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ABSTRACT

A self-flux method to grow very high quality singlgystals of the superconducting HgBaO,.; mercury cuprates is reported.
The single crystals are platelet-shaped, with sedaf high optical quality and good crystallogliagiroperties. Annealing
enables optimization df; up toT.;"® = 94 K. With adequate treatment, the doping le¥éhe crystalline samples can be finely
controlled in a wide under- and over-doped rangelifRinary structural characterization from singtgstal X-ray diffraction
data is given for different doping levels. The sigme of under- and over-doping for both pure aold-gubstituted crystals

has been identified from micro-Raman spectroscopgsurements.

Keywords: superconductors; crystal growth; magngtoperties; X-ray diffraction; Raman spectroscopy.

1. Introduction

Since the discovery of the high-superconductors (HTSC) in 1986, mercury cuprates HgB@a,-1CunOon+2+,
wherenisthe number of Cuglayers, play a peculiar role as being the stratiyisimplest cuprates with the high&stvalues,
up to 133 K (160 K under 30 GPa) for HgBaCuzOg+s (Hg-1223)[2-5]. The HgBaCuQu+s compound (Hg-1201) with only

one Cu@ plane per tetragonal unit cell (space gredpmmm, Fig. 1, left), and the highedt value of all single-layer cuprates,



is an ideal candidate to clarify the relationship between the crystallographic structure and the electronic properties, so as to
improve the comprehension of high-7. superconductivity mechanisms and reach still higher 7. values. Unfortunately, few
single crystal studies have been performed, notwithstanding some progress in Hg-1201 crystal growth in the last decades [6-
13]. Here we report a self-flux method to grow single crystals of Hg-1201 cuprate. The surfaces of the crystals synthesized are
extremely clean, with high optical quality and good crystallographic properties (Fig. 1, right). Optimization of T¢, up to 7c™*
(94 K), is possible through annealing, a wide range of doping levels in the under- and over-doped regimes being accessible
through adequate heat treatments as previously described on powders [14-16]. Crystals elaborated by the same method have

previously been used in Raman studies [17,18].
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Fig. 1. Schematic representation of the crystal structure of tetragonal HgBa,CuOs,;s (left) and scanning electron microscopy (SEM) view of a single crystal of
HgBa,CuOy.; (right). The doping process consists in inserting oxygen on the O3 site, which is thus partially occupied (& occupancy). The surfaces have high

optical quality, and the crystallographic axes are easily identified (a axis along the edges, ¢ axis perpendicular to the platelet).

As already signalled in a recent communication about Hg-1223 [19], these mercury compounds are very attractive,
but they are complex oxides and their synthesis remains a challenge, in particular due to the toxicity of mercury oxide HgO
and the necessity to control the volatility of its decomposition products. The present synthesis procedure allows the synthesis
of large crystals of pure cuprates and the easy separation of the sample from the flux, thus providing high quality crystals with
clean surfaces. It also has the advantage to be less expensive and more simple to operate than the technique using gold foil

[6,7,8].

2. Experimental

The starting mixtures for crystal growth were prepared using HgO (99%), BaO (99.5%), and CuO (99.995%) oxides,

as well as gold powder (99.95%) in some experiments. All manipulations of oxides were carried out in an Ar-gas-filled glove
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box. The reagents were weighted, mixed and gragirthg powders (2 g) with the nominal compositiagndicated in Figure
2. The best results were obtained by using the ositipn labelled K. For samples with gold, 2 g ofides with the
composition K were mixed with 250 mg of gold powder

The mixtures were directly placed in alumina crigsband sealed in evacuated quartz tubes (13 naiamneter, 70
mm in length). For the sake of safety, the tubeewaclosed in stainless steel containers. Heatihtients were carried out in
vertical tubular furnaces. Crystal growth was nfasbured at temperatures close to 995 °C. Typioalvth conditions were
as follows: the sample was heated at 750 °C foh,1fhen further heated to 995 °C at 100 °C/h araked for 1 h. The
temperature was afterwards lowered to 800 °C ateaaf 5-20 °C/h, and the furnace was cooled d@wvynam temperature at
200 °C/h. The chemical composition of the crystals been determined at several locations on thiacguwith a Camebax

SX50 electron microprobe. The analysed volume & fefw (1m)°.
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Fig. 2. Phase diagram for HJO-BaO-CuO in air. Our studyitlantified a region of low melting compositiors &pplication of the nonstoichiometric melt

method. A composition close to “K” is favorable fomthesizing Hg-1201 crystals.

