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Total energy local density calculations for the effects of pressure on the lattice parameters, bond lengths,
electronic structure, and;4 phonon frequency in HgB&£uO, have been carried out in order to understand
the role of pressure in increasing tfig of mercury-based superconductors. Theoretically determined zero-
pressure lattice parameters and phonon frequencies are found to be in good agreement with experiment. An
electronic topological transition is found to occur when the van Hove singulait$) is shifted close to the
vicinity of Ep by pressure which causes considerable phonon softening and anomalous behavior of the
c-axis length, the Hg-@) bond, and the Ba coordinate. A set of experiments that might be able to detect the
presence of the VHS close E- is proposed[S0163-182¢06)01526-3

I. INTRODUCTION mechanism of highF, superconductivity is not yet clearly
established. There is experimental evidence in support of the
The discovery of the family of mercury compounds, phonon mechanism of superconductivity such as the strong
HgBa,Ca,,_1Cu,05,42+5 (n=1,2,3,...,n) [referred also isotope shifts observed in Y-Ba-Cu-O with a partial substi-
as Hg-120—1)n],'~" has attracted a great deal of interesttution of Pr for Y or La for Bat"¥On the other hand, there
not only because of their record-breakilg's but also due are other experiments that yield contradictions to the
to their rich physical-chemical phenomena. The apparenphonon-mediated picture of electron interacti¢eese, for in-
simplicity of their crystal structure opens the way for very stance, references in Ref.)19hus, the study of phonons
detailed experimental and theoretical investigations of highseems to be very important in resolving the effects of
T. phenomena. The most exciting experimental work halectron-phonon interactions in high- materials .
been done on the effects of pressureTer(Refs. 8—14 and The phonon properties of the mercury family of supercon-
on the crystal structure of HgB&a,,_;Cu,On4 24 5.-> The  ductors have been the subject of very intensive study by
dependence of . on the unit cell volume of Hg-1223 in a Raman spectroscopy. It was fofic?°that the Raman spec-
small pressure region was determined in Ref. 16. These para for all Hg-based superconductors display similar features:
pers indicate that for low pressur@s increases linearly as A strong peak at around 580 cm was attributed to the
dT./dP~+1.7-1.8 K/GPa. And it was also found that at apical oxygen vibrating along the direction, the shoulder
certain pressure$, saturates or at leastT,./dP decreases peak at a slightly lower frequency was speculated to be due
substantially?!! The value ofdT,/dP for Hg-based com- to the presence of the interstitial oxygen, and weak features
pounds is not unique in the whole family of high- were observed around 180 crh which are thought to be
superconductors, but the high startingl, value makes it due to Ba vibrations. The results of different experiments are
possible to reaci.’'s as high as 164 K for Hg-1223 at high put together in Table I.
pressure?! A very interesting effort to understand the role of pressure
The main question is whether it is possible to achievein increasingT. was undertaken in Ref. 24, where the effect
such aT. enhancement through chemical substitutions, i.e.pf pressure on the Raman frequeneyof the apical oxygen
by applying the chemical pressure. It is not yet clearly un-for Hg-1201 and Hg-1212 was studied. The results show that
derstood how such chemical pressure affects the phonon e of the apical oxygefO(2)] A;4 mode increases with pres-
electronic properties and thus the superconducting propertiesire and the rate of increase of the square of the normalized
of high T, Cu oxides. In fact, the role of phonons in the frequency,A(w/wg)?/AP, is nearly the same for Hg-1201
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TABLE I. Comparison of experimental and theoretical frequencies of the Raman-dctjvghonon
mode. FLAPW, SM, and FLMTO refer to full-potential linearized augmented plane wave method, shell
model, and full-potential LMTO method, respectively.

