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Universal-binding-energy relations across the rock-saltcesium chloride phase transition
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The fulfillment of universal-binding-energy relations across the rock-8dl) ¢ cesium chlorideB2) phase
transition in alkali halides is analyzed from a first principles point of view. We show that extegisiirétio
guantum-mechanical calculations fully support the existence of universality in both intraphase intersystem and
intrasystem interphase phenomena. For the latter problems, it is found that the fundamental requirement for a
universal law to simultaneously describe both phases and the unstable intermediate steps along the transition
path is the topological equivalence of the Gibbs energy profile atBtheand B2 points. Several simple
relations between thermodynamic quantities of both phases are put forward and discussed in reference to our
theoretical data and their interest in experimental resef&3163-18207)05929-9

[. INTRODUCTION always increasing number of free parametet¥hough very
accurate, these models need too many parameters, most

The existence of corresponding state principles, generallfimes very difficult to obtain either empirically or theoreti-
referred to as universal equations, for the binding energygally. It is our opinion that the major achievements of the
curves of a large class of bound systems arouses a greghiversal binding theory emerge from the simplest models,
interest in many branches of physics, ranging from moleculajyhich enlighten the relationship among many properties of
spectroscopy to solid-state thermodynamide universal- gitferent kinds of system¥ Their success also poses some
binding-energy relatiofUBER) discovered by Roset al. very interesting questions to be investigated.
on bulk metal$ has achieved great success as it has been Among these queries is the fulfillment of UBER's across
generalized to hold on chemisorptidrdhesiorf, cohesion  gid_state phase transitions. This issue is of primary interest

in covalent diatomic molecules and solitignd even on in the study of condensed matter under high pressures, where

bmdmg in nuclear mattéf These gen_erallzanons, however, the unavailability of thermodynamic data for high-pressure
have in common to deal only with intraphase phenomena

Here we show that the UBER concept can be extended tﬁolymorphs unstaléle at 0 GPa has_ represented a_serious

relate the properties of the two different phases involved in and|_cap for years.lt should be noticed thaF the UBER

phase transition, as long as the topology of the free energ quations do not extrapolate correctly to the limit of infinite

surface is equivélent in both polymorphs ressure and that significant deviations may appear at
. - g 1 _ (

The central concept in the corresponding state theories &= R/Ro=0.5 and below!" However, to attain such strains
that of reduced or scaled energies and distances. The UBER ionic solids, extremely high pressures are needed. In the
proposed by Roset al.? E*(a*), is a global, biparametric, €ase of the crystals studied here, for instance, this pressure
linear distance scaling that embodies information on the curlimit goes from more than 100 GPa in Csl to more than 1
vature at equilibrium of the binding energy function through TPa in LiF.

the expression In this paper, we present a first principles study of the
universal binding theory across tlg-B2 phase transition
E=E\E*(a*), a*=(R—Ry)/l, 1) on alkali halides. This particular problem has been selected

because@) a large body of experimental information has

Eo andR, being the energy and interatomic distance at equiaccumulated over the years on this polymorphic transition,
librium, andl ={E,/[d’E(R)/dR?]g }""* a reducing param- (b) the ionic contribution to the energy leads to a non-
eter. straightforward application of the UBER, an@) recent

The ionic or partially ionic compounds do not fit correctly analyses of theoretically based transition mecharli$his
the above UBER. This has been shown to be a consequenbave uncovered topological connections betweerBthend
of the long-range Coulombic contribution to the energy ofB2 phases that seem of general applicability and have im-
those systems’ lonic systems can be correctly representedportant consequences on the scope and validity of the uni-
by adding a simple charge trans{€@T) term to Eq.(1). This  versality, as we are going to show.
correction provides a partition of the bonding into covalent The purpose of our work is twofold. On the one hand and
and ionic contributions, from the only use of thermodynamicfollowing the suggestion of Schlosser, Ferrante, and Shith,
data, which can be compared to the charge transfer valuege will test the fitting of the simple CT UBER proposed by
inferred from many other modefs. these authors to first principles calculations on both phases of

