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Calculated high-pressure-induced electronic and structural phase transitions
in Sr and Yb up to 50 kbar
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The energy band structures of Sr and Yb have been calculated by the linear-muffin-tin-orbital—atomic sphere
approximation method in the pressure range of 0—50 kbar. By the inclusion of nonlocal exchange corrections
to the local-density approximation, excellent agreement with regard to experiment has been found in predicting
the electronic and structural phase transition pressures of these elef5&163-182106)05648-7

It has been a challenge in condensed-matter physics tkbar. Kubd has found that Yb remains in the state of a
investigate the effect of pressure on the electronic and strusemimetal under high pressure. The critical pressure for the
tural properties of divalent metals from the time of Bridg- fcc—bcc transition in Yb is found to be 49, 50, and 5 kbar in
man'’s first paper almost 70 years dg®he band-structure Refs. 4, 5, and 8, respectively.
calculations, based on the local-density approximation The importance of the nonlocal nature of the exchange-
(LDA) of the density-functional theorR, qualitatively  correlation potential was first pointed out by Vasvari, Ani-
explained=8the essential mechanisms of these effects for Smalu, and Heiné® Later, Jan and Skriveremphasized that
and Yb in terms of thesp-d hybridization and the charge in order to obtain a quantitative description, nonlocal effects
transfer. However, adverse results with regard to experimerghould be included. Very recently, substantial improvement
have been reported quantitatively, even for the simple Céas been reported on the band-structure calculations of heavy
metal® Experimentally®=1*Sr and Yb at ordinary pressures alkali metald’ and alkaline-earth metat§, by use of the
are normal metals. Under pressure fcc Sr becomes a semiangreth-Perdew-Mehi (LPM) exchange-correlation poten-
metal, remains in that state up to 35 kbar, and in the bctial (ECP which favors inhomogeneous electron gas and in-
phase above 35-kbar Sr is metallic. Under pressure fcc Ylbludes nonlocal exchange corrections to the LDA. Except for
also becomes a semimetal. It is semimetallic up to 14 kbathe 4f electrons, Yb and Sr are similar systems and therefore
and semiconducting between 14 and 40 kbar. In the bcit is reasonable to expect a quantitative improvement for Yb
phase above 40-kbar Yb is metallic. Theoretically, Sr iswithin the LPM scheme, which constitutes the main objec-
found to be semimetallc® and Yb semiconductinig at tive of the present work.
normal pressures. According to SkriveBr becomes a semi- For this purpose, electronic band-structure calculations
conductor at 3-kbar and feebcc transition occurs at 40 for Sr and Yb are carried out self-consistently by means of
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FIG. 1. Pressure as a function of atomic volu(mea.u) for fcc FIG. 2. Pressure as a function of atomic volume for fcc Yb. The
Sr. The solid line refers to a cubic polynomial fit of the experimen-solid line refers to a cubic polynomial fit of the experimental data

tal data(Ref. 23. (Ref. 14.
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TABLE |I.

Calculated specific-heat coefficientgin  mJ
mol~t K~2) for fcc Sr and Yb.
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Sr Yb

Johansen and Mackintdsh 0.00
Skriver 0.00
Sankar, lyakutti, and Dakshinamoorthy 1.83
Kubo" 2.57 2.08
Sigalas and Papaconstantopofilos 0.00

BH (present work 1.15 0.27
LPM (present work 3.43 1.56
Experiment 364 290

8Reference 3.
bReference 5.
‘Reference 6.
dreference 7.

TABLE Il. Variation of the total density of states at the Fermi
level, N(Eg) (states/Ry atom as a function of pressurén kbar

®Reference 15.
Reference 24
9Reference 25.

for fcc Sr within the LPM formalism.

Pressure N(Eg)
0.0 19.79
4.9 6.38
9.9 0.36

19.3 0.10
29.7 0.03
34.0 0.01

TABLE lIl. Effect of pressuregin kbar on the total-energy dif-
ferenceAE (in Ry) of Srin the fcc and bcc structures.

Pressure AEX10°
29.7 —104
32.2 —45
34.0 7
35.8 51
37.3 79
39.1 124

TABLE IV. Effect of pressure(in kban on the total-energy

differenceAE (in Ry) of Yb in the fcc and bcc structures.

Pressure AEX1CP
32.6 —165
34.7 -84
36.7 —-50
38.9 -4
41.2 59
43.5 124
45.9 218
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FIG. 3. The total density-of-statd®OS) curves for fcc Sr ob-
tained within the LPM scheme at normal press{s@id curve and
at 34 kbar(dashed curve The vertical dashed line indicates the
position of the Fermi level for the solid curve at 0.290 Ry. For the
dashed curve, Fermi level is at the dip positioned at 0.366 Ry.

