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Anisotropy of thermal expansion and electronic topological transitions
in Zn and Cd under pressure
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Using first-principles local-density electronic structure calculations we investigate the evolution of the Fermi
surface of hcp Zn and Cd under hydrostatic pressure. We find a sequence of electronic topological transitions
(ETT) and a region of pressure where several of these ETT’s almost coincide, which apparently leads to the
experimentally observed anomalies in their lattice parameters. A change of sign of the anisotropic thermal
expansion is predicted in this critical region for temperatures below the Debye temperature.
[S0163-182699)04103-X

Recent experimental observatidnsof anomalies in the (Ref. 1) or K poinf of BZ]. To our understanding, the situ-
pressure dependences of lattice properties in hcp Zn and Cition cannot be so simple since it is kndwh that only
have renewed interest in the theoretical investigation of theather weak singularities in the lattice constants at room tem-
electronic structure of these metals. Unfortunately, firstperature may be connected with a simple ETT in three-
principles studies of the lattice properties of Zn and Cd undedimensional metals and the observed anomalies in Zn seem
pressuré“‘e give rather contradictory results. First of all, it to be too strong to be connected with the usual single ETT. It
was showfi that while the local-density approximation is instructive to note that when one deals with stronger sin-
(LDA) does not have sufficient accuracy to reproduce experigularities such as in alkaline earth metals, the common ac-
mentally observed variations of the lattice constants, theyion of several VHS's(e.g., their merging is usually
can be described in excellent agreement with experimerimportant*?
making use of recent generalized gradient corrections In this work, we present results of an accurate first-
(GGA).” While an anomaly irc/a was reproduced at around principles local-density electronic structure investigation of
c/a=1.75 [compare to the experimental value of 1.733FS transformations in hcp Zn and Cd under hydrostatic pres-
~ \/(3 (Refs. 2 and g, possible reconstructions of the Fermi sure, identify the reason for the lattice anomalies, and predict
surface(FS) were not investigated in Ref. 4 and the specifican unusual behavior of the anisotropic thermal expansion of
points in the Brillouin zongBZ), which are responsible for hcp Zn and Cd in the region of lattice anomalies at low
the anomalies were not identified. We shall here examinéemperatures.
this in detail, and, in particular, study electronic topological Before describing the specific computational results, it is
transitions(ETT'’s) that occur when van Hove singularities worthwhile to stress that the problem of the lattice properties
(VHS) cross the Fermi level. Analyses, using LDA calcula- anomalies in Zn and Cd under pressure is part of a general
tions, of the FS topology of Zn were done in Refs. 1 and 5problem about the influence of peculiarities of the electronic
These authors, however, did not agree upon which ETBtructure of metals and alloys on their lattice properties. Ini-
causes the observed lattice anomalies. Fof 80 ,ETT cor- tiated by the pioneering works by Hume-Rothery and
responding to the lattice anomaly \étV,=0.85 was identi- Jones> this problem can be formulated in modern terms as
fied. Moreover, it follows from Refs. 1 and 5 that the lattice how the proximity of a VHS to the Fermi leveEg) and the
anomalies in hcp Zn are due to a single E[Elther at thel ETT associated with it affects the lattice structure, elastic
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FIG. 2. Total energyopen circley and total density of states at
E¢ (solid circles for hcp Zn as a function of/a atV/V,=0.88(a);
contribution toN(Eg) from a region ofK (solid line) andL (dashed
line) points (b).

