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Unexpected value of transition pressure in the ionic layered BaFl compound observed
by Raman scattering
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The high-pressure behavior of optical phonons in layered BaFl has been studied at ambient temperature
using Raman spectroscopy up to 61 GPa. The pressure dependence of the zone-centeBphormgnsand
A4 was measured in the tetragonal structure up to the phase transition near 55 GPa.idiseGmparameter
of the low-frequencyA;4 mode has a very large variation between 0 and 10 GPa. This evolution is attributed
to a gradual layer-nonlayer transformation of the structure under pressure. For ionic compounds, and with
respect to the classical hard-sphere model, phase transition tends to occur at about the same effective hard-
sphere packing fraction. Consequently, the phase transition in BaFl could be thought to occur at a pressure
lower than in BaFCl or BaFBr, in contradiction with our experimental data. Using thermodynamics arguments,
the unexpected increase of the phase-transition pressure with increasing halogen siz¥ (X B&H, Br or I)
is attributed to the bidimensional characteristics of the structure, which is shown to expand the lattice volume
and to decrease the internal energy by a polarization contributigp.
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[. INTRODUCTION 10. The mode labeled\, (1) corresponds to the halogen
motion along thec axis inside theM 5 pyramid whereas the
Layered materials have generated considerable interesther modes are related to the metallic tetrahedra breathing
since recent investigations have resulted in many remarkab®jong c[A;4(2)], the fluor motion alonge inside theM,
achievements in semiconductdrs,lubricants’ super- tetrahedra B,;) and atomic motion along thea axis
conductor3 or intercalation storages like graphynar fluo-  [Eg(1,2,3)].
rohalide(matlockite compounds.The generic chemical for- ~ We also determined the transition pressure of BaFl and
mula of matlockite family compounds M FX whereM is  the second part Qf the discus;ior! is_ dgvoted to the transition
the metallic ion Ca, Sr, Ba, Pb or Eu, aXdhe halogen CI, Pressure trend with halogen size in ionic Iayered compOl_Jnds.
Br or |. The tetragonal structure of the fluorohalide crystals"ctually, large X halogen atom size may induce chemical
M FX has been shown to exhibit anisotropic COmpres_pres.sure due to sterl.c effect, which has been experimentally
sibilities® directly related to the observed macroscopic Iay—Conflrmed for m_ost lonic crystals. For_ Baf-compounds,
ered properties. Elastic anisotropy of typical layered crystal ecause thf fgg)nAradllsuch{éTl.?} r’?‘) is smaller the;)n the
is known to be related to the existence of two distinct kindssirdgpeed(ra'fsr _anélogon, toaBaFg[r ;? arﬁrbei:ﬁ?r;erznégﬁ‘fbiscon_
of interatomic bonding: a covalerfor metallig one inside ne should expect a transition pressure for BaFBr lower than
the layers and van der Waals type forces between the shee

h M ds. the | lik ; i fat for BaFCl. This conclusion is in disagreement with ex-
In the case oM FX compounds, the layerlike conformation o imental results, where structural phase transition have

is quite surprising since these crystals are strongly ionic. Ifhaen observed to occur at pressures near 21 and 27 GPa for
Ref. 6, based on x-ray-diffraction results, the stability ofgarc| and BaFBr, respectively~*we confirm this unex-
ionic M FX crystals in a layered structure is simply ex- pected result in the present work, where the phase transition

plained in terms of anisotropic Coulomb forces due to theyf BaF| is shown to occur at a pressure far above 27 GPa.
asymmetric position of large polarizable halogematoms in

their Mg metallic pyramid cagésee Fig. 1. However, these
assumptions still need to be confirmed by measurements car-
ried out with a short-range order probe. The first part of the BaFI crystals were prepared by chemical reaction of BaF
present work is devoted to the high-pressure Ramanand Ba).!* For the high-pressure Raman experiments, the
scattering study of BaFl, one of the most layered fluorohaBaF| sample was cut as platelet from a colorless and trans-
lide crystal. This compound crystallizes at ambient condi-parent single crystal. The sample was aboux 30 wm? in

