance (7cp) are ~0.86K, 0.94K and 1.1K, respectively. The small
deviation between T¢, onset and 7T¢ indicates the sharp superconducting transitions. The detailed
superconducting properties of this new superconductor will be reported in a separate paper. We
also measure the Hall resistance of the sample annealed for 84 hours at 290°C (Fig. 3(b)), and find
that its carriers are indeed mainly electrons. Further transport experiments shown in the
supplementary material (Fig. S1) strongly suggest that the superconductivity is not derived from
residual hole-doped Bi2212. Furthermore, we examine the values of 7. of the elements (Bi, Sr, Ca,
Cu, O) contained in the Bi2212 sample and some multi-component compounds of these elements.
(29341 T, of Bi bulk under the ambient pressure is below 0.53mK while T of cylindrical Bi nanowire
is below 1.3K. 33 T;, of Bi element can reach 8.2K under pressure up to 8.1 GPa while 7. of its
single oxide 6-Bi203 is 5.8K.[%*7 As for the multi-component compounds of these elements, there
are also some combinations can become high-7. superconducting materials, such as BioSr2CuQOe-+s
(B12201) and Bi2Sr2CazCuzO10+5 (B12223). We also found trace of a low-7¢ superconducting phase
when the Bi2212 system is doped into the electron doping side. Considering the growth technology,
pressure environment, transport properties, XRD patterns, etc., the superconductors listed above
are not east to form. Nevertheless, we cannot completely exclude the possibility of trace amount.
Therefore, this electron-doped superconductivity may arise from the electron-doped Bi2212 phase,
or from the secondary impurity phase.
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Fig. 3. Ultra-low-temperature transport results of the heavily annealed superconductors. (a) Resistance curves
normalized at 2.5 K with three different annealing time of 77, 81, and 84 hours, respectively. (b) Hall resistance of the
sample annealed for 84 hours at 290°C. (c) A phase diagram of the Bi2212 system reached by the CaH, annealing
method. The triangle symbols refer the 7 and the green circles are the corresponding resistance values measured at
5K in Fig. 2(a).
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We summarize our results in Fig. 3(c), which roughly sketches a phase diagram that the
Bi2212 samples reached by this new CaH; annealing process. The ability of reaching the insulting
phase or even the electron side in the Bi2212 system may help us to solve the mystery of electron-
hole asymmetry in the cuprates. In fact, we have conducted some preliminary ARPES results over
this new phase diagram, which will be presented in a separate paper. However, one caveat for this
method needs to be mentioned here: during the anneal process, hydrogen coming out of CaH>
would combine with oxygen extracted out of Bi2212 and forms water, and the water vapor will
likely degrade the Bi2212 single crystal as it comes out of the sample. To improve the single crystal
quality, one can try to optimize the hydrogenation conditions or use thin film samples. The reason
why we could not get higher 7t in the electron-doped samples might be that the heavily annealed
samples tend to have poorer quality. In fact, the reason why electron doping is so difficult to
achieve in Bi2212 and most hole-doped systems is likely due to the fact that their charge transfer
gaps are larger than the electron-doped systems such as Nd>-xCeCuQs4, so a brute force method
such as the CaH» annealing process is needed to reach the electron-doping side.

In conclusion, we develop the CaH» annealing method to regulate the doped carrier of Bi2212
single crystal samples over an unprecedently wide doping range, and may even reach the
superconducting electron-doped phase. This will likely open a new venue for systematically
studying the cuprate systems from both electron and hole sides, from which new results would
provide new insights on some of the most fundamental issues the high-T7. cuprate superconductors
are facing, including the electron-hole asymmetry, the pseudogap, and the high-7. superconducting
mechanism.
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I. Oxidation reaction of Bi2212 samples with different anneal time
II. Transport experiments of electron-doped samples with the highest 7. achieved

ITI. XRD patterns of some superconducting materials

I. Oxidation reaction of Bi2212 samples with different anneal time



When we anneal the Bi2212 sample for 84 hours at 290°C, we find a new superconducting
phase. To verify whether this superconductivity is a remnant of hole-doped superconductivity, we
perform the oxidation reaction experiment for some samples (Fig. S1). We select some samples
with different anneal time, such as the optimally doped samples, the samples annealed for 2 hours
and 84 hours by CaH» annealing method. 7¢p of the optimally doped sample is about 91K, while
T.p of the samples annealed for 84 hours is about 1.1K, and the sample annealed for 2 hours is
known as an insulator at the hole-doped side. In the oxidation reaction process, high-purity oxygen
is added into the tube furnace, where the selected samples were placed, at a flow rate of 2 L/min
and heated at 550°C for 3 hours with a heating and cooling rate of 5°C/min. After the oxidation
reaction, the original optimally doped sample enters the over-doped superconducting region (7¢,
~78K), and the sample annealed for 2 hours by the CaH» annealing method returns to the
underdoped superconducting region (7o ~82K), but the sample annealed for 84 hours becomes an
insulator. This oxidation experiment provides evidence that the new superconducting phase is not
a remnant of hole-doped superconductivity, otherwise it would remain superconducting rather than
insulating after the oxidation reaction.

200
550°C 3h O,

ENY

— 2h

0 100 200 300

T (K)

Fig. S1 Transport results of different samples after oxidation for 3 hours at 550°C. Samples before adding oxygen
correspond to different hydrogenation annealing times. The green, red and blue line corresponds to the optimally
doped sample, the sample annealed for 2 hours, and the sample annealed for 84 hours by the CaH, annealing method,
respectively.

II. Transport experiments of electron-doped samples with the highest T achieved

The values of 7. for the new superconducting phase are below 1.5K, which may be due to
poorer quality of the single crystal, but we once achieved the superconductivity with 7 of 6K,
and its Hall results also suggest the electron doping nature (Fig. S2)
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Fig. S2 Transport results of a sample annealed for 88 hours at 290°C. (a) Resistance curve (b) Hall resistance of this
sample.

II1. XRD patterns of some superconducting materials

We measure the XRD pattern of the sample annealed for 84 hours at 290°C, and find that its
peak positions shift slightly to higher angles and the half-width also increases. This means that
although the quality of the single crystal has degraded, the structure of Bi2212 is still basically
maintained. The peaks of Bi single element (PDF#441246) are not visible in the XRD, which means
that the new superconducting phase does not likely originate from Bi nanowires, although we
cannot exclude the possibility of trace amount.
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Fig. S3  XRD patterns of the optimally doped sample (blue line) and the sample annealed for 84 hours at 290°C (red
line). The black line is from the XRD patterns of Bismuth (PDF card#441246).