FIG. 1. Cross sections of the Fermi surface for hcp Zn and Cd
for different volumes(with c/a optimized for each volume and 20: (i) the arms of the “monsters” are connected in the

case of Zn, but are disconnected in Qi) the “three-leg”
moduli, phonon spectra, and other lattice properties. Thergieces of the FS around thé point are disconnected in Zn,
are numerous theoretical works devoted to this problem ugbut are connected in Cd. No needles are found for Zn at
ing both modét® andab initio'® ! approaches. It was shown V/Vo=1. Although, this is not a well established fatthe
that an ETT can lead t¢) a considerable softening of the dHVA experiment¥ suggest that the needle cross-section
shear moduli, even resulting in the total destabilization of earea vanishes afa~1.836(see Fig. 4 in Ref. 22 which is
crystal structuré®*? (i) less prominent but still noticeable well below thec/a value of Zn at ambient pressufand
anomalies in short-wavelength phonon mo@&snd iii) in room temperatune With the increase of hydrostatic pressure,
thermodynamical properties of metals: heat capatige, we detected for Zn the critical volumé&/(V,=0.89) where
e.g., Ref. 15 for Cgd_,Mg, alloys) and thermal expansion. at least two ETT occur almost simultaneougbee Fig. 1,
One result of the theory is the prediction of anisotropic ther-namely, the three-leg piece of the FS becomes connected and
mal expansion for noncubic metals near an ETT at temperaa new ellipsoidal piecéhe “needle”) appears, both around
tures much lower than the Debye temperature. ExpansioK. The situation is more complicated for Cd. First, at very
coefficients must in such cases be positive along one axiglight compression\{/V,=0.99), the three-leg piece of the
and negative along anoti&t’—as was experimentally con- FS becomes disconnected around t#epoint, then for
firmed for hcp Ti(Ref. 17 for T<165 K. This might be V/V,=0.95 one can see a reconnection of these pieces again
important from the point of view of possible applications and at the same time the arms of the “monster” become
since it means that any noncubic single-crystal metal in theonnected in thé' M direction. This corresponds to the first
immediate vicinity of an ETT should have a zero thermalanomaly inc/a found previousl§ and later confirmef With
expansion coefficient along some crystallographic directiorfurther increase of pressure,\&tV,=0.85 a needle appears
at sufficiently low temperatures. Therefore new opportunitiesaroundK. This volume corresponds to that predi¢teahd
might appear in the search for new nonmagnetic Invar mateexperimentally seehas an anomaly in the/a ratio. How-
rials. ever, as we noticed above, the observed anomalies appear to

We investigated the change of the shape of the Fermibe too strong to be connected with the single ETT. Note, for
surface of Zn and Cd in a broad range of variations of theexample that th&-point ETT in Cq _,Mg, alloys is almost
volume andc/a ratio using the full-potential linear muffin- invisible in the experimental dependence of the low-
tin-orbital method® with GGA corrections to the local- temperature heat capacity @nthe L-point ETT leads to an
density functional. Technical details of the calculations are observable heat capacity anomaly, although it is not too
described in Ref. 4. Critical points of Fermi surface transfor-sharp® At the same time, we showed earfién the critical
mations in hcp Zn and Cd undeteal hydrostaticpressure  pressure region\(/Vy=0.89 for Zn andv/V,=0.85 for Cd
are seen from the cross sections of the FS presented in Fig. that the total energy curve as a function @fa becomes
At the equilibrium volume ¥/Vy= 1.0, with V, the experi- essentially flafcf. Fig. 2a)], which implies that domains
mental equilibrium volumg two qualitative differences are with slightly differentc/a may coexist in this pressure re-
seen in the FS geomet(for FS topology terms, see Refs. 19 gion. Hence, we paid special attention to this specific pres-
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The peculiarities of this type of electronic structure lead
to prominent anomalies in the low-temperature thermal ex-
pansion coefficient®!” The general thermodynamic formu-
las for uniaxial crystals are
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where P,V,T,S are the pressure, volume, temperature,
and entropy, du;=d InV, du,=d In(c/a),By=(1N)(F*E/
du;du,) are elastic moduliE is the total energyB=B;

- BfZIBZZ is the bulk modulus. At low temperatures, the de-
rivatives of the electronic entropy

s szaN(EF)
au; 3 au

diverge as E,—Eg) Y2 at the ETT. Usually the density of
states of noncubic metals is much more sensitive to the

