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First-principles study of HgBa,Ca,,_;Cu,0,,4+, under pressure
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Using first-principles calculations, we investigate structural and electronic properties of
HgB&Ca,_1Cu,0,,,» cuprates fom=1,2,3,4, and pressure in the range from 0 to 15 GPa. All four com-
pounds are compared to each other with respect to structural data, band structure, partial charges, and the
dependence of these properties upon compositiand pressure is pointed out. Furthermore, the analysis of
the partial charges allows, in particular, examination of charges within the Gy@rs. Using this method, we
focus on the creation of holes in these layers and their dependence on composition and pressure. Our results
show that a direct correlation between the hole content and the superconducting transition temperature exists.
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. INTRODUCTION pendicular to the CuQplanes. These planes are the main
building block of all these compounds and are responsible
The excellent superconducting properties of the Hg-basefbr the superconducting properties. A short notation for the
cuprates HgBgCa,-1Cu,0z,.» were discovered in 1993 (ifferent representatives is given according to the nunmber
and their transition temperatureS, are the highest of cuo, layers as Hg-12(—1)n. Thereby, “1” stands for
observed:? The structure of all these compounds is rela-gne Hg and “2” for two Ba atoms in each cell. The-1 Ca
tively simple and, furthermorel. depends strongly on pa- 4ioms; and the Cu0, planes further determine this nomen-
rameters such as doping, number of Guiayersn, and  ¢|5tre. While values ofi=1 to 6 are possible, we confined

pressuré. Thus, this homologous series is a very good cang  celves 10 a maximum of 4 and, henceforth, we will use
didate for studies. In order to better understand the connegp “cp o 1 oioion Hg-1201 Hg-1,212 Hg-lZéB and Hg-

tion between structural aspects, the electronic structure, a
superconductivity we performed first-principle calculations
on HgBaCa,_1Cu,0,, ., for n=1,2,3,4 and pressure in the

34. Pictures of the corresponding unit cells are shown in
Fig. 1 where the layer structure becomes clearly visible. We
range from 0 to 15 GPa. may also refer to these compounds as one-, two-, three-, and

The experimentally observed transition temperature fofour-layered systems. Experlmental values for the lattice
n=1 is 97 K, which is the highest of all single-layered com- constantsa andc can be found in Table I. .
pounds. This value can be increased by inserting one more 1he Hg-1201 compound has five inequivalent atoms in its
CuQ, layer and the critical temperature far=2 becomes Unit cell and eight total. Inserting one Ca atom and one £uO
127 K* Inserting another layer raisds again and 135 K is layer leads to Hg-1212 with its 6 inequivalent atoms and 12
reported fom=3.% Including more than two layers does not atoms total. Higher compounds are generated by adding fur-
lead to any further improvement. Instead, a decreasenfor ther units of Ca atoms and Cy@lanes. This way we get
=45, and 6 to 127 K, 110 K, and 107 K, respectively, isHg-1223 (8 inequivalent atoms, 16 tojabnd Hg-1234(9
found® However, the transition temperature increases agaifnequivalent atoms, 20 tofal The procedure influences
by applying pressur®;® which is well known for Cu- mostly thec lattice parameter, whila is approximately the
containing superconductors with hole-type conductivity. Insame for all systems. From the data in Table | it follows that
the case of HgB#CaCu;Og under 30 GPA . was found to  the dependence of on n can be approximated bg(n)
be 164 K, which is the highest ever measutddhis has led ~18+6(n—1) a.u.
to a widespread interest in the physical properties of the ho- The apical oxygen will in all four systems be referred to
mologous Hg-based series. _ as G. Furthermore, the CuQlayers are counted ascending

Calculations for some of the compounds mentioned canfom hottom to top. Atoms in the first layer are therefore

for example, be found in Refs. 10-12. In the present papeigferred to as Cuand G and in the second layer as €u
we show results for a theoretical studymf 1,2,3,4. Since

all our calculations are done on the same footing, a compari-

son of these compounds with one another is possible.

Thereby, we focus on comparing structural data, band struc- Ill. METHOD OF CALCULATION
tures, partial charges, and the dependence of these properties
upon composition and pressure. Furthermore, we investigaﬁ%
the creation of holes in the Cy(Qplanes and analyze their
connection to the superconducting transition temperature.