A;q mode Expt? Expt.? Expt.© FLAPW ¢ SMme FLMTO © FLMTO

0(2) 592 592 591 587 5901 540 586
Ba 161 158 — — 124 161 158

%Reference 25.
bReference 23.
‘Reference 21.
dReference 24.
®Reference 26.
This work.

and Hg-1223 below~ 5 GPa, and is approximately 0.015 The effects of pressure on the electronic structure and
GPa l. For pressures above 5 GPay/{v,)? for Hg-1201 lattice parameters for Hg-12015€0) were studied by 38
keeps increasing linearly, while for Hg-1223 it changes itsand for Hg-1212 §+0) by Singh*° We have shown that the
slope to 0.04 GPal. The authors of Ref. 24 speculated that energy location of the vHS moves towars with increas-
this difference in thes(P) dependence may be attributed to ing pressure and that there is a correspondence between hole
a different response of the electronic structure to pressure idoping and pressure treatmefitsA calculation of the pho-
those materials. Another interesting feature of the Ramannon dispersion relation and phonon density of states in the
active phonons in Hg-1201 is the softening of the phonorframework of the shell model for Hg-1201, together with an
frequency of the apical oxygeh,; mode belowT ltwas  ab initio full-potential linear muffin-tin orbitalFLMTO) de-
also statetf that if this is a result of the appearance of thetermination of frequencies and eigenvectors of the Raman-
superconducting gap, the softening of such a high-frequencgctive modes(using experimental lattice paramebersias
phonon would require the gap to be aboutkgT, which  reported by Stachiottit al?® They found a reasonable agree-
would be the highest known superconducting gap determineghent between twé, 4 and twoE; Raman-active zone center
from Raman-active modes. Hence, regardless of one’s viewnodes and experimeigsee Table )l
on the nature of higfi-, superconductivitywhether phonon Signifying the important role of phonons in high-,
mediated or not the investigation of phonon properties pro- there has been an experimental stfdyn the phonon prop-
vides important information for understanding the origin of erties under pressure in Hg-based highsuperconductors.
high-T. superconductivity. Moreover, the observed phononThus, in order to advance the understanding of the phonon
softening implies the existence of a quite strong interactiorproperties of the higfi-, superconductors, we have under-
of this particular phonon mode with the current carriers retaken anab initio LDA simulation of the effect of pressure
sponsible for superconductivity. Thus, it is certainly impor-on the phonon spectra of Hg-1201. For the sake of simplicity
tant to investigate the influence of the electronic structureve useds=0. The actual doping can vary between 0.04 and
features on this particular phonon mode in Hg-based high9.23* It was also fountf that 6=0.18 corresponds to the
T. superconductors. highest(or optimum T, value, which turns out to be surpris-
The electronic structure of the Hg family has been studiedngly close to our predicticff if one assumes that oxygen
intensively within the framework of the local density ap- acts as a divalent ion in doping Hg layers. We believe our
proximation (LDA)25°%  For the stoichiometric simulation of Hg-1201 with=0 should well describe the
HgBa,CuO, (Hg-1201) compound, it was found that the real system, if§ is “not too high.”
single band derived from the Cu-O antibonding state cross- In this paper, we extend our previous investigatioof
ing the Fermi energyl) is half-filled, and is thus expected the effects of pressure on Hg-1201 and report results of LDA
to be a Mott insulator. With doping, however, it becomes asimulations of pressure effects on the electronic structure,
normal metal that becomes superconducting at 95 K. By contattice parameters, am,; phonon mode frequency. We find
trast, there exists an additional Hg-O band crossinghat the pressure-induced shift of the vHS towdEgdsdrives
Er in the case of HgBgCaCu,0Og (Hg-1212 and a softening of theA;y phonon frequency. We also discuss
HgBa,Ca,Cu0O,04 (Hg-1223, which makes them *“self- some possible consequences of the electronic topological
doped” to a metallic normal stafé=>° In all cases, there transition (ETT) due to the presence of the VHS crossing
exists a prominent van Hove singularity closeBp, as was Eg, as predicted by Lifshit?> Possible thermopower, bulk
also found for other high-, cuprate materialfLSCO moduli, and thermal expansion coefficient experiments are
(La,_,Sr,Cu0O,), (Ref. 36 YBCO (YBa,Cuz09) discussed in relation to the effects of the ETT driven by the
(Refs. 37-3% and the infinite layer compound VvHS.
(Sr,Ca,_41Cu0,) (Ref. 40]. The apparent importance of the
proximity of the vHS to the Fermi level leading to a large
enhancement of the electron-phonon coupling coeffickent
for high-T, materials was stressed by Andersaral®® Re- We used the full-potential linear muffin-tin orbital method
cently a model was proposét;** based on the “extended (FLMTO) (Refs. 46—49within LDA and the Ceperly-Alder
saddle point singularities” in the electron spectrum. form of the exchange correlation potenfialThe details of