The search for universal relations encompassing an evethe alkali halides. We will show that not only selected em-
growing class of compounds has led in recent times to theirical data, but also results from extended calculations sup-
development of a hierarchy of extended UBER’s with anport the charge transfer model. Second, we will use this in-
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TABLE |. Static theoretical AIPI equilibrium properties for the 20 alkali halides at the correlated level. Each system is described by 3
rows and 3 columns. Columns contain, respectively, the primitive cell paradetethe cohesive energkJ/mol), and the isothermal bulk
modulus(GPa. The first row refers to th81 phase and the second to #2 one. Third-row entries are experimental data, most of them
obtained at room temperatu¢Bef. 15.

F Cl Br I

2.761 1094.7 83.49 3.662 840.8 31.77 3.882 824.2 28.58 4.359 728.0 16.58
Li 2.424 1033.5 92.09 3.269 766.7 23.85 3.450 748.4 23.38 3.865 652.6 16.51
2.843 1011.8 66.51 3.635 854.0 29.68 3.890 8215 23.52 4.259 763.6 17.17

3.194 983.2 65.06 3.958 792.9 29.37 4.197 776.4 26.70 4.632 696.1 15.61
Na 2.684 959.5 75.46 3.435 747.6 25.72 3.612 730.5 23.84 4.009 641.5 12.68
3.277 928.1 46.48 3.988 788.9 23.68 4.224 753.4 19.47 4.576 705.8 14.87

3.785 824.5 30.43 4.620 682.9 15.43 4.804 676.8 15.55 5.221 616.0 11.27
K 3.229 810.5 34.38 3.906 671.9 19.22 4.061 664.7 16.91 4.454 597.0 10.63
3.782 825.1 30.22 4.449 715.5 17.35 4.667 690.8 14.64 4.996 650.4 11.51

3.805 830.0 27.74 4.794 685.0 15.04 4.962 675.1 13.39 5.385 617.5 11.13
Rb 3.250 838.1 34.88 3.994 693.7 21.79 4.122 683.3 18.39 4.516 613.6 12.96
3.997 789.5 26.68 4.654 692.0 15.58 4.872 665.5 13.24 5.192 629.3 10.49

3.636 869.4 31.72 4.759 676.9 9.99 4.878 687.6 10.45 5.459 606.6 7.30
Cs 2.995 898.0 59.17 3.934 698.0 12.58 4.069 699.7 13.01 4.535 620.2 9.02
4.242 722.7 23.50 4.100 675.1 16.20 4.295 652.2 14.20 4.568 619.1 11.40

formation together with our previous results on B&-B2  Where E* is the function describing the covalent contri-
transition to gain physical insight into the implications of bution with well depthC. To simplify the problem we have
universality and the sources affecting its accuracy across tHehosen the parameter-free Rydberg functigh(x) =—(1

polymorphic change. The paper is organized as follows. IrrtX)eXp(—x). M andC, are the Madelung constant and the
Sec. I, we will center on the discussion of intraphase interCT parameter associated with the Coulombic contribution to

system universality. Section Il will deal with interphase in- the binding energy. It must be understood #atEqg. (1)] is
trasystem universality. Finally, we will present the conclu-Scaled with respect to the covalent term only. Tgand

sions of our investigation and some suggestions for futurdX values used for scaling energies and distances, respec-
work. tively, are directly extracted from the AIPI calculatigsee

Table ).
Thus, Eqg.(2) has been fitted to the AIPI binding curves
1. INTRAPHASE UNIVERSALITY with C; and | [Eq. (1)] being the only free parameters.

