


1 Introductlon
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The d1scovery of superconduct1v1ty in: Bal_,K B103 (BKBO) [1 3] has. attracted atten-
tion of physicists despite of relatively low critical temperature, T. = 30K in comparison
with other high temperature superconductors. ‘Unlike copper oxides, the BKBO supercon: -
ducting phase is a simple cubic perovskite [2, 4, 5] without metal-oxygen ‘planes which play .
an important role in the superconductivity of the other High — T, materials. Measure-
ments with' magnetic methods [6] have revealed no. magnetlc orderlng in the compound :
Measurements of the ‘Hall constant [6]. have shown that in BKBO the electrons of small
effective mass are the charge carriers and not the large effective mass holes as in cuprates.

At the same time this compound posesses :some properties which are common for
other perovskite superconductors.” So'the parent compound BaBiO; is an 1nsulator and
superconductivity in. BKBO arises near the dielectric-metal phase transition point [2,
7)- due to doping with lower valency ions similarly to the La;_-(Sr, Ba);CuOjy system. -
Magnetic properties of BKBO are:irreversibile; which fact finds.no explanation®in:the

flux-creep model; [8].- The electron correlatlon length isrsmall [9] Wl’llCh is characterlstlc
* of all perovskite superconductors. - * . T,

Therefore; a detailed study of BKBO propertles could be useful for understandlng the
nature of high:temperature superconductivity. 1A e

- 'Experimental and‘theoretical data recently obtalned prov1de evxdence for the impor-
tant:role that phonons play:in the mechanism: of:structural:phase transltlons.and(su-
perconductivity in:BKBO. The study: of the oxygen isotope effect 10 <80 ‘on the su--
perconducting transition'temperature yielded the results in-agreement with:the phonon
mechanism [6; 3, 11].'Measurements on heat conduction-[12; 13] have also-demonstrated .
the heatconductivity behaviour similar to conventional superconductors: : The supercon-
ducting gap measured in the experiments on'the determination of lower and upper critical. -
fields [11]:and by the metliod of infrared reflection [14] was-found to be 2A/Ts:= 3.5 in
agreement with BCS predictions. The tunneling experiments gave the value of:3.75-3.9
(15, 16,'17] for the energy’gap and A = 1-for'the electron-phonon. interaction’constant.
The temperature dependence of the energy gap isin good agreement w1th the BCS theory
[15]. s aRes il :

A strong electron~phonon 1nteract10n was proposed to explaln some pecullar features i
of BKBO. Electronic structure calculations [19] have demonstrated: that one could' expect
the strongest electron-phonon -interaction for the breathing modes of oxygen octahedra.
Under assumption that the local: breathmg modes of ‘oxygen: atoms-are respon51ble for

-‘the charge density wave 1nstab111ty near the d1electr1c—metal phase’ transition ‘point; an
" increase in superconductmg transition’ temperature in this point:was explained [20, 21}.

‘A‘number of earlier expenments [7,22] have also evidenced in favour of the existence of -
" “these ﬂuctuatlons The study of lattice dynamics and BKBO superconducting properties
""in the frame of the model of strong electron’ coupling with oxygen breathing modes [23]
has allowed one to obtain good agreement with experimental superconductive transition
temperature, its dependence on potassium concentration, isotope effect and the value of
the superconducting gap.
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The present work was aim’ed‘ at the study of BaBiOsand‘Bad 6 Ko. 4Bi034 lattice dy-

‘,namlcs on the basis of a'simple model of interatomic potential and by inelastic neutron.

scattering. Sectlon 2 of this paper summarizes the results of theoretical calculations and

“" their comparison wrth experiment. Section 3 describes the sample preparatlon procedure, -

sample testing and the details of the neutron scattering experiment: -In-Section 4 the ex-

- perimentally obtained generalized density of phonon states is compared with the results‘ :