II. METHOD AND COMPUTATIONAL DETAILS
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lattice parameters and selected bond lengths together with

03 prrrrrrT T experimentally determined vald@sand estimated differ-
04F ] ences between them are presented in Table Il. As seen, our
i theoretical values differ from experiménin the range be-

05¢ ] tween 0.6% and 3%. The largest discrepancy-8% comes

from an underestimation of the/a ratio; thea parameter is
overestimated by 2%. Although such a discrepancy is al-

Energy (Ry)
S
N

07F ] ready small for the LDA approach, we note that we compare
C the results of calculations fof=0, while reliable experi-
08 ] mental values are available only for doped materiafEhe
09 T agreement seems to be quite good especially if one takes into
06 07 08 09 1.0 L1 12 account that the lattice parameter tends to decrease with
VIV, doping, as was recently shown by Huaetcal,** and that the

c parameter displays more complicated behatfott in-

FIG. 1. Total energy as a function of volume for optimized creases with doping in the region close&s 0 and reaches
cla, Zo, andzg, (solid circle3 and a polynomial fit to these its maximum at a certain doping. Thus, if we extrapolate the
points. experimental values té=0, our results for zero pressure

seem to be in even better agreement with experiment.
our setup are similar to those used in our previous As seen from Fig. 3, the axis is more compressible than
simulations?® the a axis (see also Ref. 29 As shown previously® the

Using calculated FLMTO total energy results, we opti- main contribution to this anisotropy comes from the highly
mized the geometry of the unit cell of Hg-1201 for different compressible Cu-@) bond. The calculated bond and axis
unit cell volumes Y/V,= 1.1, 1.05, 1.0, 0.95, 0.9, 0.85, 0.8, compressibilities are in satisfactory agreement with
0.75, 0.7, whereV, is the experimental volume. Note that experiment® and with model calculations especially if one
we have extended the range of volume variation from thatakes into account the sensitivity of the lattice parameters to
used earlief’ The optimization for each particular volume dopind* discussed above. The fact that the C(®bond is
was carried out in the three-dimensional space of the paranextremely compressible has a strong effect on the energy
etersc/a, zg(y) (the z coordinate of the apical oxygemand  bands at the Fermi energf{£):?° The shape of the Cu<Q@)

Zg, (the Baz coordinatg¢. A symmetry analysis of the pho- dpo half-filled band changes under pressure in such a way
non modes and an estimation of frequencies were performettiat the van Hove singularitiHS), also called a singular
using a program developed by one of°tis? point with an energyE.) that exists at~ 0.4 eV belowEg

(at zero pressujemoves up with pressure and eventually
crosses ifsee Figs. 5 and 6 in Ref. R9f correct, this fact
leads to a good possibility to examine the effects of the vVHS
A. Effects of pressure on lattice parameters approachingEg on the physical properties of the high-

The calculated FLMTO total energy results were used toouperconductors, since the direct simulation of doping,
find the equation of stateV(E)] for Hg-1201. The calcu- which also changeEg and apparently leads to an optimum

lated points(for differentV/V,) and their fourth-order poly- Tc When it CO"?Cid_eS‘lWi_th the vHSsee, for example, the
nomial fit are presented in Fig. 1. The equation of state al'€View by Markiewic2’), is usually not possible. Obviously,
lows us to find an analytic dependence of the unit cell€xperimental evidence of vHS manifestations can greatly im-

volume on pressurP = — dE(V)/4V] (cf. Fig. 2. The pres- Prove the understanding of highy phenomena.
sure dependence of tiieanda lattice parameters along with ~ Another interesting feature is a nonmonotonic pressure
the Hg-Q2) and Cu-@2) bond lengths and thes, coordi- dependence of the-axis lattice parameter, Cu¢@ bond