Our calculations were performed within the full-potential
earized augmented plane-wavEP-LAPW) method as
implemented in theviEN2k code® Exchange and correlation
effects are accounted for by the local-density approximation
(LDA) parametrized by Perdew and WalgParameters
such as the density of tHemesh andR K., were tested for

All members of the Hg family crystallize in a tetragonal convergence. The spheres radii for our calculations were
lattice with space groupP4/mmm where thec axis is per- chosen to be 2.1 a.gHg), 2.3 a.u.(Ba), 1.9 a.u.(Cu), 1.2

Il. CRYSTAL STRUCTURE
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Hg-1201 Hg-1212 Hg-1223 Hg-1234

FIG. 1. Unit cells of the compounds Hg-1201, Hg-1212, Hg-1223, and Hg-1234. Little black spheres correspond to oxygen atoms. The
apical oxygen will be denoted®n all four compounds. The CuQayers are counted ascending from bottom to top. Atoms in the first layer
are therefore referred to as £and G and in the second layer as €and .

a.u.(0), and 2.0 a.u(Ca). Furthermore, all calculations for interpretation of the partial chargésee Sec. IV ( since the
different number of layers and pressures were done with thamount of charggvolume lying within the spheres with
same set of parameters, in order to make a comparison pogespect to the total charggolume becomes larger. Never-

sible. theless, the partial charges can still be used to study trends.
The LAPW method divides space into two regions:

Spheres, which are centered around atoms, and the intersti-
tial region in between the spheres. Within the spheres the
wave function is expanded into spherical harmonics. In the

case of convergence with self-consistency cycles, this expan- A. Structural data

sion allows for the analyzation of the charge not only accord- \ye performed total-energy calculations for a grid of the

ing to their atomic origin, but also with respect to their an-|attice parametera andc around the values of Table I. For
gular momentum decompositionlimndm. Charges canthen each configuration the internal parameters, i.e., atomic

be split up into, €.9.py,py,P;,dx2y2,dz2,dxy, . ... NOte  forces were relaxed. The resulting energy surface was then

that the charges are not constant but depend on the freefiieq 1o third order polynomials in andc. From this param-

chosen sphere sizes. This is important for studies under pregyrization we determined where the points of hydrostatic

sure, where the unit-cell volume decreases. It complicates thgessure in term of the lattice parameters are located. Results
for the calculated parametemsandc are given in Table Il for

TABLE |. Experimental data for the Hg-1201, Hg-1212, o compounds Hg-1201, Hg-1212, Hg-1223, and Hg-1234
Hg1223, and Hg-1234 systems under ambient pressure. Given afhder pressure

the unit cell volumeV, the lattice constanta and ¢ together with
their ratio, and a reference to the corresponding experiment.

IV. RESULTS AND DISCUSSION

The importance of structural properties for the supercon-
ducting mechanism is pointed out by Antipov and co-
workers in great detafl.They found that the Cu-O in-plane
distance influences the appearance of superconducting prop-

Compound V[au®] afau] clau] c/a Ref.

Hg-1201 967.7 7.332 18.000  2.455 13 erties. In order to delocalize carriers in the partially filled
Hg-1212 1278.7 7.300 23.995  3.287 14 conduction band, the Cu-O distance should be between 3.54
Hg-1223 1578.0 7.278 20.790  4.093 15 a.u.and 3.72 a.u. under ambient pressure. Note that twice the
Hg-1234 1901.1 7.278 35.800 4.931 15 Cu-O distance equals the lattice parametenly in case of