We have obtained nine samples with controlled dpjewvels, corresponding to different annealingttremts (see
below, paragraph 3.3, for details). These ninetatysare divided into three categories: (i) undepatl sampledJD55 (T, =
55 K),UD62 (62 K),UD72 (72 K, gold-substituted)JD73 (73 K),UD88 (88 K, gold-substituted); (ii) optimal samp{@P93

(T¢m* =93 K) and (iii) overdoped sample3D89 (89 K),OD72 (72 K, gold-substituted) andD65 (65 K, gold-substituted).

Single crystal X-ray diffraction data were collettg 150(2) K on a Nonius Kappa-CCD area detedffsadtometer

using graphite-monochromated MarKadiation A = 0.71073 A)[20]. The crystals used were small platelets cut frben t
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large synthesized crystals. The unit cell pararsetegre determined from ten frames, then refinedhlbmlata. The data
(combinations ofh- andw-scans giving a complete data set up to35°, with a minimum redundancy of 10 for 90%ud
reflections) were processed with HKL20Q( |. Absorption effects were corrected empiricallytwthie program SCALEPACK
SCALEPACK [21].The structures were refined by full-matrix leagtiares orF? with SHELXL-2014[22]. All atoms were
refined with anisotropic displacement parameterd aa restraint was applied, except for atom O3 twhi@as refined
isotropically with restraints on its displacementgmeter. The occupancies of atoms Hgl and O3 efiaed, but the small
quantity of gold present on the mercury site ingbkl-substituted samples was not introduced.

Measurements of DC magnetic susceptibility dowrR@K were carried out by using a SQUID magnetometer
(Cryogenic Limited S600) in a field of 10 Oe. Theld was applied in the-axis direction, perpendicularly to the largestefac
of the crystalline platelet. The classical zerddfieooled (ZFC) procedure was used. The field wadied at the lowest
temperature and the ZFC magnetization was recadedfunction of increasing temperatures up tol.. TheT, attributed
to the different samples has been determined asiygerature corresponding to the middle of thestgmducting transition.

Raman experiments have been carried out at roorpeteture using a JY-T64000 spectrometer in singiéing
configuration fitted with a 1800 grooves/mm gratiagd a Thorlabs NF533-17 notch filter to block stey light. The
spectrometer was equipped with a nitrogen-coole#-iluminated CCD detector. The 532 nm excitatime from a diode
pumped solid state laser was used. An Olympus stome with an objective of magnitugg0 produced a laser spot of a few
micrometers. Raman measurements have been perfamhadkscattering geometry. Crystals were fixedhair edge in such
a way as to align the electric field polarizatiafishe incident and scattered light along the alisgraphicc-axis @ direction).
The incident and scattered light wave vectors aralfel to thea-axis ( direction). In Porto’s notatiof23], this corresponds
to thex(zz)x configuration. Each Raman spectrum has been dataimone frame, repeated twice to eliminate cospikes,

with an acquisition time of 120 s. The resolutisrapproximately 1 crh

3. Resultsand discussion

3.1. Crystal Growth

A low melting region in the pseudo-ternary HgO-B&DO phase diagram was determined, and crystal broas

achieved in a melt with an excess of BaO and C@® Experimental Section). In our experimental cho, the interesting

domain is bounded by BaCu(BaO and Hg-1201~g. 2). The main compositions along the Hg-1201-&0; line have
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been investigated. In order to determine a suitghdevth temperature for the compositions labelleth A, samples were
heated to temperatures between 950 and 1000 °Ghanccooled down at 5-20 °C/h. The experiments hewealed that a
step at 750 °C ensures complete reaction by miimignithe soaking time. The composition most favoleab the growth of
crystals was that labelled K, for which 16.2 mol%@and 59:24.8 mol% BaO:CuO were mixed.