nate are presented in Fig. 3. For comparison, the calculatd§n9ths, and Ba position in Hg-1201 as shown in Fig. 3. In
Fig. 3(b), it is emphasized that the calculated valysslid

circles are fitted in two different pressure regiotalled |
1.2 prrmrrrrerrrrr e and Il on our figuresby different linear interpolations: the
region(l) from —10 GPa to~ 25 GPa(the negative pressure
corresponds to unit cell stretchingnd the regior{ll) above
1F ] 25 GPa. In fact, the parameter simply follows the Cu{@)

Ill. RESULTS OF THE LDA SIMULATION

1.1} b

52 bond behavior since the Hg(@) bond changes linearly with

< 09 3 . i

S _ pressure and by only a very small amouet Fig. 3. It is
08k ] interesting to note that the kink in the pressure dependence

5 of the Cu-@2) bond length occurs at the pressure at which

07 ] the VHS crosse€,. Therefore, similar anomalies in the
06: L phonon modes are expected to occur at pressures where the
10 010 20 30 40 50 60 70 VHS approachek .

Pressure (GPa
( ) B. Effects of pressure on theA;4 phonon frequency

FIG. 2. Calculated volume as a function of pressure for Hg- Since the only available experimental data on the pressure
1201. dependence of the phonon modes in Hg-1201 are for the
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FIG. 3. Lattice parameters as functions of pressure for two distinct pressure régamds Il): (a) a parameterib) c parameter(c)
Hg-O(2) and Cu-@2) bond lengths and Ba coordinate.

A4 Raman-active mod# we concentrate our attention on around the pressure at which the VHS passes thrdgigh

it. As follows from a symmetry analysis, th&;4 phonon  After that, they proceed linearly with further increase of

represents (2) and Ba vibrations along the direction. We  pressure. Since bothg;)(P) andwg,(P) show two distinct

have calculated the total energiyozen phonon approxima- linear regions(l and Il), we fit the calculated points with

tion) for a sufficient number of independent(2Z) and Ba  different linear functions in those regions. The fitting coeffi-

displacementgusually the mesh is 2414) to make a fit by cients are listed in the inset in Fig. 5. From this fit we esti-

a sixth-order polynomial. Such a high-order polynomial wasmate the frequencies corresponding to zero pressure to be

needed to describe satisfactorily the strongly anharmonic to,;uo(z):586cm*1 and wg,=158 cm ! and their rate of in-

tal energy surface. A slice of the total energy surface alongrease with pressure a@hwg;/dP = 3.9 cm Y/GPa and

the O2)-displacement coordinate axiBig. 4 clearly shows dwg,/dP = 1.2 cm™ Y/GPa for pressure region | and 1.68

the anharmonicity of the @) vibrations. cm™Y/GPa and 0.23 cm'/GPa for pressure region Il. These
The calculated @) and BaA;4 phonon frequencies for zero-pressure frequencies appear to be in excellent agree-

different pressurewq2)(P) and wg,(P), are plotted in Fig.

5. Frequencies for both atoms start increasing linearly with

pressure. Both display a striking feadur— a dip that occurs -330 = . - .

TABLE II. Experimental(Ref. 15 and calculated lattice param- 3350, . ]
eters and selected bond lendth a.u) for Hg-1201 and their per- = .
centage deviationé+ and — indicate overestimation and underes- ﬂé_ 340 F 0 ° .' 1
timation). = . .