tions in the tetragonal structure4nmm(D},). At the T’ surface and 20um thick. Because BaFl is a layered com-
point of the Brillouin zone, group theory predicts the exis-pound, the faces perpendicular to thexis are plane, paral-
tence of the following optical modesly,=2A4+ B4 lel and as polished. The high-pressure cell was a membrane
+3E4+3A,+3E,. Ay, Byg, andEy modes are Raman diamond-anvil cell(DAC).!® A stainless-steel gasket was
active. The mode assignments of BaFCl, BaFBr, BaFlpreindented to a thickness of 4@m and a 15Qum-
PbFCI, PbFBr, and SrFCl at ambient conditions have beediameter hole was drilled in the center by spark erosion.
well established in the literatufe® The atomic displacement Nitrogen was cryogenically loaded inside the DAC and used
patterns related to these modes have been described in Rak a pressure transmitting medium. Pressure was systemati-

Il. EXPERIMENTS AND RESULTS
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FIG. 2. Raman spectra of BaFI at ambient conditions.

pressure up to 30 GPa where the corresponding peak could
FIG. 1. Polyhedral representation of the matlockite structurenot be seen anymore. Moreover, at low pressure, the fre-
Contrary to the fluor inside thiél, tetrahedron, the halogeinthe  quency variation of this mode is considerable compared to
Ms pyramid has an asymmetric coordinatiofiis equidistant from  gthers. The significance of this observation will be addressed
the four basal plan&’ cations(distanceM’X) but at a different i, the Discussion.
g‘;t:"’}”g:a‘t:i“;.tshgz/' ;‘F\:\?ﬁ‘ilgzt;’fi'ztgzzd\g.x)' For example, in At around 55 GPa, the vanishing &,(3), the appear-
' ance of new peaks and the clear increase ofthg2) mode
intensity reflect the onset of a structural transformation.
cally measured before and after each Raman spectrum usinthese effects are enhanced after 24 h of relaxation at 61 GPa
the fluorescence emission of a ruby spﬁ%maced close to as shown in Fig. 4.
the sample into the gasket hole. The accuracy is better than 2
GPa at the maximum pressure reachéd GPa. Raman
spectra were excited with the 514.5-nm line of ar’ Aaser
focused down to 5um with a power level of about 50 mW A. BaFI layered character under pressure
at the entrance of the DAC. The scattered light was analyzed
with a Dilor XY triple spectrometer and a liquid-nitrogen-
cooled charge-coupled device multichannel detector. All ) : -
spectra Wereg recorged in the backscattering geometry witfi'"es: The isothermal Birch-Murnaghan equation of state

unpolarized light. The Raman frequencies were determine@S used to determine the pressure dependence of the unit-

. _ r_ 6 .
from a computer fit of the peaks with a Lorentzian profile.CeII VOIL_Jme withBy=36 GPa and’=6." Figure 5 shows a
The accuracy is better than 1 ch clear difference between th&;4(1) and the other modes.

Before performing the high-pressure experiment, we ex:rhe Grwneisen parametey of A;4(1) varies strongly be-

amined the zone-center optical phonons of tetragonal BaFI éWEen_o afnd~ 10 (;’Pf"" which is characteristic of interlayer
ambient conditions. We employed a large single crystal fronfOhesive force evolution. Above 20 GPAA4(1)] remains
which the micrometric sample used in the high-pressure ex@round 1, revgallng a strengthenmg of the initial weak forces
periments was extracted. With incident radiation parallel to?/ONg thec axis. The atomic motion related to (1)
the ¢ axis, onlyA, 4 andBy, modes are allowed and clearly optic mode is also show_n in Flg. 5. Thys, the pres'ent data
seen in the specti@ig. 2. However, because of defects, two suggest thafi) the weak interactions inside the fluoride ha-
of the threeE,; modes could also be observed in the spectra. ) ] o

The thirdE,, peak[labeledE4(1)] could not be seen in the TﬁB"tE "bRaTa”'z_C:'Ve BTa: r'p?'”taphin?” frequenciegn
present work, neither with incident light parallel nor perpen-cm. ) atambient conditions. The value §( ) frequency(super- .
dicular toc. A simple comparison with phonon frequency of script #) has not been measured but estimated from a comparison
the same mode in BaFCl and BaFBr giveg,(1) around with BaFCl and BaFBr modes.

