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Structure of HgBa2CuO41d „0.06<d<0.19… at ambient and high pressure
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The results of a neutron-diffraction study of the HgBa2CuO41d structure at ambient pressure and under
external pressure at different extra oxygen concentrations are presented. The results have been analyzed
together with the data of previous investigations. It is shown that in the cation-stoichiometric samples the Od

oxygen is only present in the center of the mercury layer,Tc is parabolically dependent ond, andTc,max is
obtained atdopt50.1360.01. The influence of pressure on the structure strongly depends on the doping level.
At low oxygen content (d'0.06), the compression of the structure is practically uniform. An increase of the
extra oxygen content to 0.19~overdoped state! results in the larger compression of the apical Cu-O~2! and
Ba-Od distances, while the HgO2 dumb-bell as well as the distance between Ba and O belonging to the (CuO2)
layer become practically pressure independent. These results are in agreement with models, in which the effect
of the charge transfer from the reservoir to the (CuO2) layers does not play a dominant role in theTc increase
with pressure at low and optimald values, while in the overdoped state the charge transfer is enhanced under
pressure, thus inducing theTc decrease.@S0163-1829~99!03006-4#
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I. INTRODUCTION

The HgBa2CuO41d phase (Hg-1201) is at the mome
one of the most thoroughly studied high-temperature su
conductors~HTSC’s! from the point of view of the relation-
ship between atomic structure and physical properties.
structure, presented in Fig. 1, can be described in term
four layers,1 (HgOd )(BaO)(CuO2)(BaO), stacked along the
c axis of the tetragonal unit cell. The (HgOd ) and (CuO2)
layers are flat, while the Ba and O atoms in the (BaO) la
are displaced;0.9 Å from each other along thec axis due
to the interaction of these atoms with the neighboring laye
Owing to the high crystallographic symmetry and the sm
number of atoms, the structure has only a few variable
rameters, which can be determined with a high degree
reliability from structural refinements based on diffracti
data. Unlike the majority of the other HTSC compound
such peculiarities as stacking faults, structure modulatio
large static displacements of atoms, etc., are practically
sent in Hg -1201.

It is generally assumed that the (HgOd ) layer acts as
charge reservoir for the (CuO2) planes. The insertion of Od
oxygen into it leads to the appearance of charge carr
~holes! in the (CuO2) layer. By adjusting the oxygen conten
in the (HgOd ) layer, the doping level of Hg-1201 can b
easily varied over a wide range, from strongly underdope
highly overdoped states of which some are nonsupercond
ing.

Both functional and quantitative relationships betweenTc
PRB 590163-1829/99/59~10!/7209~7!/$15.00
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and d are still controversial. The data published~see, for
example, Refs. 2 and 3! do not contradict the universal para
bolic dependence of Preslandet al.:4

Tc5Tc,max@12q~d2dopt!
2# , ~1!

although recent results5 are not in agreement with the abov
equation. The quantitative disagreements are mostly du
the uncertainty in thedopt, the value at which the maximum
superconducting transition temperature,Tc,max is observed.
The Hg-1201 structural refinements based on pow
neutron-diffraction data, gavedopt values comprised betwee
0.06 ~Ref. 6! and 0.18.2

FIG. 1. Schematic representation of the Hg-1201 structure~a
half of the unit cell!. The values of the compressibilities obtained
the present paper~see Sec. III B! of the selected bond distances a
written on the left for the underdoped sample, and on the right
the overdoped sample.
7209 ©1999 The American Physical Society
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Another question about Hg-1201 still remaining withou
clear answer, is the reason for the variation ofTc with in-
creasing external pressure. Caoet al.7 and more recently Qiu
et al.8 have measuredTc in a wided range and shown tha
dTc /dP strongly depends on the doping level. The und
doped and optimally doped Hg-1201 samples exhibit initia
an increase ofTc with pressure up to 6–8 GPa wit
dTc /dP52 K/GPa, while the latter rate is smaller and b
comes even negative for overdoped samples. These au
concluded that the superconducting region seems to sh
significantly with P, and, theTc vs d dependence change
from inverse parabolic at ambient pressure to truncated
anglelike above 10 GPa. TheTc,max under pressure wa
found to be nearlyd independent around the optimal dopin
level, which supports the idea put forward in Ref. 8 that
pressure-induced charge transfer only plays a minor rol
the pressure effect onTc .