In Table Il, best fitting parameters for thB1 phases

To start with, we have analyzed the ability of the simpleare collected. Results for thB2 phases are very similar,
CT UBER(Refs. 5 and Yto independently fit the data of the giving rise to slightly more covalent crystals, and will not
B1 andB2 phases. The basic data for this test are the curvese discussed here. The overall mean square deviéioout
of total energy versus lattice parameter for the 20 usual alkatlO J mol?) is excellent, and shows that the CT model is a
halides (those not including Fr or Atin the B1 and B2 physically sound way of recovering the UBER found in non-
phases. These curves have been obtained by perforahing ionic cohesive systems. In good agreement with other proce-
initio  perturbed ion (AIPI)  quantum-mechanical dures, covalent contributions to the binding energy are al-
calculations:®* The predicted static equilibrium data from Ways very small, though they play a non-negligible role on
are collected in Table I. These values have average relative @ndC; are very sensitive to the range Rfvalues used in
errors of 3.0%, 4.3%, and 14.2% with respect to mostlythe _f|_tt|ng. If the points used gather a_rounc_i the equmbrlu_m
room-temperature experimental valtiesn lattice param- position, the CT answer describes a highly ionic system with

eters, binding energies, and isothermal bulk moduli, respec\4ery small covalent contribution and charge transfer. How-

tively. When comparing these computed values with theS Ve, if we deg:ided fo introduce ppints belonging to higher-
availabk 0 K extrapolated data, the theory-experiment agreepressure configurationsmaller lattice parametgrsthe CT

ment is simultaneously improved for the three magnitddes answer moves to a more covalent description. This behavior,
) . . " not reported up to now, is in agreement with our chemical
To test the simple CT model with our theoretical data, we b P 9

. L intuition and points to the widely accepted ionic-to-covalent-
write the binding energy of the system under study as a SUNY_metallic transformation induced by pressure.
of a covalent and a Madelung correcting term:

IIl. INTERPHASE UNIVERSALITY

2
Ci 7 We move now to extend our universality arguments to the

R’ simultaneous description of both phases. It has been shown

E(R)=CE*(a*)—
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TABLE Il. Best rms parameters of the fitting of the CT model 0.030
of Schlosseet al. (Ref. 7) to theB1 AIPI binding energy curves.
The covalent contribution to the energy is only included for com-
pleteness, being dependent on the acijandl fitted variablesa, 0.020 |
stands for the equilibrium geometry of the covalent contribution.

0.025

0.015

log; o(C/Ey) C, I/ag § oo |
LiF —2.86282 0.99799 0.16148 f 0005 -
LiCl —1.90600 0.99386 0.18080
LiBr —1.26086 0.97511 0.18596 0.000 7
Lil 2.10881 1.02523 0.10923 0005 -
NaF —1.98171 0.99661 0.15512
NacCl —1.85662 0.99036 0.15017 0010 — - p po " po P o
NaBr —1.40911 0.98785 0.15621 I
Nal —1.14480 0.96332 0.17378
KFE —1.40547 0.97384 0.18068 FIG. 1. Computed zero-pressure Gibbs energy profiles along the
KCl —1.20980 0.96195 0.18154 a-a transition path for some representative systems. The energies
KBr —1.62992 0.99680 0.14845 have be_en scaled so as to coincide a_th‘iecoqﬁguratio.n. The
Kl —1.28027 0.97154 0.15732 three dlfferent_ Fopologles of th&2 critical point (maximum,
RbF ~1.37862 0.98468 0.20184  Saddle, and minimujrare apparent.
RbCl —0.79728 0.88185 0.19799 tudes are linked to the local properties of the Gibbs surface,
RbBr —1.00658 0.96538 0.18287 linear universality should not be searched for but in crystals
Rb —1.04004 0.96464 0.17323 exhibiting identical topologiefT systems in the following
CsF —1.30640 0.98165 0.21297 To investigate the universality across the transition, we
CsCl —0.77272 0.92149 0.28224  have decided to use the simplest scaling model in which the
CsBr —1.13468 0.98419 0.20683 energies and geometries of each phase are divided by their
Csl 2.23431 1.04451 0.10493 respective equilibrium value€/E, anda/a,. In this way,

