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Enhancement of T in HgBa,Ca,Cu;0g,. 5 by fluorination
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A 4 K increase ofT . in Hg-1223 was achieved by the exchange with fluorine of the extra oxygen located in
(HgOg) layer. Fluorination of the initially reduced Hg-1223 samples With=100 K by Xek results in the
increase ofT, up to 138 K while treatment in oxygen flow causes the enhancement bt higher than up
to 134 K. From x-ray and neutron diffraction data we conclude that shortening of the in-plane Cu-O distances
without significant (Cu@) layers buckling in fluorinated Hg-1223 seems to be the main structural factor
responsible for the enhancementTqf.
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The third member of the superconducting tances variation. The effect of oxygen-fluorine anion ex-
HgB&Ca,_1Cu,0,,4 5. s homologous series exhibits the change may be different for the Hg-1201 and Hg-1223
recordT.=135 K at ambient conditionsMoreover an ap- phases due to different coordination polyhedra for Cu cat-
plication of external pressure promotes its increasdons. Therefore we suggested that it would be interesting to
=150 K2>°This result indicates the principal possibility of study the influence of such anion substitution on structural
achieving in Hg-1223 of higher values ©f at ambient pres-  and superconducting properties of the Hg-1223 phase.
sure by proper modification of its composition and, subse- Syntheses of the Hg-1223 samples were carried out in
quently, the crystal structure. Neutron powder diffraction ex-sealed silica tubes in two-temperature furnace. All operations
periments performed on Hg-1223 under high preé‘surewith initial oxides and reduced Hg-1223 samples were made
revealed shortening of both in-plane and apical Cu-O disy, the “MBraun” glove box filled with highly purified Ar to
tances, and the most significant shrinkage was found for thgy|,de presence of @, O,, and CQ. The mixture of
apical bond length. oxides HgO, BaO, CaO, CuO with the nominal stoichiom-

This pressure effect can be simulated by cation exchang%ﬂy Hg —,CuBa,CaCus0Og (0.0<=x=<0.2) was placed in
For this purpose many attempts of Hg substitution by othefo sone at 900°C. The mixture of cobalt oxides
cations were undertakérHowever, in most cases such sub- (CoO/Ca0,) to control oxygen pressure in the ampoule

stitution resulted in thel. decrease that probably can be (p02=2-2 bar) was placed in the other zone of the furnace

explained by local structural distortions caused by simulta-

neous location of different cations in one c:rystallographicat 1000°C. Mercury gaseous pressure was adjusted by the

site® The only exception was found for the TI substitution. excess of HgO which was (_jetermined.empifically. We founq
T| incorporation into the Hg-1223 structure=(0—20 % that an excess of copper in the starting mixture resulteq in
causes the increase ©f up to 138 K’~°This replacement is syn_the5|s of Hg-;223 samples with the Iower_ amount of im-
accompanied by small compression of both lattice constan urity phases. This technlqoue allowed to obtain samples with
and by the increase of oxygen content in thig, TI) layer. g-1223 content about 95%.

The variation of interatomic distances in Hg-based com- Thus obtalnec_j.Hg—1223 Sf"mp'es were redu_ced by anneal-
plex copper oxides can also be made by anion exchangg?g in sealed silica tube with the PSe of Ti gettel?o(z )
Fluorine has a lower formal valence than oxygen and there< 10~ atm) at 500 °C. After reduction samples had lattice
fore the larger amount of fluorine should be incorporated irParametera=3.856 A, c=15.84 A, and exhibited in
the structure to achieve the same carrier concentratiorihe interval of 90—100 K. Reduced Hg-1223 samples were
Moreover, it has slightly smaller radius than oxygen. Bothsubjected to fluorination or treatment in oxygen flow during
factors can promote variation of characteristic bond lengths20 h at 300 °C. Fluorination was performed with the use of
It was shown that fluorination of Hg-1201 resulted in the XeF, (provided by the Laboratory of Inorganic Synthesis of
significant compression of the apical Cu-O distance, whilethe Institute of Applied Chemical Physics “Kurchatov Insti-
the in-plane one did not vary in comparison with those in thetute,” Moscow, Russia Reduced Hg-1223 samples were
oxygenated Hg-1201 samples exhibiting the saffig mixed with XeF in different ratios and ground in an agate
values® For this superconductor, fluorination does not en-mortar, placed into Ni crucibles and then in copper tubes
hanceT, and its optimal value for both series was 97 K. This Which were evacuated and sealed. Ampoules were annealed
fact allowed to conclude that compression of apical Cu-0at 200 °C for 10-15 h and then quenched.
bond could not be the main factor ®f enhancement under ~ Phase compositions and lattice parameters were deter-
high pressure. It was also shown that the same carrier cortined by x-ray powder diffraction using a focusing Guinier-
centration andT.'s require double amount of fluorine in camera FR-552 (Gu  radiation, Ge internal standardac
comparison with oxygen. susceptibility measurements were performed in the 12—-160

The large anion concentration can be also incorporated iK temperature range at external field amplitude of 1 Oe and
the fluorinated Hg-1223 structure resulting in the Cu-O disfrequency of 27 Hz.
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TABLE I. T, values and lattice parameters of the redu@éd.