- of calculatlon Sectlon 5 presents general concluswns STt o v SRR

3 Theery

,Lattrce dynamrcs of a parent compound BaBzOs was cons1dered in cubic symmetry using
a unit cell parameter a = 4. 29.2\ The interatomic potentlal functlon was’ assumed to
consrst of the Coulomb term and a soft core repuls ve term :

o Vigi= R +a!JexP(_leR'J) L NI T

h‘J

. Here Z s’ the effectrve va.lency of the ion i, R,_, the d1stance between the ions-.i and
" j, a;;'and b;; the fitting. parameters.. We accepted Ba?t, Bi't; 0% ion:valencies.: The
~ interatomic distances were calculated for a cubic phase (space group‘ngm {7]) having
the above cited unit cell parameter. The parameters a;;-and.b;; were considered to be
different from zero only for oppositely charged ions, that is for the pairs Bi—0O and Ba=0.
As the result we have four free parameters to be fitted to: experimental :data. "The first

two conditions followed from the requirement that crystal energy ihas to. be . minimized

with respect to crystal lattice parameters.:: As the other:conditions we have chosen the
- experimental ‘phonon frequencres in: the center of the Brillouin ‘zone. : Unfortunately:a
complete set of optical frequencies for BaBiO; does not exist and it made us to take their
- ‘values from works on Ba(Pb, Bi)Os [24, 25] : 70 meV, 24.3 meV, 23.8' meV- and 15 meV.
~The value for the upper frequency.is in good agreement with the published results on the
-light scattering in-Bag /0.4 Bi03, where it was assigned.to the breathing mode of BiOs
.octahedra [26, 27]. Therefore, one assumes that the values for the other frequencxes cannot
‘be much different. Thus we have six conditions for the determination of four parameters.
" This problem‘was solved with the WMIN.program [28] and the following values for the
‘phonon frequencies in the center of the Brillouin zone were ‘obtained:: 72 meV, 31 .meV, 26

meV and 13 meV. Potassium dopmg in the Bao 6K0.4Bi03 was taken into account through :

.corresponding mass-and valency.changes for the Ba ion and.valency changes for the O ion
‘to meet the requrrement of charge neutrahty The parameters of the potential for:Ba — O
- .were changed in correspondence with the crystalline.structute equilibrium condition. At
a 40% level of dopmg, the system reveals a metallic behaviour. Nevertheless, the use of
‘the chosen.potential seems justified here due to small electronic density of states near the
Fermi energy and low charge carriers concentration in this system [11, 6].

- Dispersion curves calculated for the [100], [110] and [111] directions in the Brllloum
zoneé have demonstrated that the BaBiOj; cubic lattlce‘ appeared unstable with respect to
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the llbratlon mode of BzOG octahedra along [110] and [111] d1rectlons<., Flgure 1a shows
the dlsperswn curves along [100] and {111] directions. For the sake of clarlty only acoustic
branches and the unstable libration mode are shown there Flgure 1b shows the dlspers1on o
curves for the same directions in ‘Bay, sKo 1B i0s. One can see that potassrum doping leads -

to cubrc lattxce stablllzatlon An analogous result was obtalned for the [110] dlrectlon :

:Flgl B O A 1 o
Calculated ‘phonon dlspers1on curves e
for BaBiO; (a) and’ Bao sKo 43103 (b) _‘
 For the sake of clarlty only acoustic and-
BiOg llbratlon modes are shown. One'f
- can see that; whlle in the (q,0, 0) direc-
55"-'tlon, lattice dynamlcs is stable for both
‘systems, in the (q,q,q) dlrectlon the cu- e
blc phase ‘of BaBzOs is unstable ‘with T
respect to’ BzOG tllt The same is true“‘ T
for’ (q,q,O) o "
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Analys1s of the results a.llows one to make some concluswns The study of the phase'
‘diagram for this system {7} showed that the cubic ‘hase Pm3m’ transforms into the or-
thorhombic phase Itmm with decreasing potassium concentration at’ temperatures below”
500K. This phase transition i is connected with BiOs octa.hedron rotation around the [110] <
axis and’ a.long this direction our calculations have revealed mstabrllty of the cubic phase - -



of BaBzO;; At temperatures above 500K the cublc phase transforms into the rhom-:
bohedral R3 phase wrth decreasmg potassrum concentratron Thrs trans1tron 1s due to