After the growth stage, most crystals are usuallynfl at the bottom of the crucible in the frozen{lfrom which
they are then mechanically separated; some large crystals may be found in the more fealda cases~g. 9. Fig. 1shows
one typical, extracted platelet-shaped crystah wi¢ll-developed {001} faces and a size of 8.0.5x 0.05 mni. With small

cooling rates of 5 °C/h, thicknesses up to 0.3 nawehalso been obtained.

1mm
and = 15X || WD= 26 mm EHT=1500KV Signal A = SE2 A‘

Fig. 3. Single crystal of HgB#&LuQ,.; of 4 x 5 mnt formed at the bottom of the crucible and surrodnlefrozen fluxSEM).

A remarkable point is that the crystallographicsagéthe crystalline platelets are easily idenbifga@ axis along the
edgesc axis perpendicular to the platelet largest faag)n the Hg-1223 phas&s]. The chemical analysis of as-grown, gold-
free crystals, performed with a scanning electracroscope equipped with an electron microprobegatad a slight under-
stoichiometry oft0.94 in mercury, the mercury content being homogesén each crystal. No flux component was detected
In order to increase the doping level of the Gl&Yyers as in the Au-substituted Hg-1223 compoumtl thus access more
easily the over-doped regime, we have elaboratieer arystals by substituting Hg by Au, through #ddi of gold powder
among starting reagent84]. Chemical analyses carried out on the single alyghus obtained showed that the average
composition is (Hge3AUo.04)BaCuQ,. The distribution in gold is very homogeneous withach crystal and from one crystal

to another (an average of 10 measurement poines nvade on the surface and in depth for each cyy$tagre is a very slight



sub-stoichiometry (Hg + Auy 0.97, which is within the resolution limit of tlievice and indicates a good agreement with the
expected formula.

Microprobe analyses in depth along a line of 110qfia cut and polished gold-free crystal (see bgtbeselectronic
micrograph) have been performed (Fig. 4). The stitheatomic percentages of Hg, Ba, Cu and O edl@0s The atomic
percentage for the Al atom is below the limit ofaf#ion. These quantitative data thus show no coin@ion inside the crystal

by the alumina crucible and no carbon as impunitytee mercury site.
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Fig. 4. Composition profile for the elements Hg, Ba, CuaAd O inside a Hg-1201 crystal, as indicatedhenstcanning electron micrograph.

3.2. Singlecrystal X-ray diffraction

The crystal structures of five samples of gold-i{gB55, UD62, UD73, OP93 andOD89) and four samples of gold-
substituted Hg-1201[D72, UD88, OD72 andODE5) were refined from single crystal X-ray diffragtiexperiments. Atomic
coordinates are given ifeble 1 and crystal data and values of refined parameétérsbles 2 and.3Although this structural

work is still preliminary, some trends are appatiarthe present results. In all cases, refinemétiie occupancy parameter



of mercury led to a much-improved refinement gyalitd, more importantly, a much more acceptablgaiement parameter
for this atom, abnormally large values being fodimdfull occupancy/6]. These occupancies are in the range of 0.933(2)—
0.9720(12) and, as a general trend, they decrehea the amount of oxygen in the sample increabedptver value being

for OD89. The possible presence of disordered mercury atois amount depending on the temperature andspimeoe of

annealing has been discussed previously for Hg-t2a%ounds? and the same phenomenon may be present here.

Table 1. Atomic Positionsin HgBa:CuOas.