1), fluorinated (Nos. 2—-8, and oxygenatedNo. 9 Hg-1223 0.0
samples. ® 021
N onset a (A) ¢ (A) E 041
1 100 3.856(8) 15.84@5) S 0.6
2 120 3.8556) 15.84G3) g 0.8
3 135 3.8536) 15.7994) 2 o]
4 137 3.8514) 15.7712) g |
5 138 3.850(2) 15.7733) & 121
6 138 3.8496) 15.7243) 144
! 138 3.84967) 15.7139) 20 40 60 80 100 120 140 160
8 137 3.847®) 15.7212) T®
9 134 3.85244) 15.8192)

FIG. 1. Temperature dependence of ac susceptibility of Hg-
1223: after reduction4), heat treatment in oxygen floy®), and
Lattice parameters and@l,'s of different fluorinated, re- fluorination (J).
duced and oxygenated Hg-1223 samples are listed in the

Table I. Variation of Xef/Hg-1223 molar ratio and treat- mg] intensity about 1%. The XRD experiment allowed us to
ment conditions allowed obtaining samples with differentyefine the occupancy of thedg, Cu position. It was found
level of fluorination. It is remarkable that the incorporation {hat this position is occupied together by merci8g.46)%]

of fluorine in the Hg-1223 structure is accompanied by theyng coppef17.66)%]. The obtained occupancy parameters
valuable decrease of lattice parameters, whilleincreases are in a good agreement with the starting composition
up to 138 K. The fluorinated samples are arranged in order qfyg, (Cu, Ba,Ca,Cus;0g). Moreover, the NPD refinement

the a parameter decrease which is sensitive to carrier conspowed a significantLl0%) occupancy of the oxygen site in
centration and reflects different fluorine content. It should bghe middie of the edge which was attributed by a partial

noted that values of lattice parameters for the samples withapjacement of Hg by C#?

the highesfT; (Nos. 5-8 are significantly lower than those  The neutron powder diffraction pattern was obtained at 7
for oxygenated onéNo. 9). This fact gives us the indirect  with the high-resolution Fourier diffractomet@dRFD) at
evidence of fluorine incorporation in Hg-1223 structure.ihe |BR-2 pulsed reactor. In our experiment the resolution of
Overdoped oxygenated Hg-1223 phase with close values giRrFp, Ad/d was near 0.0015, which allowed to obtain the
lattice parametereprepaﬁzd under 40 kbar pressurevealed  precise structural information. In particular, the errors of the
much lowerT =125 K. o interatomic distances were about 0.002—0.003 A. The

The most important observation is that some samples aftggjetyeld refinement was done in thg,, interval from 0.8 to
fluorination exhibitT,=138 K which was not reached on 5 g A assuming 17.6% substitution of mercury by copper
samples annealed in oxygen flow. This fact was carefullyyhained from XRD data. Neutron diffraction pattern, theo-
investigated. The Hg-1223 sample preliminary reduced {Qetical peaks positions and difference curve are shown in Fig.
Tc=100 K was divided on two parts. One of them was flu-2 |t js remarkable that the NPD pattern contained only one
orinated(sample No. b while the other part was treated in jmpyrity phase of CaO with refined mass fraction less than
oxygen flow. ac susceptibility measurements of these thrego, This allowed us to obtain structural parameters with
samples are presented in the Fig. 1. Fluorinated sangple (high precision, because incorrect handling of impurity
=3.8501(2) A andc=15.773(3) A] showed onset of the ppases in the refinement resulted in significant systematic
transition at 138 K, while the oxygenated sample exhibitetsrrors especially for the occupancy parameters as it was
Tc=134 K and had significantly larger lattice parameters:shown by Wagneet al*® Structural parameters of this re-
a=3.8524(4) A andc=15.819(4) A. The observed dif- finement are listed in the Table II. Calculated values for the
ference of about 4 K between two transitions is clearly seemnain interatomic distances are presented in the Table Ill. In
in Fig. 1. Moreover this result was reproduced several timegeneral, there is good agreement with the results obtained by
andT,=138 K was also found for some other fluorinated \wagneret al. for oxygenated Hg-1223 samples. We have
samplegNos. 6, 7. So we can conclude that fluorine incor- also found two types of positions of extra anion located in
poration in Hg-1223 structure allows to increakeby 3—4  the (Hg) layer: A(1) in the middle of the mest0.5, 0.5, 0
K in comparison with oxygen-treated samples. and A(2) in the middle of the edg€0.5, 0, Q with the