The experimentalTc(P) dependence was analyzed in se
eral theoretical articles. In Ref. 9, the electronic ban
structure calculations were carried out and the correct s
for the lattice anisotropic compressibility was obtained. T
value ofTc is related to the position of van Hove singularit
depending on the carrier concentration as well as on the
ternal pressure. In Ref. 10 the authors supposed
pressure-induced changes inTc are related to two effects: th
charge transfer from the reservoir to the (CuO2) layer and
the dependence onP of the energy-gap value. The detaile
analysis of the experimental data on the influence of pres
and doping level was carried out in Ref. 11. These auth
showed that in terms of the indirect-exchange model the
served Tc(P,d) dependence cannot be explained witho
considering that the oxygen@in the (CuO2) layer and those
close to it# has the role of an intermediary in the process
the electron coupling. From this follows the necessity of co
sidering the structural reorganization close to the (CuO2)
layer while analyzing theTc(P,d) dependence. Thus, th
importance of determining the Hg-1201 structure with diffe
ent doping levels~under, optimally and overdoped! as a
function of pressure is obvious.

Until now the data on the influence of external press
on the Hg-1201 structure were only obtained for the op
mally doped composition (dopt'0.12), up to 0.6 GPa~Ref.
12! and up to 5.1 GPa,13 and partly for the composition with
dopt'0.19 ~overdoped state!.13 The analysis of the result
showed that the main effect of pressure is the shortenin
the apical Cu-O~2! bond length, while the Hg-O distance i
the HgO2 dumb-bell is practically pressure independent. F
example, the relative variations of these distances are
60.8% and 0.460.8%, respectively.13 These results were
not unexpected because at ambient pressure the apical
bond length is unusually large with respect to those found
other Cu-based high-Tc oxides~for example, almost 0.5 Å
larger than in the Y123 compound!. Consequently, this bond
is weak. On the contrary, the chemical bonds in the Hg2
dumb-bell are strongly covalent, and this is the main rea
for its small variation under pressure.

In this article the results of powder neutron-diffractio
structural experiments are presented. They have been ca
out on Hg-1201 samples withd'0.06 ~underdoped state!
andd'0.19~overdoped state! under external pressures up
about 0.8 GPa. The results are compared with our ea
-

-
ors
nk

i-

e
in

-
-
n

e

x-
at

re
rs
b-
t

f
-

-

e
i-

of

r
.7

-O
n

n

ied

er

data13 for the optimal and overdoped compositions. T
structure of Hg-1201 at ambient pressure has also been r
termined and compared to previous work.14 The analysis of
all these structural data has led us to comprehension of
Tc vs d dependence.

II. EXPERIMENT

Three samples of HgBa2CuO41d were prepared accordin
to the procedure described in Ref. 15. The syntheses w
performed in sealed silica tubes in a furnace with control
temperature gradient. The sample in the underdoped s
~sample A,Tc'75 K) in the final stage of the preparatio
process was annealed in argon flow at 350 °C. Sampl
which is optimally doped (Tc'97 K), was annealed a
250 °C in 1 bar oxygen atmosphere. The third sample~C,
overdoped,Tc'70 K) was annealed at 270 °C under a
oxygen pressure of 90 bar. The preparation method, the
perconducting properties, and the unit-cell parameters
these samples were similar to the Hg-1201 samples, pr
ously studied with the HRFD diffractometer in Dubna
ambient pressure.14

Neutron-diffraction patterns of A and C samples we
measured at the D2B diffractometer at the ILL~Grenoble! at
several values of the external pressure, while sample B
measured only at ambient pressure. A high-pressure ce
the ‘‘cylinder-piston’’ type with Fluor Inert liquid as the
pressure-transmitting medium was used to generate the
sired pressures on the sample. The diffraction patterns in
range 20°,2u,150° were obtained at 0, 0.5, and 0.85 G
for sample A and at 0, 0.5, and 0.7 GPa for sample C.
peaks from impurity phases were found in any of the diffra
tion patterns. The total number of the Bragg reflections u
in the refinement, exceeded 100 in each case. A typical
fraction pattern measured in the high-pressure cell is sho
in Fig. 2. Additionally, the diffraction patterns from sample
B and C were taken at normal conditions without the cell.
diffraction pattern of sample A at normal conditions was a
obtained with the HRFD diffractometer at Dubna in th
range ofd spacing 0.77– 2.12 Å in order to make a com
parison with the previously obtained data, which would
veal possible systematic errors.