X y z Multiplicity Occupancy

and Wyckoff
symbol

Hgl 0 0 0 la <1

Bal 0.5 0.5 z(Bal) 2h 1

Cu 0 0 0.5 1b 1

o1 0.5 0 0.5 2e 1

02 0 0 Z02) 2g 1

03 0.5 0.5 0 1c <«<1

The occupancy parameter for atom O3, at (Y2 ¥ 0),otdy be obtained with a large uncertainty, du¢hi® low
associated electronic density and the presencevefal heavy atoms in the structure. The correspgnelectronic density
appears however very clearly in the Fourier diffieemaps for the most oxygenated sampleg3 andOD89. In the former,
refinement proceeds smoothly, provided that OZimed isotropically (anisotropic refinement beimghly unstable) and,
since the refined displacement parameter of OB &edo the equivalent isotropic displacement patanof O1, this has been
used as a restraint for all other samples, for ifiee refinement gave unreasonable values. Wheéngtanto account the
large standard deviations, the refined O3 occujearnithe series of gold-free samples agree rougtitythe values calculated
from the relation betweeR/T"® and the number of carriers in the Gyilane {Table J [25]. Except for the as-grown crystal
UD73, we can note a decrease of thparameter with the doping level, which is commorHITSC compoundsTéble 2
[8,16]. For all gold-substituted samples, no significaleictronic density is found at (Y2 ¥z 0), the oxygentent at this site

being thus below the detection limit.



Table 2. Crystal Data, Refined Parametersand Occupanciesfor pure Hg-1201 Samples.

UD55 ubD62 ub73 OP93 OD89
T (K) (mid-transition) 55 62 73 93 89
a(d) 3.8850(2) 3.8799(2) 3.8824(1) 3.8781(1) 3.9159
c(A) 9.5048(4) 9.5084(5) 9.5092(4) 9.4988(4) 9.4796
R1 0.010 0.010 0.020 0.013 0.017
wR2 0.025 0.021 0.052 0.032 0.036
z(Bal) 0.30129(3) 0.30087(3) 0.30039(4) 0.29876(3) .29007(5)
202) 0.2063(4) 0.2064(4) 0.2072(6) 0.2084(5) 0.2091
p? 0.09 0.096 0.109 0.16 0.183
p/2 (O3 content) 0.045 0.048 0.055 0.08 0.092
Occupancy(03) 0.007(13) 0.020(14) 0.08(2) 0.11(3) 16@)
Occupancy(Hg1) 0.9500(16) 0.9489(18) 0.940(2) a@B4 0.933(2)

a) Electron hole concentratignin the Cu@ planes of HgBgCuQ,.; [25].

Table 3. Crystal Data, Refined Parameters and Occupanciesfor gold-substituted Hg-1201 Samples.

ub72 uD88 OoD72 OD65
T, (K) (mid-transition) 72 88 72 65
a(d) 3.8626(2) 3.8721(1) 3.8591(1) 3.8579(1)
c(A) 9.4632(3) 9.4931(5) 9.4649(5) 9.4673(4)
R1 0.012 0.011 0.020 0.014
wR2 0.023 0.028 0.034 0.023
z(Bal) 0.29623(4) 0.29896(2) 0.29603(4) 0.29569(4)
202) 0.2099(5) 0.2074(3) 0.2108(6) 0.2091(5)

3.3. Magnetic M easurements

Magnetic measurements show that all the as-growmpkes are under-doped withTa (midpoint) around 70 K
(UD73) and a fairly sharp transitioaT: < 4 K) as shown ifrig. 5 In order to increasg&: to T, single crystals have been
annealed under molecular oxygen flux at 325 °C. ditystals wereglaced in a mixture of HgO, BaO and CuO oxides to
prevent a departure of mercury from the samplemguhe 10 days heat treatment. After annealidncreases up to 93 K
(OP93) with a narrow transition width of 5 K confirmintge good homogeneity of the oxygen content in #mepe. In order
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to access the under-doped region, we also develagedcedure of annealing under vacuum. As-growatals have been
annealed under a vacuum of 6.07Ifibar at 400 °C during 4 days, or at 450 °C dugimzys. These thermal treatments result
in a decrease of from 70 K to 62 K UD62) and 55 K (UD55), respectively, as shown in Fig. 5. Over-doping thystals

under oxygen high pressure (80 bars) at 300 ad28@ °Cduring 3 days gives samp&D89, with aT. of 89 K.

pure Hg1201:  ypsgYUP02 yp7s OP8%pos

- ubs8s
gold-substituted Hg1201: opg UD73D72

20 40 60 80 100
T/IK

Fig. 5. Temperature-dependence of the normalized magsesiceptibility of under-doped (UD), optimal (OP)dasver-doped (OD) crystals of pure (red)

and gold-substituted (blue) HgB2uO,.;.