FIG. 3. Cross sections of the Fermi surface for hcp Zn forur"""x'aI sgzess than to the gllatatlon anys/ du,
V/V,=0.88 at different/a. >_|(93/(?.u1|. Our_presgnt calcul_atlons for Zn and Cd agree

with this, the ratio being=6. Since for all crystals B;;

sure region and the consequences/af variation on the FS  —B,,>0, andB,;+ B;,>0, the signs ofy) anda, have to
geometry. Figure 3 exhibits the FS evolution fda values  be opposite near an ETT.
in the range where the total energy differs by less than At low temperatures, the lattice thermal expansion is de-
~0.35 mRy[Fig. 2@)] from its minimum value. The ETT’s termined by the derivatives of the Debye temperatuke,
related to the structures 1 and 2 in FigbR however, are with respect to deformations and has the same sign and
encompassed bg/a in a range of~0.02, corresponding to power of the singular contributions since the singular contri-
an energy window of less than 0.01 mRy. butions toép and toN(Eg) are proportionaf ! It appears

In contrast to previous calculatiohs,one can see that for that all three ETT described above for Zn give negative con-
Zn we now deal withthree ETT'’s in the anomaly region. tributions to [dN(Eg)]/[d(c/a)] since in all cases
They are clearly seen in Fig(l, which shows a contribu- [58N(Eg)]/9E.;<0 and JE.;/[d(c/a)]>0. The assump-
tion to the density of states at the Fermi enerfEr),  tion about the higher sensitivity of the VHS positions to
calculated by integration over smaltylindrical) regions uniaxial stress than to the dilatation is also confirmed by our
with the radii 0.0% 2#7/a a.u: ! around theK andL points  calculation. Hence, we predict that in the “critical” region at
using a Gaussian smearing parameter of 10 mRy. The firgpw temperaturesyy— — and a, —+%. Since at zero
two described aboviproducing a single peak 1 in Fig(t}]  pressure we have >0 ande, <0,'® we predict a change of
are connected with the saddle poidecay of the three-leg the sign of the anisotropy under pressure. A similar predic-
piece and with the point of minimum energ§ormation of  tion of sign change in Gdig, _, versusx was made in Ref.
the needlg respectively, with corresponding singular contri- 16. The region of negativie/N(Eg) /[ d(c/a)] in Fig. 2 cor-
butions to N(Eg), as 6{N(Eg)~—VE¢1—Eg0(Eq1—Ep) responds approximately to the region of three ETT’'s. One
and 55N(Eg) ~ VEE— E,0(ER— E¢»), where the step func- may expect from Fig. 2 that at further compression a second
tion 6(x) fulfills: 8(x>0)=1, 6(x<0)=0 andE,; are the change of sign of the thermal expansion anisotropy may take
critical-point energies. At normal pressure, both singularitiegplace. In the case of Cd, we have to also consider the con-
lie aboveEr and move down under compression. The thirdtribution of the VHS in thd"M direction (the disconnection
ETT is connected with thé point [peak 2 in Fig. 2b)], of monster arms but the sign of its contribution to
where two new pieces of the Fermi surfatitterflies ap-  [IN(Eg)]/d(c/a) is the same as for the other ETT’s consid-
pear with the corresponding singular contribution to the denered here.
sity of states53N(Eg) ~ VEg—E30(Eg— E.3). Taking into To summarize, we presented results of first-principle in-
account the possibility of slightly nonhydrostatic conditions vestigations of the Fermi surface evolution in hcp Zn and Cd
in the real experimental situation and the anomalous uniaxiakith pressure. We find FS topology changes with both
softness of Zn and Cd, it is likely that all three ETT's take uniaxial stress and dilatation producing three ETT's, which
place in a critical pressure region. This might be the reale argue may coexist due to the anomalous softness af the
reason for the relatively strong singularities in the latticeaxis. Thus, the picture appears to be more complicated than
properties observed in Zn. it was described in previous work. We predict also very in-
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