2 o5t . 1
Experiment Theory Deviation [f] . N

a 7.332 7.500 +2% 330t ]
cla 2.455 3.691 -3% 355 oot
Hg-0(2) 3.734 2.390 -1% 04 02 0 02 04
Cu-Q(2) 5.257 5.150 -2% O(2) displacement
Zga 5.360 5.391 +0.6%

FIG. 4. Total energy vs @) displacements.
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FIG. 6. Square of the normalized frequencies ¢,)? for dif-

FIG. 5. The calculateda) O(2) and (b) Ba A, phonon fre- ferent pressures and coefficients of a linear least-squares fit to them
P P)] for diff ffi- ]
quency[ gz (P) and wg,(P)] for different pressures and coeffi in different pressure regior(s and Il)

cients of a linear least-squares fit to them in different pressure re-

gions (1 and 1. becomes populated, and changes the strength of g-O

bond, which in turn affects the frequency of2pvibrations.

ment with experiment and in good agreement with those calBut our calculations do not support this idea. Moreover,
culated previousRf at the experimental lattice parameters since this Hg-@2)-derived band isantibonding one might
(cf. Table ). expect asofteningof the Hg-Q2) bond and thus a decrease

In order to further compare our results on the pressurén the 2) phonon frequency. Further, the effect of filling
dependence of the phonon modes with experifiénte  the Hg-Q2)-derived band on the calculatedZ) phonon fre-
have calculated the square of the normalized frequencieguency was not observed in our simulations. Hence, we have
(w/ wg)?. The calculated points and a least-squares linear fito conclude that the change in this band population is too
to them(again in two distinct pressure regions | angldte  small to produce an observable effect and so this particular
presented in Fig. 6. The values A w? w32)/A(P) can be result of the phonon frequency measurem@rgsll remains
also found in Fig. 6. For (), the A;; mode unresolved.
A(w?/ w§) o2/ A(P) is about 0.014 GPa® which is in strik-
ingly good agreement with the experimental value of 0.015 IV. POSSIBLE PHYSICAL CONSEQUENCES
GPa ! (Ref. 24 for Hg-1201 over the pressure range from 0 OF THE vHS EXISTING CLOSE TO Eg
to 10 GPa. The corresponding value in the “high-pressure As was mentioned in the Introduction, vHS-based models
region” (Il) is 0.006 GPal. For A(wzlwg)Ba/A(P) we  of high-T. superconductivity have recently attracted consid-
have 0.016 GPa' and 0.003 GPa’ for the | and Il pressure erable attention® The models try to establish the connection
regions, respectively. Since we reproduce the experimentdletween anomalies in the physical properties of the Righ-
trend for the low-pressure part of(P), we may be quite materials and the existence of a VHS closeEo. As we
confident in our results for higher pressures, including thehave shown previously for the infinite layer compotfhand
softening of theA;, mode in the pressure region where thefor Hg-1201 and Hg-1212}?" there is an apparent correla-
VHS comes close to and passes thro&gh tion betweenT as a function of doping and/or pressure and

Despite our initial hope to interpret the results of phonona maximum in the density of states, located closggo Or,
frequency measurements for Hg-12@=f. 24 on the basis in other words, the behavior &f, depends strongly on the
of our calculations for Hg-1201, we cannot clearly see thevHS passing close to or throudtt ; the latter case is known
reason for the kink in§/wq)? at pressures around 5 GPa for as an electronic topological transitidETT).*> The direct
Hg-1212. It was previously supposédhat this kink origi-  proof of this hypothesis would be experimental observations
nates from the fact that Hg{@)-derived bandwhich is lo-  of those properties of higl; materials that are sensitive to
cated aboveEg in Hg-1201 and slightly belowEr in Hg-  this ETT. These include thermopow®&rbulk modulus, pho-
1212 and Hg-1223Ref. 28] moves down with pressufé, non frequencies, and thermal expansion coefficights.
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vttt 5.5 weaker than those forC; and are of the order of
0L (Er—E.)8N(Eg).5"%8%2 For the almost-free-electron
150 model® we have for the anomalous contribution to the av-
= 1sf Qe eraged frequency squared
& 145 %o
= ] 2 2 2 2
S"‘ 10F | 10 = Mo = 39 |Vgl(Er—E) SN(ER), 3
el L .’" » Q
< 5L Y ;5 ia where SN(Eg) is the contribution of the vHS to the
[ N(Eg), M is the atomic masé&he lattice without basis was
0 L. 10 considered in Ref. 629 is the reciprocal lattice vectdthe
06 07 08 09 10 1.1 12 VHS is located ak.=g/2), andV is the corresponding Fou-
VIVO rier component of the crystal potentf&lFor
(|Vg||EF_ Ec|)l/2
FIG. 7. wé(z) andN(Eg) for different unit cell volumes of Hg- T2T0~®DE—F, (4)
1201.