FIG. 2. The diffraction pattern of sample C, measured at D2B
a pressureP50.5 GPa and analyzed with the Rietveld method.
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The Rietveld refinements were carried out with the use
the GSAS and MRIA programs. The measured intensity
scattered neutrons was corrected for the relatively strong
sorption of neutrons in Hg-1201 due mainly to the Hg atom
The neutron absorption cross sections from Ref. 16 w
used. Several hypotheses for the structural model w
checked during the refinements for all compositions. Th
were: a deficiency in the occupation of the Hg site, the p
sibility of splitting of the Ba site along thec axis, the pres-
ence of static displacements of Hg in the basal plane an
O~2! in a plane parallel to the basal plane, the disordering
O~3! in the basal plane along the diagonal of the unit c
and the possibility of the existence of additional oxygen
the (0,0.5,0) or (x,0.5,0) positions. None of these hypothes
were found to be statistically significant. This is in very go
agreement with the conclusions drawn recently in Ref.
These authors reported the detailed x-ray-diffraction stud
15 Hg-1201 samples synthesized in sealed quartz tubes
different nominal Hg and Cu concentrations.

Therefore, the refinements were carried out using
standard structural model~see, for example, Ref. 14!. The
occupancy of the mercury position was fixed at 1 and
oxygen O~3! thermal parameter was fixed as isotropic at
value of 0.8 Å .2 The thermal parameters of the other ato
were refined in the anisotropic model according to the
spective site symmetry. Since the precise determination
the thermal parameters was not the scope of the pre
study, the refined values of the thermal parameters are
sented in the Table I only for the optimally doped compou
No significant changes for these parameters were observ
the other refinements. The results for the other composit
and at different values of the external pressure are prese
in Tables II and III.

III. RESULTS AND DISCUSSION

A. Ambient pressure: Tc vs d dependence

The content of extra oxygend is a very important param
eter in the structural analysis of Hg-1201. In the papers a
lyzing the influence of pressure on the structure andTc ~see,
for example, Refs. 11, 18! the authors used the value o
dopt50.18, obtained by Huanget al.2 Such a value ofdopt is
in clear disagreement with results obtained by the time
flight neutron powder diffraction study of the Hg-1201 stru
ture (dopt'0.1220.13),14 as well as with the iodometric ti
tration which gavedopt'0.08– 0.09.3 In order to explain the
large d optimal value, the authors of Ref. 2 assumed
unusual formal valence for the extra oxygen O~3! on the Hg
layer. In the present study particular attention was given
the problem of the extra oxygen concentration in samples
B, and C. Data at ambient pressure was collected fo
sample of Hg-1201 by using a different neutron facility~the
D2B constant wavelength instrument at ILL! and refinement
program~GSAS! from those used in Ref. 14.

The detailed procedure of the extra oxygen determina
from the diffraction data measured at the HRFD was d
cussed in Ref. 14. It was shown that the quality of t
samples and the experimental setup were apt for determi
d, the oxygen in the (1/2,1/2,0) position, with a precisi
60.01. The situation with the measurements carried ou
D2B is the same, namely the precision of the O~3! occu-
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pancy factor is close to60.01. This value was corroborate
by additional measurements on one of the samples studie
HRFD, carried out at the 3T2 diffractometer of LLB. Th
coincidence for the results in the same limits60.01 was also
obtained for a sample studied both at D2B and HRFD. Th
results gave us the confidence to assume that our t
groups of samples were really under-, optimally, and ov
doped, with mean contents of additional oxygen close
0.0660.01, 0.1360.01, and 0.1960.01, respectively. The
Tc vs d dependence for all seven samples investigated
shown in Fig. 3. The experimental points are fitted by Eq.~1!
with parameters Tc,max597.560.8 K, q55269, dopt
'0.12760.005, i.e., withdopt approximately 1.5 times lowe
than that obtained in Ref. 2. The error estimates include
experimental uncertainties in both the values ofTc ~from 61
to 64 K) andd (60.01).