we are sure to find simple relations among magnitudes in the
two phases not masked by the scaling parameters. It is easy
in a recent study that under quite general assumptions theto show that the relations we are going to present are also
B1-B2 transition path is biparametric in nature. Using thefulfilled in the linearly scaled modelEq. (1)]. Figure 2
rhombohedral primitive celld=b=c,a=8=7y=60°) for = shows the reduced binding energy curves for a prototype IT
the Bl phase and the cubic primitive cell system, NaF, at different values af Not only theB1 and
(a=b=c,a=p8=y=90°) for theB2, the phase change in- B2 phases, but even the unstable intermediate steps follow
volves the displacement of the system through the twoe€losely, though not perfectly, the UBER. Similar results have
dimensionab-a Gibbs surfacéwith a=b=c anda=8=+y  been found for other systems, the agreement among different
at every point The minimum Gibbs energy paths found are « curves being better for IT systems than for non-IT crystals.
very asymmetric and depend on pressure, with large Gibbk the light of this theoretical analysis, we think that the
energy barriers between the end-point configurations. One dfiterest in experimentally testing the UBER in crystal defor-
the main contributions of Ref. 12 was the discovery of themations, as Banerjea and Sniftfiirst suggested, should be
important role that symmetry plays in establishing the topol+enewed.
ogy of thea-« surface, and the subsequent importance of the Let us now examine the consequences of this behavior. In
surface topology in determining the physical properties assosur transition model, the binding energy of the crystal is a
ciated with the transition¥

We have encountered three dissimilar topologies in the TABLE lIl. Theoretical topological properties of the 20 alkali
Gibbs energy profiles at zero pressure that evolve gradua”palides at the statiB1,B2 equilibrium configurations. Each system
with the system examined as pressure is applied. Selectdglabeled with a two-character code plus, pos_sibly, astar._The first
crystals that clearly illustrate this variety are found in Fig. 1.2nd second characters refer to B& andB2 points, respectively.
We need to emphasize that tB& critical point shifts froma ™" stands for local minimum, “M" for local maximum, and “s
relative maximum in LiCl to a minimum in KCI. The CsC| o @ quasisaddie situatiofthe precise determination of a zero
profile is presented to show that the deepening of thesaecond-orde_r derivative is a difficult qu_est]ofrhe star implies a

. e system that is more stable in tlB2 than in theB1 phase.
minima may eventually lead to the stabilization of B2
phase.

. . . F Cl Br |
The connection between these arguments and universality
may be inferred easily now. It is only in the systems display- Li mM mM mM mM
ing Gibbs surfaces with identical topologies at & and Na mm ms ms mM
B2 points(the “mm” systems in Table Il where one may K mm mm mm ms
assure the existence of suitably large neighborhoods of those Rp mm* mm* mm* mm
points that can be isomorphically mapped one onto the other g mm* mm* mm* mm*

after adequate linear scalings. As thermodynamic magni
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. : B1 structures. The latter results are shown in Table IV. It
0.846 B . .
0.845 becomes clear that the relations we have derived are useful
0.844 as a thumb rule for predicting trends in the behavior of bulk
0.843 moduli changes across the transition. It is also apparent that
by the agreement with our actual theoreti& data is mainly
o840l s controlled by the topological properties of the energetic sur-
p(GPa) 1 face previously discussed and that, if the analysis is restricted
to IT systems, the agreement is very good, given the simplic-
ity of the model. For the IT systems, the predicdalues
E usually coincide within 1 GPa with the computed oties.,
. / 75.66 vs 75.46 GPa in NaF or 12.96 vs 13.01 in GsBor
1.0 141 1.2 the non-IT systems, the discrepancies are larger, around 5
ar=a/agl0) GP6_1 on the average, and the predic&d show even con-
tradictory trends in some crystals. In this sense, the predicted
FIG. 2. Reduced binding energy curves at different values o2 bulk moduli are smallefLiF) or larger(Nal) than the
a for the transition surface in Nafr=60° anda=90° are the B2l values, while the contrary is true for the AIPI computed
B1 andB2 end structures, respectively. Inset: compusadid line) values.
and predicteddotted ling r(p) function[Eq. (13)] for the same The thermodynamic function controlling the phase trans-
system. formation for constant temperature and pressure is the Gibbs
energy. The simply scaled versioh @K conditions gives,
function of a and «. It is to be noted that for eacha(a) for eacha,
point in the transition path a pair &, anda, equilibrium
values have been obtained. Figure 2 demonstrates that the