Ill. DISCUSSION

The mode Groeisen parametersy; defined as y;
= —(dIny;/dInV)p have been calculated at different pres-

40 cm ! for BaFl. The frequency assignment and a COM-p1ode This work Ref. 7 Ref. 17
parison with previous works are given in Table I.
The high-pressure experiment was carried out with inci-By4 205 203 198
dent light parallel to the tetragonalaxis. TheB,4, E4(3), Aig(1) 81
A14(1), andA,4(2) modes have been followed and the pres-A;4(2) 113
sure dependence of their frequencies are shown in Fig. & (1) (40%)
The frequency oB,4, E4(3), andA;4(2) modes increases E,(2) 74
with pressure and no anomaly occurs up to the transitiorEg(g) 221 219 244

pressure. TheA;4(1) intensity gradually weakens under
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lides, M FX compounds, are localized between tHeX

the structure in a layerlike configuration. Under pressure the

double layers andii) the layered character disappears undetwveak bonds are primarily affected. Therefore, the halogen is

pressure.

expected to move to a symmetric configuration, canceling

These results are in agreement with the assumptions madiee polarization of theX halogen. The pressure variation of

in Ref. 6. Briefly, the large polarizability and asymmetrical

the BaFX c/a ratio (determined by x-ray diffractionis sig-

coordination scheme of the halogen atom have been showiificant, while its value is pressure independent for the quasi-
to create large static dipoles on the anions, which stabilizéhree-dimensional BaFCI compound/é=1.64), the strong
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FIG. 4. Raman spectra of single-crystalline BaF| under different E
hydrostatic pressures in the neighborhood of the transition pressure  05F 3

decrease from ambient pressurg/g=1.71) to about 15
GPa (/a=1.64) for BaFl is consistent with the present in-
terpretation of a gradual layer-nonlayer transformation.

B. Transition pressure

Chemical substitution is often used to simulate pressure
behavior. In BakX family, the larger the ionic radius of the
halogen the larger is the local compactnédsfined as the
ratio between theX anion volume and that of thils pyra-

mid volume, see Fig.)1In that sense, BaF| at ambient pres-
sure could be thought as analogous to BaFCI or BaFBr at
high pressure. Consequently, the phase transition of BaFlI

Atomic motion
related to the E
Alg(l) optic mode

Y

- - - o -
-—— e - -
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N
w

10F

The spectra are shifted upwards for clarity. The upper spectrum ha: 0 5 10 15 20 25 30

been recorded during>245 mn (25 mn for the other spectra
and after 24 h of relaxation at 61 GPa. The symbelsand the

Pressure (GPa)

arrows point out nitrogen Raman modes and the new Raman peaks FIG. 5. Pressure dependence of the modes oh&sen param-
of the high-pressure phase, respectively. Inset: Pressure dependemtersy (left). The atomic motion related to th&,4(1) optic mode

of the intensity ratio between th&,4(2) and theB,4 peaks.

is also illustratedinseb.
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TABLE Il. Crystal data for BalX compoundsYV, a, andc are

L
the experjmental lattice volume and lattice parameters, respectively. Ow}f;jjsure
¢'*° andV's° have been calculated using the experimeotalof the . . ‘p
quasi-three-dimensional crystal BaFCl. The different®=V SN Thfee;"‘::;“s“ma‘
—V'S? pictures the lattice expansion induced by the layerlike con- § ~~~~~~~ v
formation. = 0 T
£l AT

Crystal a(A) c(R) cla V ciso vise AV é 4

A% A A% (AY) phase U Layered

po crystal

BaFCl 4.394 7.225 1.64 1395 7.225 1395 0 S — .
BaFBr 4508 7.441 165 1509 7.385 149.7 1.2 Volume V= v
BaFI 4654 7.962 171 1725 7.632 1653 7.2 AV