Magnetic transitions of HgAuBaCuQu:s gold-substituted crystals (Au-Hg-1201 hereaftegvéh also been
determined. The Au-Hg-1201 as-grown crystals halecd 88 K (UD88) which is much higher than tfg value for pure Hg-
1201 . = 72 K) elaborated in the same conditions. Sevamaitals have been annealed under a vacuum dfo8.@nbar at
400 °C during 5 days. This treatment consideraldgrelases., from 88 K to 72 K (UD72). Inversely, over-doping and
decrease of. from 88 K to 72 K ©D72) follow treatment under oxygen flux at 325 °C dgri8 days. To achieve an even
larger over-doping of the Au-Hg-1201 samples, saswgrown crystals have been annealed under a vacfifrd 16" mbar
at 400 °C during 4 days and then under oxygendh300 °C for 10 days. In this cakedecreasefrom 88 K (UD88) in the

under-doped regime to 65 KOD65) in the over-doped regime.

3.4. Raman spectroscopy

All crystals have been characterized by micro Raspattroscopy which reveals for the first timegpecific Raman
features of the under-doped, optimally and overedigpure or gold-substituted Hg-1201 compounds. HgB&:+s has a very
simple structure with a single Cu@lane as a mirror plane. As a consequence, Rapeairascopy is blind to the normal
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vibrational modes related to the Cugane for selection rule reasdas-28]. Solely, the A4 vibrational mode related to the

vertical motion of the apical oxygen O2 is obsefgab the spectra of pure Hg-12(Hid. 69.

Pure HgBayCuOy 5

% (a)
5 . ——UDS5 592 5
= | ——UD62
=
= | —oP:
) HgBayCuOy,5 with Gold
s = (b)
’)—\, 150
S | —uDpm2
. ' — D8
= 4l ——oD72
= 599
5 20 —UD72 - gold (C)
— ——UD73 - no gold
= 150
3
\? 100
:N

540 560 580 600 620
Raman shift (cm'1)

Fig. 6. Raman spectra of pristine and gold-substituted i@t single crystals for several doping levels.

The O2 mode is located at 597 @rfor UD55. As the oxygen doping increases, ther@@le softens in frequency
and becomes broader. At the optimal dopi@&$3) it is located at 592 crhand it is accompanied by a new feature located
around 570 crit. We interpret the softening and the broadenin@fO2 mode as the consequence of the enhancefitbat o
charge transfer between the Hg—O and £pl@ne inducetdy oxygen atoms insertioat the O3 site during the doping process.
In this scenario, the new feature correspondsecettira oxygen vibrational mode related to the @8tsought by doping.
Remarkably, the O2 vibrational mode stiffens irgfrency in the gold substituted crystals with respethe free gold ones,
This is shown irFig. 6cwhere a shift of 3 cm toward high frequencies is detected for the O2 eniodAu-Hg-1201 with
respect to the pristine one for nearly the saméndolevel (UD73). Importantly, no extra feature around 570 tnelated to
the O3 site occupancy is detected in Au-Hg-120%tety even in the over-doped reginiéy( 6. This suggests that the Au
substitution in Hg-1201 favors the hole dopinghe CuQ plane without necessarily introducing a large antaf oxygen
atoms on the O3 site of the Hg—O plane. As a careeze, a weaker amount of oxygen content is redjtireeach the optimal

doping level in the Au-Hg-1201 crystals than in thee ones.
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4, Conclusions

We propose an original procedure for the elabonaifdiigh quality submillimetre platelet crystafsoperconducting
HgBaCuQu+s. The remarkable points are that the surfaceseotystals are extremely clean with high opticalgw and the
crystallographic axes are easily identifiable. Amealing method allowing fine control of the oxygsmtent in under- and
over-doped samples is also described. Raman measote reveal the interplay between the Hg/Au suliiih and the
oxygen insertion in the hole doping process of 1201 crystals, in perfect agreement with thea¥-diffraction
measurements. It is notable that this crystal gnawethod can be applied to other compounds forlwthiere exists no phase

diagram and/or the growth in air is forbidden beseaaf volatile components.
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