planar layers.
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TABLE II. Calculated structural data for Hg-1201, Hg-1212, Hg 1201
Hg-1223, and Hg-1234 under pressure. Given are the prefsure
unit cell volumeV, the lattice constants, ¢, and their ratioc/a. 14\/ \T\/\/ \v ,5_“
0
Compound P[GP4 V[au®] aflau] clau] cla e \ k g
Hg-1201 0 920.5 7.2071 17.7212 2.459
5 856.0  7.0844 17.0555 2.408 ! 5\ / e
10 798.9  6.9769 16.4123 2.352 0 7 G
15 747.1  6.8804 15.7825 2.294 -1 %7’\\ ; \g 0
Hg-1212 0 1213.9 7.1674 23.6301 3.297
5 1140.8 7.0706 22.8189 3.227 1:\ yé)i—\ \ /XQ\/_S
10 1074.9 6.9844 22.0346 3.155 0 7 O
15 1014.4 6.9060 21.2684 3.080 -1 —/ﬁf\\ 4%& 2
Hg-1223 0 1515.0 7.1654 29.5065 4.118
5 1436.1  7.0877 285878 4.033 1% p/’\r\ \ /></\\/ 18
10 1363.9 7.0178 27.6940 3.946 0 L O]
15 1296.9 6.9539 26.8186 3.857 AR \ N ©
Hg-1234 0 1773.5 7.0888 35.2930 4.979 T /X%M\ r z RW A 7
5 1664.0 6.9824 34.1299 4.888
10 1565.8 6.8866 33.0170 4.794 FIG. 2. Band structure of Hg-1201 along some high-symmetry
15 1476.2 6.7987 31.9367 4.697 lines for _ambient pressure up t_o 15 GPa._ The band s_tructure is
plotted with respect to the Fermi level and is measured in electron
volt.

The calculated values for the lattice constants under am-
bient pressure can be compared to experimental data given in
Table I. In case of Hg-1201, our calculated value for thethe dependence upon pressure, we calculated the band struc-
optimal volume under zero pressure is about 4.8% smalleiures of Hg-1201, Hg-1212, Hg-1223, and Hg-1234 from 0
than the experimental one, which is within the boundaries ofo 15 GPa. In Fig. 2 the band structure of Hg-1201 is de-
the well-known LDA overbinding. More important, however, picted along several high-symmetry lines. Note that the band
is the c/a ratios match, which emphasizes the reliability of structure was plotted within a small energy region to make
our calculations. The case is similar for the other systemsthe features around the Fermi energy more visible. It can be
Hg-1212, Hg-1223, and Hg-1234. Although, the experimentseen that one band crosses the Fermi |&geseveral times.
get more complicated as the number of Gulyers in-  This is a CuQ dominated band which is a characteristic for
creases and problems such as impurities and deficienciggyered cuprates. It crosses the Fermi surface betiedu,
increase® In the case of Hg-1201, the change of volume M-I, R-A, andA—Z. The band maximum can be found at
with respect to pressure is almost linear up to 10 GPa, whicly and its minimum is located dt. The band width is about
was also found by Novikov and co-workef. 3.91 eV under ambient pressure and increases to 4.44 eV

Furthermore, it can be seen from the data in Table Il thainder 15 GPa, which is an increase of almost 15%. A con-
for all compounds the change in the lattice parameters undefuction band comes close #: at X and R. This band is
pressure is quite different for different directions. In generalfound to have Hg-®character. Under pressure it crosses the
while going from ambient pressure to 15 GRashrinks by  Fermi level and causes hole doping of the half filled
about 4% Wh||& deCI’easeS by about tWice as mUCh. ThIS iSCul(dxziyz)_ol band. As pointed out in the preceding sec-
in good agreement to  experimentally  found tion, certain structural requirements concerning the Cu-O in-
CompreSSibi”ti9§.g'20 It follows that the unit cell absorbs lane distance have to be fulfilled to make this hole dop|ng
most of the pressure by shrinking the interlayer distance. *‘gossible. Furthermore, the saddle point of the valence band
detailed Study of the bond distances reveals that nearly thgtx andR moves up under pressure. Wh||e, nearmpoint
whole change in the parameter is due to the change of thethjs saddle does not readf, it crosses the Fermi level
Cu-O bond, while the Hg-Obond is rigid, i.e., shows only = aroundr at about 12 GPa which is a somewhat smaller value
very small change with applied pressure. Thus, a strong Pregompared to the estimation of Ref. 23.
sure dependence of the electronic states in the Chi@nes Figure 3 shows the band structure of the Hg-1212 com-
can be expected due to the enhanced interaction of coppgbund. The similarity to the band structure of Hg-1201 is
with the apical oxygen. In the case of the compounds withgpvious. However, there are now two bands corresponding to
n=2,3, and 4 the situation is similar. For these compoundshe two CuQ planes, that cross the Fermi level. Both bands
we find that the Cu@planes are slightly buckled, in agree- have their maximum aM and minimum atl’. The band
ment with experiment>*® widths are similar to the Hg-1201 compound and grow from
3.92 eV under ambient pressure to 4.39 eV under 15 GPa.
Furthermore, the Hg-Oband almost touches the Fermi level