i . where®, is the Debye temperature, the anomaly in the ther-
The thermopowera (in the nonsuperconducting state 4 expansion coefficieMt®2

must display very sharp anomalies of the type

Sa~TIN(Eg)/JdE: (Ref. 55 as a function of pressure or 1/9Q C,

doping. Unfortunately, these anomalies can be seen clearly B(T)= ﬁ(ﬁ) “B? )
only at very low temperaturgsee, e.g., Refs. 60,5and so P

they might be difficult to measure in superconductors withcan be written down as

high critical temperatures. One possible way to detect an

ETT in such systems is to conduct low-temperature measure- 1 dnew? B o

ments with the superconductivity suppressed by a high mag- Y==5%ma " oo s pM )

netic field. However, it might be more convenient to detect 2Mo

anomalies in the lattice properties at a not too low tempera- Bg? IEg—Ey)

ture. Corresponding expressions for the ETT in the two- = 3W| ol P SN(Eg). (6)

dimensional cas¢i.e., the logarithmic anomaly iMN(Eg)

caused by a saddle pojnivere derived in an almost-free- HereB=—gP/o( is the bulk modulusC,(T) is the lattice

electron approximation in Ref. 62 in connection with a dis-heat capacity, ang is the Giineisen parameter. The effect
cussion of magnetovolume and magnetoelastic effects in itinnpgn pe estimated as

erant ferromagnets.

To be specific, let us consider the anomalies in the elastic
3B 2|Vyl d(Ee—Eo)

moduli,
50, o ON(Eg), )
1 °E L
170 gu?’ D where 3V, is the band splitting at the Brillouin zone

: : . boundary. In our casé(E.—Eg)/dP>0, and so06B<0.
where{) is a unit cell volumeE is the total energy, andi — Tpys if the maximum inT, corresponds to the ETT, the
the corresponding deformatigacoustical or optical In the thermal expansion coefficier@ must have a minimuntor

case of optical deformations, whelC;; =M w; (whereM is perhaps even become negaliveear the ETT. At low tem-

the atomic massand ;" is the correspondind™ phonon  peratures, the sign of the anomalous contributiop s the

frequency, we havé same, but the anomaly gets stronfjes., 1/(E.— E¢) instead
R of In|E.—E[].5
05C. - — iaN(E ) I(Eg— Ec)} @) Thus, we propose the following “tests” to detect the ETT
. V2 F au; ' in high-T, materials when subjected to either pressure or

doping. One should lookl) for a minimum in the phonon

Here SN(Eg) is a vHS contribution to the density of states frequencies of the\;, mode; it appears that the position of
(DOS) at the Fermi level[We stress that Eq2) describing  the vHS is especially sensitive to the deformation along the
the 5C;; anomaly is rather general and only the/2/pre- ¢ axis, as we have shown in Sec. Ill, and thus anomalies in
factor is model depende?ﬁ] It follows from Eq. (2) that a this phonon mode should be especia”y Strdﬁg;for a mini-
change of the squared frequency is proportional to the totahum in the thermal expansion coefficient; @ for strong
DOS variation(due to the presence of vhiSuith inverted  anomalies in the thermopower at low temperatures when su-
sign. Or, simply, the squared frequency displays a minimunperconductivity is suppressed by high magnetic fields.
at the point of the maximum in the total DOS. We illustrate We have to mention also that it is quite possib|e that the
this in Fig. 7, where our numerical results far,, and first type of anomaly has already been observed, although
N(Eg) are plotted for different unit cell volumes. indirectly. It was reportetf that the maximum ifl, corre-

Anomalies in the squared phonon frequency averagethtes with the maximum in the ratio of mean square ampli-
over the Brillouin zonew?, due to an ETT are considerably tudes of Ba displacement along teaxis and in theab
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