the linear-muffin-tin-orbital(LMTO) method® within the
atomic sphere approximatiofASA), using the codes of
Skriver?! The combined correction terms to the ASA are
included for the fcc and bcc structures considered. All the
calculations were performed within the LPM and von
Barth-Hedirt? (BH) exchange-correlation formalisms. As
pointed out by Kubd, it needs a very accurate calculation of
the density of state@OS) in order to investigate the effect

of pressure quantitatively. Preliminary calculations for DOS
values, which were obtained by the tetrahedron method, also
confirmed this and for Sr, we have used 1876 and 1¥85
points in the irreducible wedge of the Brillouin zone for fcc
and bcc structures, respectively. For Yb, the numbek of
points used were 1505 and 1496 for fcc and bcc structures,
respectively. The total DOS at the Fermi levBI(Ep), is
calculated as described in Ref. 18. The self-consistency is
achieved in such a way that total-energy values, calculated
within the frozen core approximation, between the consecu-
tive iterations was better than0.005 mRy. Although it is
not very definited electrons of Sr and electrons of Yb are

40

fce Yb

DOS (states/Ry)

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Energy (Ry)

FIG. 4. The total density-of-state®O9S curves for fcc Yb
obtained within the LPM scheme at normal pressisaid curve
and at 39 kbatdashed curve The vertical dashed line indicates the
position of the Fermi level for the solid curve at 0.366 Ry. For the
dashed curve, Fermi level is at the dip positioned at 0.453 Ry.
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TABLE V. Summary of the calculated electronic and structural properties for Sr and Yb under high

pressure.
Metal—semiconductor Semiconducting fcc—bcc transition
) transition pressurékbar gap (meV) pressurgkban
Exchange-correlation
potential Sr Yb Sr Yb Sr Yb

BH 19.0 5.6 27 14 21 29
LPM semimetal 11.8 0 54 34 39
Experiment semimetal 14.0 0 80 35 40

8References 10-14.

treated as core electrons and in order to make reliable conkbar. In order to determine the feebcc transition pressure,
parisons with the experiment, all the calculations were perextensive calculations have been performed in the pressure
formed at the experimental pressures. For fcc Sr we haveange of 30—39 kbar and the results are given in Table I1I. At
used the Bridgman’s valués,whereas compression dita 34 kbar, the total energy differendeE for fcc and bee Sris
up to 37 kbar was used for fcc Yb. The pressure as a functioalmost zero within the self-consistency criterion. At about 36
of atomic volume are shown for Sr and Yb in Figs. 1 and 2,kbar, AE is equal to 0.051 mRy and safely distinguishable.
respectively. We should note that the results obtained for Sr within the
Specific-heat coefficienty (in mJ mol 1K ?) calculated LPM formalism are in excellent agreement with the experi-
at normal pressure for $Wigner-Seitz radiu§=4.483 a.u.  mental observations. On the other hand, the BH scheme
and Yb(S=4.051 a.u. are presented in Table |. Results of yields incorrect results in that Sr becomes a semiconductor at
the previous work and experimental data are also given fol9 kbar and structural phase transition occurs at about 21
comparison. According to Table |, use of the LPM potentialkbar.
yields consistent results when compared with the local BH or In Fig. 4, the total DOS curves for fcc Yb are shown at
other LDA based ECP’s for Sr. The discrepancy with thenormal pressure and at about 39 kbar. Within the LPM
Kubo's result can be attributed to the use of a different ECPscheme, we have found that Yb becomes a semiconductor at
Svalue, andk-point sampling. For Yb, we should note that about 12 kbar, remains in that state up to 39 kbar, and trans-
value is very sensitive to the choice of tBevalue due to the forms to the bcc structure at about 40 ki@able V) in
hyperfine structure of the DOS curve in the vicinity of the excellent agreement with the experimental data. Again the
Fermi level. If theS value is taken, as in Ref. 26, to be 4.063 BH formalism yields incorrect results with regard to experi-
a.u., the corresponding value becomes 2.14 within the ment as presented in Table V.
LPM scheme. On the other hand, the experimemtahlue In summary, we have performed LMTO-ASA calcula-
for fcc Yb is rather confusing. According to Buchetal,?’  tions of Sr and Yb in the pressure range of 0-50 kbar. It is
Lounasmaa’s dafaapply to the hcp phase and for fcc Yf, found that inclusion of nonlocal corrections to the local-
value is equal to 8.36 mJ K. In any case it is evident that, density approximation(LDA) yields substantial improve-
as admitted by Kubd,LDA potentials do not work well for ment in predicting the effect of pressure on the electronic and
Yb. We therefore suggest that fully relativistic calculationsstructural phase transitions of Sr and Yb. It is emphasized
within the LPM scheme should be considered and in thathat errors occur in the LDA based theoretical calculations
context, more sensitive measurements should be performddr the systems which have small valence-charge densities
for fcc Yb under normal pressure. and it is concluded that these systems should be treated
In Table Il, calculatedN(Eg) values as a function of pres- within the LPM scheme. However, it should not be the intent
sure are presented for fcc Sr. It is clearly seen that Sr beto generalize this for all materials and for all ECP’s used in
comes a semimetal under high pressure and remains in thtéte electronic structure calculation methods, since not only
state up to 34 kbar. This is also confirmed by Fig. 3 in whichthe method but also the choice of the ECP suitable for that
the total DOS curves are shown at normal pressure and at 3dethod should be considered to obtain reliable results.
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