To understand the reason of this phenomenon the samplg:cupancies 27) and 11) %, respectively. The latter value
No. 8 with the lowest impurity content was further investi- js close to Cu concentration in Hg site and may be attributed
gated by NPD and XRD methods. The x-ray powder diffrac-tg additional bonding between Cu and anions. It is interest-
tion data were obtained on STADI P diffractometer (Cu  ing to note that these values as well as positional parameters
radiation, linear PSD It was found that the investigated of atoms were practically insensitive to the variation of the
sample contained 1% of Ca@hich was introduced in the Hg/Cu ratio in the Hg position within the 10—30 % range.
refinement and a few not indexed reflections with the maxi- The same two types of extra anion positions were found
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L A S S E— J " T j TABLE Ill. Selected interatomic distances and angles for flu-
‘ orinated Hg-1223 phase.
g
2 Bond type Length(A)
<
E l-g)m l!hnlllmllrllulnrlulnll ) |'= i ;I;I n ||=|I Hg-O(S) 19762)
glor o o 0wz Cu(2)-0(3) 2.6843)
'g' Cu(1)-0(1) 1.921161)
= ; - Cu(2)-0(2) 1.921676)
< ety ' CBlu(l)-Cu(Z) 3.1711)
Hg-1223F anmemamumeimumuinnm om0 o0 v om 1onnmne 1 4 oo a-A1) 2.6602)
Ca9 :uuu " 'IIIIII: AN : ' |' ' : . Ba-0(2) 2.8052)
0.8 1.2 1.6 2.0 24 2.8 Ba-O(3) 2.80177)
dA) £.Cu(2)-0(2)Cu(2)(°) 177.31)

FIG. 2. Neutron-diffraction pattern of the fluorinated Hg-1223

sample(No. 8 measured aT =7 K. Experimental points, calcu-  ¢omparison with thaf27(1)%] obtained in the present study
lated profile, and the difference curve are shown. The differencg, . ¢ \qrinated samples. Similar significant increase of extra
curve Is no.rm"?‘"zed on the. mean-square deviation. Tick r.narks nion concentration was found by NPD for fluorinated Hg-
the bottom indicate the position of Bragg peaks for the main phase1201 in comparison with oxygenated samples exhibiting
and CaO. . . .
closeT,.'% Unfortunately NPD could not distinguish fluorine
and oxygen atoms due to their similar coherent scattering
for oxygenated Hg-1223 sampld (=135 K) and for re- lengths. However, we can estimate the average copper va-
duced ones witf ;=95 and 107 K by Wagneet alX*Itwas  lence {/c,) on the base of different anion distribution be-
stated that in the reduced sample occupancies of both extteveen these two sites. The obtained values belong to the
anion positions are equal to 820 % while oxygen treat- 2.12-2.18 range which is typical for Cu-based hole-doped
ment leads to the increase of oxygen occupancy inAitle) superconductors exhibiting optimal. .
position up to 1&8)%. This value is significantly lower in Incorporation of fluorine results in structure modifications
indicated by changes in lattice parameters. The change of the
TABLE II. Structural parameters for fluorinated Hg-1223 phasea'parameter reflects the variation of the_ extra anion concen-
(No. 8 samplg refined from neutron powder diffraction data. The fration in the structure. The dependenciespivs a param-

commonly used criteria for the quality of the refinement are given €ter for oxygenated and fluorinated Hg-1223 samples are
shown in Fig. 3. The values of lattice parameters determined

B (A? by XRD with internal standard were used to avoid possible

systematic errors between the data obtained by different
a(A) 3.8423122) techniques. The right pattinderdoped rangeof the T.(a)
c(A) 15.6745119) curve for fluorinated series is close to the oxygenated one
V(A3 231.4096 down to a=3.852 A andT.=134-135 K. These values

correspond to the optimally doped oxygenated Hg-1223
Hg(0,0,0)n 0.824 1.283% samples. However, further increase of extra anion concentra-
Cu(0,0,0)n 0.176 1.283)% tion promotes the increase ®f for the fluorinated series up
Ba(0.5,0.5),z 0.16971) 0.422° to 138 K while oxygenated Hg-1223 exhibits the decrease of
Ca(0.5,0.5),z 0.39322) 0.422)° T. due to overdoping. For the fluorinated series the optimal
Cu(1)(0, 0, 0.5 0.422)°
Cu(2)(0,02),z 0.29731) 0.422)° 140- .
0O(1)(0, 0.5, 0.5 0.5 | RegyrrETE q-e ........... -
0(2)(0,0.57),z 0.30021) 0.5 130
0(3)(0,02),z 0.12611) 0.694) g :
A(1)(0.5,0.5,0)n 0.271) 0.5 o 1207
A(2)(0,0.5,0)n 0.1002) 0.5° 1
y=n[A(1)]+n[A(2)] 0.312) 101