The electronic structure of most members of the Hg-basedt ambient pressure. This means that the hole doping of the
cuprates has been studied in detdift??1-2*To investigate Cu'-O! already starts at ambient pressure. Similar to the one-

B. Band structures
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FIG. 3. Band structure of Hg-1212 along several high-symmetry FIG. 5. Band structure of Hg-1234 along high-symmetry lines
lines for ambient pressure up to 15 GPa. Energies are given ifor ambient pressure up to 15 GPa. The band structure is given in
electron volt and with respect to the Fermi energy. electron volt and with respect to the Fermi level.

layered compound, this effect can be increased by applyinfX'éma are similar to systems already discussed, although
pr}:assure. Atahe same time the saddle points of t?lle \?glgnc%e change in band widths is only about 8% and therefore the

) smallest of all four compounds. The pressure dependence is
(kj)and at)t( andFEZ m(-)tve tovr\1/arthh,: 'I;Nh”?’l ne?g t?elsszgjgle very similar to the Hg-1212 system: the saddle point in the
0€S NOt Croske, It reaches the Fermi level ala a.  valence band moves up and crosses the Fermi level at about
Note that, concerning the moving of this band, the pokts

. 15 GPa atR. Note that, with respect to this moving, thxe
andR are exchanged when going from the one-layered to th%ndR points are swapped again, so that the Hg-1223 system
ton—LayEreddcompound.f Ha-1223 is plotted in Fig. 4. As f behaves similar to the Hg-1201 compound.

e band structure of Hg- Is plotted in Fig. 4. As for Figure 5 depicts the band structure for the Hg-1234 sys-
the previously discussed compounds, the important charagg

- F in th foll h h o m. As for all the other compounds, the general character-
teristics remain the same. It follows that now three GuO i of the band structure remains the same. Besides the

bands cross the Fermi level. They are hole doped through th@ovious similarity, now four Cu@ bands cross the Fermi
existence of the Hg-Oband. The band characteristics and surface. Band ext,rema of these bands are also foulfzatd

I' and the band width changes by about 10% under pressure.
Hg 1223 Concerning the movement of the saddle point of the £uO
band, theX andR points are swapped again in comparison to
Hg-1223 and the crossing of the saddle point occurs at about
15 GPa. The general behavior of the points where saddles of
the CuQ bands come close to the Fermi energy under pres-
sure is collected for all four compounds in Table III.

1k |

0 GPa

C. Partial charges

5 GPa

=l iE

As discussed in Sec. lll, the LAPW method permits an
analysis of the charge density within the spheres with respect

TABLE Ill. Points in the BZ where the saddle point of the CuO
band moves toward the Fermi leehd eventually crosses ivhen
pressure is applied.

7
-
10 GPa

N N N
£

Compound No. Cu® Saddle point
layers crossinder not crossingeg
T > Hg-1201 1 R X
Hg-1212 2 X R
FIG. 4. Band structure of Hg-1223 along high-symmetry lines Hg-1223 3 R X
for ambient pressure up to 15 GPa. Energies are in electron volt and Hg-1234 4 X R

with respect to the Fermi energy.
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TABLE IV. Cu and O partial charges for the compounds Hg-1201, Hg-1212, Hg-1223, and Hg-1234 under pressure.

Pressure Hg-1201 Hg-1212 Hg-1223 Hg-1234

[GPd Cu'dye_y2 O'py Cu'dee_y2 O'p, Cu'dee_2 O'py ClPde_,2 O%p, Cu'de 2 O'p, CllPdee_y2  Opy