The dopt value turned out to be significantly lower tha
thedopt given in Ref. 2, but, at the same time, is;1.6 times
higher than the value predicted by the simple ion dop
model, that isdopt50.08. This assumes that there is the fo

TABLE I. Structural parameters of the optimally doped samp
B, measured at D2B at ambient conditions.U iso andUi j are isotro-
pic and anisotropic thermal parameters multiplied by a factor 1
Numbers in parentheses are statistical errors in the last signifi
digit.

2Q, deg 162147
dhkl , Å 0.83125.71
a, Å 3.88367~4!

c, Å 9.5298~1!

V, Å 3 143.737~3!

z(Ba) 0.2984~1!

z@O(2)# 0.2078~1!

n@O(3)# 0.136~4!

Uiso~Hg!, Å2 1.39
U11(Hg), Å 2 1.60~3!

U33(Hg), Å 2 0.98~5!

Uiso~Ba!, Å2 0.61
U11(Ba), Å 2 0.48~3!

U33(Ba), Å 2 0.87~5!

Uiso~Cu!, Å2 0.22
U11(Cu), Å 2 0.01~3!

U33(Cu), Å 2 0.65~6!

Uiso@O(1)], Å2 0.52
U11@O(1)#, Å 2 0.40~5!

U22@O(1)#, Å 2 0.19~5!

U33@O(1)#, Å 2 0.98~6!

Uiso@O(2)], Å2 1.42
U11@O(2)#, Å 2 1.64~4!

U33@O(2)#, Å 2 0.98~6!

Uiso@O(3)], Å2 0.8
Hg-O(2), Å 1.980~1!

Cu-O(2), Å 2.784~1!

Ba-O(1), Å 2.7315~8!

Ba-O(2), Å 2.8787~5!

Ba-O(2) (l 2 l ), Å 0.864~2!

Ba-O(3) (l 2 l ), Å 2.844~1!

x2 1.72
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TABLE II. The structural parameters for the underdoped sample A as a function of pressure.

HRFD, D2B,P50, D2B, D2B,
ambient in the cell P50.5 GPa P50.85 GPa

2Q, deg 182150 22.562150.9 22.62150.5
dhkl , Å 0.7722.12 0.82525.07 0.82324.06 0.82424.06
a, Å 3.88723(3) 3.8891(1) 3.8815(1) 3.8768(1)
c, Å 9.5372(2) 9.5407(3) 9.5138(3) 9.4964(3)
V, Å 3 144.1116 144.301(6) 143.338(7) 142.728(8)
z(Ba) 0.3004(3) 0.3006(3) 0.3007(3) 0.3006(3)
z@O(2)# 0.2077(3) 0.2073(3) 0.2075(3) 0.2076(3)
n@O(3)# 0.05(1) 0.054(8) 0.064(9) 0.069(9)
Hg-O(2), Å 1.981(2) 1.977(3) 1.974(3) 1.971(3)
Cu-O(2), Å 2.788(2) 2.793(3) 2.783(3) 2.777(3)
Ba-O(1), Å 2.721(2) 2.720(2) 2.713(2) 2.710(2)
Ba-O(2), Å 2.887(1) 2.891(1) 2.885(1) 2.880(1)
Ba-O(2) (l 2 l ), Å 0.884(3) 0.891(4) 0.887(4) 0.884(4)
Ba-O(3) (l 2 l ), Å 2.865(2) 2.868(3) 2.861(3) 2.855(3)
x2 1.24 0.87 0.82 0.85
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mation of two holes in the (CuO2) layer per oxygen atom
inserted into the Hg layer, the standard valences of the at
are: VBa5VHg512, VO522, and the optimal number o
holes in the (CuO2) layer is nopt50.16. The study of the
effect of doping by fluorine, instead of oxygen, in Hg-120
carried out by Abakumovet al.19 showed that the sameTc
values in the oxygen- and fluorine-doped compoun
(HgBa2CuO41d and HgBa2CuFg ) are obtained for 2d'g.
As the charge of F is hardly different from21, the charge of
the extra oxygen is equal to22. In order to explain the
difference between thedopt andnopt Abakumovet al.19 made
the speculation that the holes induced by the insertion
oxygen are distributed over the (CuO2) layers and other part
of the Hg-1201 structure, e.g., the HgO2 dumb-bell.