r=ap,/as,

E/Eo(ct)

f

two-dimensionakE surface closely follows a universal func- w1 _ o .
tion that can be factorized as C*(aia)= gy [E@a)tpo(@a)]=f+pTv?,
*=plp(a),v* =v(a;a)lvy(a), 5
E(8,0)= Ey(a)f(a"), . p*=plp(a),v* =v(a;a)/ve(e) ®

the pressure and the volume being scaled by the equilibrium
wherea* =a/ay(«a), Eo(e) is the binding energy found for energy density and volume, respectively. As any system in
the pseudophase witl= @, andf is the UBER. Notice that thermodynamic equilibrium must be in a configuration that
the appropriate Rydberg function in terms of the presentninimize the Gibbs function with respect to the free vari-
definition ofa* is f(x) = —xexp(1—x). We can extract some ables, Eqs(3) and(5) lead to
consequences for ¢h0 K thermodynamics of the transition

from Eq. (3). A first simple relation among pseudophases is . 1 ., .
found for the bulk moduli. Usin@ = v (d2E/dv?), v being pr=- 3a*zf (@*), (6)
the molar volume, and defining the binding energy density of
a system ap(a)=Eq(a)/vg(a), we get the expression 1
G*=f(a*)-za*f'(a")=G*(p*). @
1 B
B(a)=—§p(a)f”(l), B(—a,): p(a,) . 4 Our reduced Gibbs function is then universal along the
(a')  pla’) whole phase transition process. We gain further insight if we

expandG* as a power series ip* aroundp* =0:

Similar expressions are well known from qualitative reason- 9

ings since _Iong ago, a_nd have been discussed from different G*=—1+p*— Tp*ﬁ . (8)

points of view many time& We have checked Ed4) by 21"(1)

comparing the actual theoretical bulk moduli of 82 phase ) , . )

(see Table )l and those predicted from the values of the The truncation of th|§ expansion leads naturally to a hler?
archy of universal relations that must hold across the transi-

TABLE IV. Bulk moduli of the B2 phases predicted from the tion, should the universality assumed in E8). be perfect. It

AIPI values for theB1 structures through Eq4). All data in GPa. IS also clear that the range of applicability of these relations

is mainly controlled byp*. We have in this way not only the

F Cl Br I relations themselves, but also the keys to understand the fac-

tors that affect their accuracy.

Li 82.36 28.80 26.14 15.08 The transition pressure can be expressed in terms of uni-
Na 75.66 29.96 27.87 15.69  vyersal curves and equilibrium data as follows:

K 34.07 17.76 17.88 12.44

Rb 31.78 18.36 16.72 13.26

Eo(60) (p(90) )
Cs 41.45 12.90 12.96 9.21 0 . i e
E,90 C | p(eo) P (90| =C(P*(20). (9
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Truncating nowG* to first order inp* and returning to 1.0 T,
nonreduced magnitudes, we obtain the well-known relation 7
08¢} 74 1
o= 12, 10 y
Avo o 06f 7 A 1
. ) w 7 e
whereA represents differences between fina=90°) and G 4‘ —a--- NaCl
initial («=60°) values. Deviations from this rule can be 0.4 Vi —+— KF 1
overcome with our treatment through a second-order formula / f_:_j ES‘F
0.2 4 —%— RbCI %
o= _ Avo+JAve®+2(p/Bo) A(v5/Eg) AE, an o CsCl “
tr (P/BO)A(U%/EO) . 0060 7|0 8I0 )
The performance of Eq11) over Eq.(10) shares many fea- o. (degree)