; dlstortrons Instabrhty of the ‘cubic lattice of BaBzO3 along the [lll] d1rectlon obtaaned{

“in our. calculations s, therefore, also in’ agreement ‘with experrment

\

the above citéd: authors noted, this peak could be not connected w1th the Brillouin zone -

In addltlon these calculations have allowed us to assume the existence on the phase'

diagram of one more area which corresponds to an intermediate between Pm3m and R3
phase. This must be a structure with a symmetry R3¢, which contains a ngld octahedral

; - tilt around the [111] axis with no breathing mode distortion.

One more presumption can be made on the baSIS of our calculatlons, concernmg ‘the

. origin’ ‘of a peak that was observed in optlcal spectra. at a frequency of 348cm‘1(43meV)»

(26] eronov et al [27] have also observed this peak but at somewhat Tower frequency. As

center vibrations, but with van Hove srngularrty in the phonon densrty of states. This
smgularrty could be observed in Raman’ spectra because of the selection rule vrolatlon

~due to/crystalline latt1ce defects. “As Figure 1 shows the calculated dlspers1on curves

for the BiOg libration modés have a zero slope at about 40 meV whrch fact leads to the

~appearence of a peak in the calculated densrty of phonon states near the energy lndlcated
_ Thus and thls result isin agreement thh the known experlmental facts.

3 Experlment

3.1 Sample preparatlon and characterlzatmn

', For the expenments on the study of BKBO latt1ce dynamlcs samples of BaBiO3 and
Bay, sKo 4Bi03 were prepared The potassium free sample was produced by:firing in

. air of a storchrometnc mlxture of BaO and:Bi,03 with the product- then pressed into
- pellets 60 mm in drameter The total mass of the sample amounted to 180 g. The X-

: : ray drffractron test of the sample has demonstrated no impurity phases and gave the cell
. parameters a-=}6. 182A b =.6.1374, cv— 8.660A and B.= 90.173°, in good agreement

. thh the pubhshed data [30]

A 20 g. of, Bay, 6Ko0.4B10; sample was prepared from storchlometnc mixture of barlum
and potassium nitrates and b)smuth oxide. The starting composition carefully mixed was
then sinthesized at 715°C in mtrogen atmosphere, kept in oxygen atmosphere at 450°C for
30 min and. gradually cooled down to. 150°C for 5 hrs. in oxygen flow. Then the powder

f‘was mixed once again and sub]ected to’the same process of sythesis. . This procedure

L repeated several times. At a final stage the powder. was pressed into pellets-and treated

accordmg to the given scheme ‘The: X—ray analysis showed the presence of a single phase
having a’cubic unit cell parameter a =:4.28A..

_31()

' By measuring -temperature:dependences
cof resrst1v1ty and magnetlc susceptlblhty ‘we' have found the superconductlng transrtron'if
temperature T.= 28K (AT - o s

.of the zone. Strictly speaking; it is the generalized density of states fusiction that should

’

3. 2 Neutron scattermg experlment

: In neutron scattering exper1ments samples sealed in ﬂat alumrmum cans were placed in -
a cryostat The measurements were performed at sample temperatures 10K, 80K and
C290K. . : « : :

Inelastlc neutron scatterlng experlments were carned out on the mverted geometry, E
spectrometer KDSOG-M at the IBR-2 reactor of the JINR [31] and on the direct geometry
spectrometer of the Kurchatov Institute of Atomic Energy (IAE) [32]. The inverted ge-~