The obtained absolute values of the interatomic distan
and the range of their variations for increasingd are in good
agreement with the values published in previous neutr
diffraction studies.
s

s
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B. Pressure dependence of the structural parameters

The variations of thea andc unit-cell parameters and th
main interatomic distances in Hg-1201 as the function
pressure are shown in Figs. 4–6. For the optimally dop
sample the points corresponding to ambient pressure~mea-
sured at D2B! are shown and the line slopes correspond
the compressibilities derived from Ref. 13. The compre
ibilities of the unit-cell parameters and the main interatom
distances in Hg-1201, defined askq52(1/q)Dq/DP
(1023/GPa), whereq is the specific parameter, are present
in Table IV and in Fig. 7. In order to calculateDq/DP, the
linear least-squares fits of the experimental points were u
The fits are shown in Figs. 4–6. For comparison, the co
pressibilities calculated from the data of Ref. 12, correspo
ing to the optimally doped Hg -1201 sample, are also p
sented in Table IV.

The pressure dependence of the Hg-1201 unit-cell par
eters show that the occupation of the O~3! position does not
TABLE III. The structural parameters for the overdoped sampleC as a function of pressure.

D2B, D2B, P50, D2B, D2B,
ambient in the cell P50.5 GPa P50.7 GPa

2Q, deg 182152 22.42150 22.72152.5 22.772152
dhkl , Å 0.8225.08 0.82524.1 0.8224.03 0.8224.03
a, Å 3.87923(6) 3.8790(1) 3.8716(1) 3.8693(1)
c, Å 9.5244(2) 9.5237(3) 9.4990(3) 9.4913(3)
V, Å 3 143.327(4) 143.302(9) 142.381(7) 142.100(7)
z(Ba) 0.2970(2) 0.2976(4) 0.2967(3) 0.2962(3)
z@O(2)# 0.2083(2) 0.2080(3) 0.2088(3) 0.2086(3)
n@O(3)# 0.194(5) 0.176(11) 0.185(10) 0.172(9)
Hg-O(2), Å 1.984(2) 1.980(3) 1.983(3) 1.980(3)
Cu-O(2), Å 2.778(2) 2.781(3) 2.766(3) 2.766(3)
Ba-O(1), Å 2.739(1) 2.734(3) 2.734(2) 2.736(2)
Ba-O(2), Å 2.870(1) 2.873(2) 2.862(2) 2.860(1)
Ba-O(2) (l 2 l ), Å 0.844(3) 0.854(5) 0.835(4) 0.831(4)
Ba-O(3) (l 2 l ), Å 2.828(2) 2.835(3) 2.818(3) 2.811(3)
x2 1.08 0.87 0.88 0.96
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strongly influence the lattice compressibility. The value ofkc
in sample A is higher than those in B and C samples. T
can be attributed to the comparatively higher compressib
of the Hg-O(2) bond length in the reduced structure
sample A. The compressibility along thec axis in samples B
and C is almost fully determined by thekCu-O(2). For all
three levels of doping the compressibility anisotropy is qu
high, reachingkc /ka'1.47 for sample A. The compressibi
ity becomes less anisotropic when extra oxygen contend
increases:kc /ka decreases from sample A (1.4760.02) to C

FIG. 3. Dependence ofTc on the oxygen contentsd for
Hg-1201. The various symbols refer to neutron-diffraction exp
ments at the HRFD (L), D2B (h), and 3T2 (1) diffractometers.
The solid line is the parabola drawn by the use of the least-squ
method; its parameters are presented in the right upper corner

FIG. 4. The unit-cell parameters of Hg-1201 as a function
external pressure for three samples. The lines for the underd
and overdoped samples are the least-squares fits. For the opti
doped state the point measured atP50 is shown together with the
line slope determined in Ref. 13. The experimental errors
smaller than the symbols.
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FIG. 5. The dependence on pressure of the Hg-O~2! ~a! and the
Cu-O~2! ~b! apical distances. The lines for the underdoped a
overdoped samples are the least-squares fits. For the optim
doped state the point measured atP50 is shown together with the
line slope determined in Ref. 13.