FIG. 6. Energy-volume curves for two- and three-dimensional

should be expected at lower pressure than in BaFBr o F X crystal. The offset of th_e high-pressure pha;ta_ with respect to
BaFCl. Experimentally and contrary to this simple represen-he tetlrag(_)r;]arIfClrJ]rlves ?eFerEmT]S lthe phase-trall_rll(snmn preﬁsulre. For
tation, the tetragonal structure of BaFl appears to be e&%ryStaSW“ 'ghly polarizable halogen atoms fike BaFl, the large
= alue of|9U po|/¢5¢AV| increases the stability pressure range.
tremely stable under pressure w=55 GPa. More gen-
erally, it is the behavior of the whole Ba&family, which where F is the Helmholtz free energy defined bBy=U
contradicts the “classical” expectation since the transition—TS(U and S are the internal energy and the entropy, re-
pressure of BaFCl, BaFBr, and BaFl are 21, 27, and 55 GPapectively. The entropy change at the transition has been
respectively. Thermodynamic arguments can, however, bgnored® Thus, the pressure transition can be simply defined
used to understand the experimentally observed elevation s the slope of the common tangent to both low- and high-
the phase-transition pressure with increasing layered charagressure phases of(V) curves. In Fig. 6, the energy curve
ter in BaFX. Using the intuitive polarizable halogen model, corresponding to the layerdd FX structure is shifted with
effect of the bidimensional structure on the unit-cell VO|UmErespect to a three-dimensional structure to lower en@gg
and the internal energy of the crystal will be considered firstig the U o term) and higher volumeby AV). As the two-
_ dimensional character increases, the slope of the common
1. Effect of the layer character on the unit-cell volume tangent to the tetragonal and the high-pressure phase energy
In classical ionic structure, the value of the lattice param-curves increases, and therefore the phase transition pressure
eters is only related to a simple steric effect. For example, inncreases.
tetragonal structure the length changesaaind ¢ with ion

substitution are expected to be homothetic with a constant IV. CONCLUSION
value of c/a. On the other hand, for bidimensional com-
pounds with layers perpendicular to tbaxis, as theM F X, In this paper, we have examined the pressure variation of

the length ofa is actually due to a steric effect, the weak the optical-phonon frequencies in BaFl. The results suggest a
bonds between the halogen planes increase the lattice paragradual layer to three-dimensional evolution of the tetragonal
eterc leading to a layerlike conformation with a higher vol- structure under pressure. Moreover, the ambient pressure
ume and highec/a ratio as compared to the correspondingphase of BaF| appears to be extremely stable under pressure
three-dimensional structure where only steric effect occurswith a transition pressure of 55 GPa. This result shows that,

see Table Il doped with rare-earth ions, BaFl is potentially most interest-
ing for technological applications as situ pressure gauge
2. Effect of the layer character on the crystal energy for experiments with diamond-anvil céfl. In the high-

pressure phase, three new peaks are observed, which is not
contradictory with the proposeB2;/m space group® We

also attempted to understand why BaFl is more stable than
BaFCl or BaFBr under pressure, in disagreement with the
|atuitive hard-sphere model. Taking into account the contri-
ution of the polarization term due to the highly polarizable

Because the electronic polarizabilityis directly propor-
tional to the atomic size, large size halogen anidike io-
dine) are highly polarizablé’ Combined with the halogen
anisotropic coordinationdy, x#dy»x, see Fig. 1, these
characteristics create a large static dipole on the halogen. T

corresponding local electric fielH gives an extra cohesive halogen atoms, a thermodynamic analysis allows us to an-
energy termlJ pol to the three-dimensional lattice energy with swer this question. Finally, and from a more general point of
Upoi=—2NaE? (N is the number of anionsThus, a lay- view, the present study may also contribute to a better under-
ered structure for ionic crystals with large halogen atomsstanding of the chemical substitution effect origin on the
appears to be the most favorable framework in terms of stacritical temperaturer, of layered superconducting systems.
bility. As a matter of fact, the response of superconductors to pres-
sure is important since a large pressure derivatiVg/dP
may be an indication that higher values ®f should be
Thermodynamically, the equilibrium condition between reached through chemical substitution. Whereas this strategy
two phases at temperatufleis given by Py=—dF/dV|t, has been successful for most cupratese of the most fa-

3. Thermodynamics of the phase transition
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mous example has been given by Bednorz andieviwho  for the superconductors(correlation with the atomic
induced hight, below 30 K in LaCu0, by partial substitu- ~ distance¥), and may constitute an alternati(@ additiona)
tion of La by B&9), it was also shown that chemical substi- €xplanation.

tution and external hydrostatic pressure may have opposite

effects onT,.?! On the other hand, our interpretation of the ACKNOWLEDGMENTS

origin of chemical substitution effedicorrelation with the We wish to acknowledge M. Sieskind for providing us the
polarization is quite different from the one usually admitted single crystal of BaFI.
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