tures with the discussion following E¢). As an example,
in  NaF, p"=10.6 GPa,p{*’=12.79 GPa, and FIG. 3. Reduced transition energetic profiles along the reaction

pgrAIPI)=12.l3 GPa, while in LiCl the first order answer is Path for a representative set of alkali halides at their thermodynamic

nonsensepgrl): —588.74 GPa, and the second-order Va|ueginsit:0n 'preSSL:]res. Staticcj: rfBibbsb functionlsdatr)e trlr?ferred to thgir
p?=47.03 GPa is to be compared with the AIPI result__ 2Ue I €ach case and have been scaied by the corresponding
7é 82 GPa activation barrierE, .

Many other approximate and useful relations may be
found whose behavior across the transition runs parallel t&r a prototypical set of alkali halides at their transition pres-
the one we have just described. We shall only consider théure. We observe again a good universal behavior, with the
conduct of the lattice parametéor volume. Assuming re- Systems grouping naturally into two well-differentiated cat-
duced pressures not too large, we may expand@around egories that correspond faithfully to our topological classifi-
a*=1 to first order and find an approximate relation be-cation. As a consequence of the behavior depicted in Fig. 3,
tween applied pressures and equilibrium lattice parametersthe geometry &) of the transition state as well as the acti-
vation barrier, and thus the transition rate can be described
with independence of the system, once they are appropriately
reduced. A deeper study of these important questions should

*
P . . f these importan
) ] ] o o rely in many lacking experimental information.
Using now the universality criterium and defining the

pressure-dependent rati¢p) =a(90,p)/a(60,p), we find

ar=1- (12

IV. CONCLUSIONS AND PROSPECTS

r(p)=r(0)| 1+

3p / 1 1 We have shown in this paper thab initio calculations
(1)| p(90) N p(60) P carried out in the alkali halide family support the existence
of UBER’s in mainly ionic compounds not only when in-
11 1 traphase intersystem universality is examined, but also when
:r(O){l— §( B(90) B B(60)) p}. (13 interphase intrasystem problems are considered. Our results
demonstrate how reliable static solid-state simulations can be
used to gain some insight on difficult experimental questions.
This relation is fulfilled very well by most IT systenfsee In this sense, we think it necessary to perform new ex-
the inset in Fig. 2 for an exampleshowing that the slope of periments to study UBER’s in deformation processes and
ther ratio depends fundamentally on which phase has th@hase transitions in solids. We have found some principles
greater energy densitfor bulk modulug. It is also to be that may assist future work in those issues. The most impor-
noticed that the IT systems display smaller energy densitiesant of them is, in our opinion, the topological connection.
in the B1 structure than in thB2 one and that the converse We have shown that the topological properties of the phase
is true for the non-IT crystals, LiF being the only exceptiontransition energetic surface at the points of interest are cru-
to this rule. cial in determining the fulfillment of universal relations
The present discussion has been mainly directed to denmacross the change. It is also important to notice that the en-
onstrate the existence—at least approximate—of universargy density of a crystal phase is directly related to the sur-
relations between thB1 andB2 properties. Our theoretical face topology.
data, moreover, also support the universality along the whole On the other hand, we have proposed a set of simple
transition path, as was briefly commented above. This leadelations between geometric and thermodynamic properties
to the existence of universal relations in the much more comef both phases whose justification lies in the factorization of
plex realm of transition kinetics. In this field, however, it is the reduced transition energetic surface into single variable
difficult to propose experimental confirmation of theoreticalterms. Though our calculations are generally in very good
results, given the large number of variables and phenomeregreement with these relations, they still need further experi-
involved, and conclusions extracted from theory must bamental confirmation. In the case of a positive answer to this
managed with care. guestion, we feel that the expressions will be very useful in
In Fig. 3 we show the reduced transition energetic profilesiigh-pressure research, where usually there is only limited
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