FIG. 6. The distances between the Ba layer and the Hg laye~a!
and between Ba and O~1! atoms~b! as a function of pressure. Th
lines for the underdoped and overdoped samples are the l
squares fits. For the optimally doped state the point measure
P50 is shown together with the line slope determined in Ref. 1
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TABLE IV. Compressibilities of the lattice parameters and the main distances in Hg-1201. The
pressibility is defined askq52(1/q)Dq/DP (1023/GPa).

Parameter Sample A Sample B Sample C Data from Ref. 12
data from Ref. 13

a 3.73(4) 3.3(2) 3.60(6) 4.25(6)
c 5.48(4) 4.6(1) 4.90(6) 5.82(6)
V 12.9(1) 11.2(3) 12.1(1) 14.3(2)
Hg-O~2! 4(2) 0.5(1.5) 0.1(2.9) 20.5(4.8)
Cu-O~2! 7(2) 8(1) 8(2) 10(3)
Ba-O~1! 5(1) 3.7(7) 20.9(1.5) 6(2)
Ba-O~2! 4.2(7) 4.4(4) 6.7(9) 4.9(9)
Ba-O~2! ( l 2 l ) 9(7) 16(4) 39(10) 15(10)
Ba-O~3! 5(2) 5(1) 12(2) 5(3)
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(1.3660.03). This behavior is due to the fact that t
Hg-1201 structure becomes more isotropic when the O~3!
site occupancy increases.

It is remarkable that the compressibilities of the in-pla
Cu-O~1! and Hg-O~3! bonds are practicallyd independent,
while the compressibility of the apical bond distance
Cu-O~2! and Hg-O~2!, are strongly dependent upon the do
ing level. The compressibility of the apical Hg-O~2! bond is
close tokc for sample A, but with increasing doping leve
~samples B and C!, it becomes practically incompressibl
This was observed in the pressure range up to 5.07 and
GPa for the optimally and overdoped composition
respectively.13 The HgO2 dumb-bell is a very rigid elemen
of the structure. The results presented here show that
length of the Hg-O~2! bond depends on the extra oxyge
content in the Hg plane: an increase of the coordination n
ber of the Hg atoms results in an increase of the ap
Hg-O~2! bond distance. This bond becomes incompress
with the presence of the significantly large amount of O~3! in
the Hg layer. This behavior may seem unusual, howe
bond lengths increase when the coordination number of
cation increases and this is exactly what happens to the
ordination number of Hg for increasingd. It is possible that
some bending of the HgO2 dumb-bell occurs. The departur
of the Hg atom from the (0,0,0) position may lead to
apparent shortening of the bond length. Another explana

FIG. 7. Compressibilities of the main Hg-1201 structural para
eters for three doping levels.
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can be found by analyzing the behavior of the other bo
distances in the structure. It is obvious that the compress
ity of the Hg-O~2! bond should depend on the compressib
ties of the other bonds, such as Cu-O~2! and
Ba-O(3) @O(2)#, which become more compressible for in
creasing of the O(3) content.

The compressibility of the apical Cu-O~2! bond length
increases when the O~3! content increases despite the sho
ening of this bond for largerd values. This bond length
shortens in these samples proportionally to the decreas
the c axis length, i.e., the pressure dependence of the ap
Cu-O~2! bond length for all three types of samples repr
duces the pressure dependence of thec unit-cell parameter.
The valuekCu-O~2! is greater thankc which in part is due to
the low value ofkHg-O~2! . If kHg-O~2!50, then we should have
kCu-O~2!5kc(c/2l Cu-O~2!), where l Cu-O~2! is the length of the
Cu-O2 bond.