X?=3.45 1001 . , . . .
R,,%=8.43 3.848 3.850 3.852 3.854 3.856
Ry, %=4.68 a(d)

%Parameters were varied with constraint to equality. FIG. 3. The dependence @ vs a parameter for the fluorinated
bParameters were varied with constraint to equality. (¢©) and oxygenatedO) Hg-1223 samples. Data for oxygenated
°Fixed to 0.5 X. samples were taken from Ref. 11. Lines are guides to the eye.
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FIG. 4. The dependence of optimé} vs a parameter for Hg-
based superconducting Cu mixed oxides.

value of the a parameter is smaller in comparison with th
oxygenated series~3.850 and ~3.852 A, respectively.

Therefore we can conclude that partial replacement of extr

oxygen by fluorine in(Hg) layer results in compression of
the structure in théab) plane which is accompanied by the
increase of optimal'; value. This fact is different from the
data recently found for Hg-1201, where thg(a) dependen-

cies for oxygenated and fluorinated samples practically coin

cide and have the same values of optimia=97 K and
in-plane parameter (3.880 AY.

The dependence of optimal. vs a parameter for the first
three members of the Hg-based series and fluorinated H

1201 and Hg-1223 is shown in Fig. 4. The perfect linear fit is

clearly seen with a derivative ofdT./da=-—1.35
x10° K/A. Subsequent compression of thgparameter re-

flects shortening the in-plane Cu-O distance because buc

ling of the (CuQ) layers is absent for Hg-1201 and practi-
cally absent for Hg-1212 and Hg-1223 phases. Thi
“chemical” in-layer compression is accompanied by signifi-

cantT, increase ongoing from Hg-1201 to Hg-1223 as it was
previously reported in Refs. 14 and 15. For the latter phas

anion substitution promotes small in-plane compressio
(Aa=0.0023 A) which is accompanied by substantiaK)
growth of T.. Similar T, growth was found for TI-
substituted Hg-1223 with similar change of tagparameter
(Aa=0.0024 A)® Our data show that the origin of thig,
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Taking into consideration all data shown in Fig. 4 we can
conclude that the origin of this phenomenon is a compressive
strain of the (Cu@) layer produced by chemical modifica-
tion of the crystal structure. It is interesting to notice that the
compressive epitaxial strain for the deposited 43, ,CuO,
single-crystal thin film resulted in doubling @%. from 25 to
49 K with a derivative ofdT,/da=—1.0x 10° K/A which
is close to our valué®

These derivatives are much larger than those produced by
an application of external pressure. From crystallographic
data of Armstronget al* and the value ofdT./dP
=1.7 K/GP& we can estimate thdT./da derivative for
Hg-1223 as equal te- 1.6x 10° K/A which is the order of
magnitude smaller as compared with chemical modification
effect. What is the origin of this difference? If we consider
structure modification caused by chemical pressure we no-
tice, that there is no significant change in structural arrange-
ment of (CuQ) layers in the row from Hg-1201 to fluori-

‘hated Hg-1223. These layers are fldg-120) or nearly flat

in other phases. Fluorination or Tl substitution do not change
§ignificantly the C(R2)-O(2)-Cu(2) angle which is close to
180°: 178.4(4)° for oxygenated Hg-12%3177.3(1)°
for fluorinated Hg-1223, and 178.3(4) ° for Tl-substituted
Hg-12238

External pressure changes the arrangement of (LuO
fayers much stronger which is reflected in the larger com-
pression of the apical Cu-O distance and buckling of these
layers as a result. For instance, the(Zt0O(2)-Cu(2) angle
becomes much smallgl75.0(5) 9 in the Hg-1223 struc-
ure under 2 GPa pressure which promotes clgsenhance-
ment but with much larger compression of the in-plane bond
distance$. This buckling angle is an important parameter
influencing superconducting properties of layered cuprates,
ind the materials with the highest have smaller buckling
and longer apical distance for asymmetrical (GuUO

Spyramids?3 Finally we can conclude that chemical modifica-

tion of the structure causing the in-plane compression with-
out change of buckling angle is much more efficient factor
gnhancingTC in layered cuprates in comparison with isotro-

rE)ic external pressure as it was shown for fluorinated Hg-
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