" ometry, spectrometer explmted the white neutron beam from the pulsed reactor. Energles

of incident neutrons’ were, determined by measuring neutron time of flight from source to
sample. Their final energy of 5 meV was kept fixed with the help of a liquid nitrogen cooled
beryllium filter and single crystals of pyrolytlc graphlte The neutron energy loss spectra'
were measured srmultaneously for eight scattermg angles: 30,50,70, 80,90, 100,120 and
140°. On the IAE spectrometer we mea.sured the Bag.sl{0.4Bi03 sample at room temper- .
ature [33). The incident ncutron energy was fixed with the help of a ‘beryllium filter and
the energy of scattered neutrons was determmed by neutron time of flight from sample :
to detector.. The neutron energy gam spectrum was measured for the scattering angles
15 30,45,60,75 and 90°.

“In both cases the background from the cryostat with an empty sample can was sub-
tracted and the spectra were summed over the scattering angles to result in rather good
averaging over neutron momentum transfer. In the framework of the one phonon approxi-
mation one can transform thus averaged time of ﬂlght spectra into the generallzed phonon
density of states [34,see e.g.}: -

k; 2Mw 1
ks 1+n(w) RQ3N(w)™

Here I(t) is the t1me of flight spectrum; 2W(Q) the Debay-Waller factor, n(w) the Bose-
Einstein distribution; N(w) the incident neutron spectrum. The results obtained in this
way’ for the Ba, sKo 4BiO; compound on two spectrometers at room t\mperature agree
well. Therefore, in' the further; we shall dlSCUSS only the' "KDSOG- M spectrometer’ data’
as they'were “obtained also”at’ low* temperaturés. *“This’ will allow ‘us to neglect inthe®
first’ approxrmatlon, the' Debay Wa.ller factor and av01d the necesslty of correctlon for4
multlphonon scattermg TRl e - :

Glw) ~ 1 (t)exp(2W(Q))

4 Phonon den51ty of. states

¥

In order to compare the results obtalned in the frame of .the‘above descrrbed model wrth
the neutron scatterlng data we have calculated the phonon densrty of states

o) = / dable (el

Integratlon over the Brlllouln zone was replaced by summatlon over 250 polnts in the E'
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F1g2 e
Comparlson between ‘the calcu-' - '
" lated - phonon " density - of statesf”ﬁ :
(lower curve) and the experimen-
tal generalised dens1ty of states )
for BaBan L : :
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i

Density of states {arb. units ). g
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. be brought mto comparlson thh the experlmental data to take 1nto account the ampll—
tudes of atomrc dlsplacements and the partial’ contrlbutrons to the scattering cross section
of dlfferent ‘species. This;will affect relative intensities of the peaks in the density of states

functlon -If one had taken into account the spectrometer resolutlon, agreement between
' calculation and experlment could be still better [36]. We have calculated g(w) only, as the

simplified model used could hardly be expected to yield results in quantltatlve agreement ‘

- with experiment. _
The analysis of the expenmental data obtamed for different temperatures has shown
no dlfference in generahzed dens1ty of states within expenmental errors. The mmor dif-

ference between these functions, when extracted from the room temperature data; can’ ‘be ~
attributed to multiphonon effects ‘The dlscuss1on to follow will be; ‘therefore, based on”

{

"the data obtained at 10K. N
Figure 2 presents the data obtained for BaB 103. The experlmental generallzed density

of states shows peculiarities at 8, 14, 19, 24, 29, 42; 56, 69 and 84 meV and additionally a
shoulder is seen at 33 meV. In general, the positions of these peculiarities are in agreement

| with earlier results [35,-36]: The main difference between our data and those of [35] is in
intensity of peaks observed at energies above 35 meV. This can’t be due to different spec-