The compressibilities of the Ba-O distances strongly
pend on the doping level. The compressibility of the Ba-O~3!
distance becomes larger when the doping level increases
the A and B samples the compressibility of this distan
corresponds approximately tokc , while for the C sample it
is almost 2.5 times larger thankc , i.e., for increasing pres
sure the Ba atom in the overdoped sample is rapidly mov
toward the basal plane. The compressibility of the Ba-O~2!
bond length becomes also larger for increases of the e
oxygen content. The unexpected result is that the Ba-O~1!
distance@between Ba and O of the (CuO2) layers# becomes
incompressible in the overdoped state. This distance does
change under pressure, and the compressibility has ev
small negative value, while in the underdoped and optima
doped samples this bond decreases for increasing press

Figures 7 and 1 summarize the variations of selected b
compressibilities with the change of the doping level. A
increase of the O~3! content results in larger compressibil
ties of the Ba-O~3! and Cu-O~2! distances, while the
Hg-O~2! and Ba-O~1! ones become practically incompres
ible. Therefore, pressure induces anisotropic effects~which
depend on the doping level! on the structure of Hg-1201
compound and, in particular, on the local arrangement of
(CuO2) layers which are responsible for superconductivi
In the overdoped state the separation between these la
and neighboring Ba cations does not decrease under p
sure, while the apical O~2! anions shift highly toward the Cu
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cations. In the under- and optimally doped structures p
sure causes the shortening of the Ba-O~1! separation and a
smaller compression of the Cu-O~2! bond. Such variation of
the atomic interactions due to the change of extra oxy
content can be one of the reasons for the enhancement o
charge transfer from the reservoir block to the conduct
(CuO2) layers in the overdoped state in comparison w
under and optimally-doped superconductors.

One of the most discussed questions in the literatur
why Tc(P) for the Hg-1201 phases varies differently wi
the different doping level. This subject is discussed in a f
theoretical articles.10,11,18Even though each is based on va
ous models, all conclude that there are two main reasons
Tc change: the increase ofTc,max in Eq. ~1! and the variation
of the charge-carrier density in the (CuO2) layer due to the
charge transfer from the reservoir. From the experime
data on theTc vs P andd dependence presented in Ref. 7
follows that dTc /dP'const'2 K/GPa ford<dopt at least
up to 1.5 GPa pressures. The analysis of Eq.~1! shows that
in this case the pressure-induced charge transfer,dn/dP,
would have to decrease for increasingd, vanishing atd
5dopt. The absolute value of the charge transfer is v
small, not higher than 0.002 holes/GPa for the underdo
state.10,20 From the homogeneous character of the struct
compression revealed in the present study one can conc
that the effect of the charge transfer from the reservoir to
(CuO2) layers does not play the dominant role in t
Hg-1201 structure under pressure atd<dopt. At the same
time, the strong shift of the Ba atoms in the overdoped s
toward the (HgOd ) layer under applied pressure may
considered as the signature of a significant charge tran
into the (CuO2) layer, leading to a stronger overdoping, th
decreasingTc .

IV. CONCLUSIONS

In the present article we have presented a neutr
diffraction study of Hg-1201 under high pressure at low a
s-

n
the
g
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y
d
e
de
e
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fer
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d

high extra oxygen concentrations in the Hg layer~under- and
overdoped states!. The results are analyzed together wi
previous data.13,14 The main conclusions are as follows:

The superconductor HgBa2CuO41d , prepared according
to the procedure described in Ref. 15 is a catio
stoichiometric compound exhibiting the highestTc at the
oxygen concentration in the Hg layerdopt50.1360.01. This
oxygen is only situated in the center of the Hg layer. T
value ofdopt was determined by the measurements of sev
Hg-1201 at three diffractometers, two of which~D2B and
3T2! are of the classical type withl5const, while the third
~HRFD! utilizes the time-of-flight technique. All the mea
sured points of theTc(d) dependence lie on one curve whic
strongly indicates that thedopt value is realistic.

At low Od concentration the Hg-1201 structure com
presses uniformly, i.e., the compressibilities of the main
teratomic distances correspond to the unit-cell compressi
ity. However, at higher Od concentrations the Hg-O~2! and
Ba-O~1! bonds become practically incompressible, while t
Cu-O~2! and Ba-O~3! undergo a strong compression. Th
analysis of the interatomic distances variations allows us
propose that in the under and optimally doped states
charge transfer from the reservoir to the (CuO2) layers plays
a minor role. The enhancement ofTc under pressure is due to
an increase of theTc,max value. The decrease ofTc under
applied pressure for the overdoped Hg-1201 supercondu
may be explained by charge-transfer enhancing overdopi
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