0 1.4336  0.7330 1.4419 0.7330 1.4421 0.7317 1.4386 0.7281 1.4413 0.7363 1.4380 0.7337
5 1.4141 07375 1.4283 0.7362 1.4320 0.7348 1.4337 0.7313 1.4290 0.7407 1.4363 0.7395
10 1.3945 07412 1.4178 0.7400 1.4235 0.7377 1.4308 0.7344 1.4227 0.7461 1.4375 0.7457
15 1.3866  0.7466  1.4137 0.7443 1.4207 0.7416 1.4317 0.7381 1.4220 0.7521 1.4413 0.7519

to the decomposition of the angular quantum numbensd  nounced for higher pressures. Although the number of pres-
m. As pointed out, when charges are compared for differensure induced holes per copper atom is smaller for the higher
pressures while the sphere radii are kept constant, the intelayered compounds, the effect is still larger there due to the
pretation becomes more complicated since the amount afigher number of layers. The oxygen charges, on the other
charge lying within the spheres with respect to the tOtalhand’ do not show a strong dependenceron
charge becomes larger. In other words: Under pressure the As mentioned in the introduction, parameters such as the
volume of the unit cell shrinks, however, since the spherg,ymber of layers, pressure, and doping influence the transi-
radii are kept constant, charge is pushed into the sphere afgn temperature. It is also well known that the dependence
the partial charges in the sphere increase. of the transition temperature on the hole concentration is a
In Sec. IV A we found that some of the bonds are morecommon rule for all Superconducting Comp|ex copper ox-
easily compressible than others. In particular, the HgdiS-  jdes. With the help of the charge decomposition above, a
tance stays approximately the same under pressure. This b€ymparison of how these parameters influence the charges in
havior is reflected in the partial charges Hg, Hg p,, and  the CuQ planes can be made. A comparison of pressure and
O%p,. For all systems the calculations show only a smalldoping can be done for the single-layered compound, where
increase of the Hp, and Hgp, partial charges under pres- doping has been studied recerffly> For pressure, as well as
sure. The same is true for thé'@ charge. for doping, the number of holes in the Cu@lanes is in-
Table IV shows the partial chargez_,2 and p, of the  creased. While pressure mainly affects the copper charges, in
copper and oxygen atoms for all four systems under preshe case of doping the oxygen charges decrease also. The
sure. The copper charge in all compounds show a decreagfcture for comparing pressure and composition is similar.
with pressure, which, for the one and two-layered com-By going from one to two and three layers the amount of
pounds, is quite large. For the three and four-layer systemioles per copper atom is smaller, but due to more layers, the
an average over the layers has to be taken. Note that thisifect is still larger for the more layered compounds. Note
effect is observed despite the fact that due to the constatat by inserting the fourth layer, the number of holes does
atomic sphere radii a bigger fraction of the charge movesot increase anymore. It follows that the number of holes
inside the spheres under pressure. This suggests that the gfduced by any of the three control parameters exhibits the
fect found is even slightly underestimated. The opposit&same behavior as the transition temperafuféis is an di-

trend is found for the oxygen atoms: increasing pressure inrect indication of the correlation between the hole content
creases the charges. This effect, however, is smaller than thg,d T .

decrease of the copper charges and originates in the problem

of the constant sphere sizes mentioned above. Note also that

a small spherg radi.us for oxygen had to be chosen through- V. CONCLUSIONS

out all calculations in order to handle the small bond lengths

under pressure. Test calculations with bigger sphere sizes for We performed first-principles calculations on the Hg-

oxygen showed that the effect indeed becomes smallehased cuprate family HgB&a,_,Cu,0,,+,. Thereby, we

which supports the idea that it mostly originates in the treatstudied the effect of compositiam=1,2,3,4 and pressure in

ment of the sphere radii. Therefore, the increase in the partidhe range from 0 to 15 GPa.

oxygen charges cannot be interpreted as hole filling and the Our results for the structural data under ambient pressure

dominant effect is the hole creation by the copper chargedor all four compounds are in good agreement with experi-

Another cross check for the trend mentioned above can bment. The trends for the lattice constaatandc under pres-

made by looking at the corresponding bands in the bangure compare well to experimentally found compressibilities.

structure: In the regions of the Brillouin zone where theAlso, at any pressure, important parameters such as bond

CuG, band is partially depopulated when pressure is appliedengths were found to be in the corresponding range neces-

it is dominated by the copper character, which explains thesary for the appearance of superconducting properties. The

different behavior of Cu and O charges. analysis of the band structures revealed the following behav-
The dependence of the charges on the number of layersior: In all four systemsi§=1,2,3,4) we found a correspond-

shows the following behavior: The Cu charges increase byng number of Cu@ dominated bands crossing the Fermi

inserting up to three layers and then slightly drop again bylevel, which is characteristic for layered cuprates. Further-

going to four layers. Note that the increase is more proimore, a conduction band comes closéEto, which is found
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