PR
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trometers resolution. Two factors are lrkely to be the reason for it Flrst is the dlfferent
oxygen content of -samples used in our experiment and i in [35] ‘due to ‘different” prepara-
tion' methods. Second, the different quality of data®averaging over neutron’ momentum
transfer and the coherent scattering effects. Flgure 2b illustrates the data on the phonon
density of states calculated for BaBiO5 in the frame ‘of the above described model. ‘The
comparison of-calculated with experimental curves shows satisfactory agreement of the
data.’ The model describes two peaks observed below-17 meV: Two ‘strong peaks’in the -
region from 17 to 30 meV. are also in agreement with experlment The librational mode
of the -BiOg: octahedron is responsible for the peak observed in’experiment at- nearly 42
meV.and.the calculation shows ‘this: peak at’ somewhat lower value of 36 meV We think
the agreement of the theory with experiment can be assumed satlsfactory ‘and at higher
frequencies as well, because the calculatlon was done for the cub1c symmetry, whrle the
real crYstal is monoclmlc BUE T T i
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Flgure da presents the expenmental generahzed dens1ty of states for Bao 6Ko. 4BzO3 -
Smularly to that from earlier experiments (186, 33, 35, 36] thrs function shows the de-
crease in number of Van Hove singularities, the shrft of the upper boundary towards lower
energles in the spectrum and very low densrty of "states between 40 “and 50 meV On »




: the contrary, in the vicinity of 60.meV.'the density. of stdtéb'-groWs‘iq cémpa.fison’with o

;Ba‘B;an.;Good agreement should be noted for the given system of.our.experiment and g

" Loong’s data [36]. Figure 3b illustrates the calculated phonon density of states. Model

‘ é'aléﬁlations)shdw that differently from BaBiO; doping with potassiim leads to the ap-
pearance of the only one peak in the density of states in the 20-30 meV:region, in good '
agreement .with’e)'(pe‘rimqntn Positions of the main Van Hove singularities. are in rather
‘goqd,a.g'rée;ﬁexitrwirtﬁ;bgth the neutron experimental data and the earlier calculations by
the molecular dynamics method [35, 36].: At the same time, potassium doping resultsin a_

* shift of t:h‘e'pl_;(_)non spectrum boundary towards higher frequencies, while the experiment
evidences for_the opposite tendency. Analysis of the polarization ‘vectors of the phonon
modes shows that at energies above 50 meV the main contribution to the density of states

is d'u‘e;tq ‘the breathing modes of oxygen atoms vibrations around Ba (or K) atoms. This -

conclusion agrees with earlier calculations [36]. A potassium atom is lighter’ than a’' Ba

atom. -Therefore, it is quite natural to expect higher frequency modes to appear in the

spectrum calculated on the basis of the ion model without taking into account the inter-
action with electrons. When the election subsystem is taken into account, the softening
of the phonon spectrum at potassium 'doping can be explained by phdnon'.r'é:n'orinéliz‘a-
tion due to electron-phonon interaction [23]. Thus, our results agree with the conclusion,
made in a number of researches [16, 35, 36], about strong interaction between the electron
subsystem and breathing modes ‘of oxygen atoms . This interaction is most likely to play
an important role in the formation of superconducting properties and in the mechanism
of the phase fransitiqn via the charge density wave [7)- 4

Y

5 ..Conclusions

1. On the basis of a simple model of interatomic potential it appeared pbssible to ex-

plain instability of the BaBiO; cubic phase with respect to transitions to lower symmetry
structures connected with BiOg octahedral tilt.. - s Co

2. The possible existence on the phase diagram was predicted for a region corresponding
“to the structure symmetry R3c.- EE e s

3. Dispersion curves calculated allow the assumption that the peak at 40 meV in the
optical spectrum could be due not to vibrations in the certer of the Brillouin zone, but
to ‘dgnsit'y of phonon states singularity..: - v ' LU e
4.;Ne’utﬂijon Scattgring experiments confirm the earlier conclusion about strong interaction
-of oxygen' breathing modes with the electron subsystem. We believe that this interaction
must play an important role in the formation of superconducting properties of a 'system
and in the mechanism of the phase transition via the charge density wave formation.
'5. The calculated density of phonon states provides a good description of the experimental
data’'and is in good agreement with the data obtained by the molecular dynamics method.
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