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Abstract. We report investigations of Zn metal under quasi-hydrostatic pressures up to
16 GPa by%7Zn Mossbauer spectroscopy and scalar—relativistic linearized augmented plane
wave (LAPW) calculations. Our studies show that at 4.2 K an electronic topological transition
(ETT) occurs at about 6.6 GPa, corresponding to a volume chande-d¢f/V,) ~ 0.085. At the

ETT conduction electron states in the third Brillouin zone at the symmetry point L (‘butterflies’)
move below the Fermi surface and start being occupied. At the ETT the electric field gradient
tensor and the s electron densjty0) at the 67Zn nucleus remain virtually unchanged, but
the lattice dynamics is drastically affected. The Lamlissbauer factor (LMF) abruptly drops

by a factor of two between 6.5 and 6.7 GPa and the curvature of the pressure dependence of
the second-order Doppler shif§{op) changes markedly. The results on LMF afigyp are
described by a sudden destruction of a giant Kohn anomaly which accompanies the ETT.

1. Introduction

The behaviour of the electronic structure of hexagonal close-packed (hcp) metals has been
of central interest in various experimental [1-3] and theoretical [4-7] investigations. Of
particular importance are systems like Zn and Cd with unusually lafgeratios which

are far above the ideal valuga = (8/3)'/2 ~ 1.633. As a consequence many solid-state
properties are highly anisotropic [3, 5, 8, 9]. In addition, the non-spherical distribution
of conduction electrons plays an important role. They are, for example, responsible for a
pronounced electric field gradient (EFG) tensor at the nuclei of the lattice atoms. Most
of these properties are well understood and can be calculated theoretically. Modern band-
structure calculations are able to describe EFGs for all hcp elementary metals, including
Zn, in good agreement with experiment [5].

However, the electronic subsystem does not only determine hyperfine interactions but
also influences the lattice dynamics in an essential manner. A strong structural anisotropy in
hexagonal metals is expected to lead to a close compensation of the two main contributions
to the interionic interaction, the direct Coulomb ion—ion interaction and the indirect interionic
interaction via conduction electrons [1, 10]. Clearly, if one of these contributions is changed,
the total interionic interaction can be strongly affected. Such a change can drastically
influencelow-frequencyphonons [10]. In a recent publication [11] we have demonstrated
that these types of effects occur in Zn metal under external pressure, where at about 6.6
GPa the Lamb—Nssbauer factor abruptly drops by a factor of two. In addition, it was
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concluded in [12] that this drop is connected to a degeneracy of the magnitudes of several
reciprocal lattice vectors at/a = /3.

67Zn Mossbauer spectroscopy is an excellent method to follow such changes of lattice
dynamic behaviour. Due to the relatively low mass®@n and the rather high transition
energy (93.31 keV) of the Bbksbauer resonance the recoil-free fractipr(the Lamb—
Mossbauer factor (LMF)) is small, only about 0.5% if an effective Debye temperature of
0.rr = 230 K is assumed, which is typical for Zn metal [13]. This makes the observation of
the resonance difficult and in general requires that the measurement be performed at liquid-
helium temperatures. On the positive side, it is just the smallness of the LMF which makes
it highly sensitive to lattice dynamic effects. In addition, in the low-temperature limit
the LMF weights the phonon frequency distribution dy! and thus provides increased
sensitivity for changes of the phonon distribution at low frequencies. A further parameter
which can give valuable information on lattice dynamics is the second-order Doppler shift
Ssop. In a Mossbauer experiment the experimentally determined centreSghift the sum
of the isomer shiftS and Sgop. Contrary to many other isotopes wheéfgop| < |S], for
the 93.31 keV transition if’Zn both quantities can be comparable in size. Recently, a
number of theoretical calculations for various zinc systems has been published to determine
S [13-15]. This makessop available as an additional sensitive tool for lattice dynamics.

In the low-temperature limiSso, weights the phonon spectrum bytl. Thus Ssop is
more sensitive to changes of the phonon distribution at higher frequencies.

In the present paper we report for Zn metal the observation of an electronic topological
transition (ETT) by which the polarization (screening of Zn ions) of conduction electrons is
drastically changed. This in turn strongly affects the indirect interionic interaction and the
low-frequency phonon distribution and leads to pronounced changes of the LMF &ggiof
in 7Zn Mossbauer high-pressure measurements. We have performed scalar—relativistic
linearized augmented plane wave (LAPW) calculations which successfully describe the
changes of the band structure at the ETT, of the electric field gradient tensor and of the s
electron density (0) at the®’Zn nucleus when high external pressure is applied.

2. Experimental details

2.1. A®Zn Doppler—velocity spectrometer for high pressures

For 87Zn Mossbauer experiments at 4.2 K and pressures up to 8.5 GPa we used the
spectrometer described in detail in [13, 16]. The pressure is applied t&’Zinemetal
absorber by two symmetrical ;8 anvils. The relatively large dimensions of tA&n
metal foil (enrichment about 91 at.%zn) of 4.0 mm diameter and 0.75 mm thickness
required the application of a sandwich gasket [16]. It consisted of four pyrophyllite and
three tantalum rings, each of 0.2 mm and 0.1 mm thickness, respectively. The gasket, which
was centred by a Cu—Be extrusion ring, serves in addition as collimator for the 93.3 keV
y-radiation. As pressure transmitting medium we usedS@ which is characterized by
a low shear modulus [17]. The pressure at the sample was deterimnirsédh by a lead
manometer [16, 18] which uses the known pressure dependence of the superconducting
transition temperature of lead [19] as a gauge. From the exact shape of the resistance
transition curve the pressure gradient over the absorber can be determined. We reached
guasi-hydrostatic pressures up to 8.5 GPa with gradients smaller than 6%.

For the pressure range between 8.5 and 16 GPa we built a new type of high-pressure cell
with sintered diamond anvils. This material can stand pressures up to 7000, mmost
four times as much as48. The dimensions of th&’Zn metal absorber were reduced to
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2 mm diameter and 0.5 mm thickness. The sandwich gasket consisted in this case of three
pyrophyllite and two tantalum rings, each of 0.13 mm and 0.10 mm thickness, respectively.
The pressure transmitting medium was again®©@;. The pressure at 4.2 K was determined

in situ by *°’Au-Mossbauer spectroscopy on a At thick Au foil which was situated

close to the®’Zn metal sample in the high-pressure cell. The pressure is derived from
the known pressure dependence of the centre shift of metallic Au [20]. Further details of
the sintered diamond anvil cell will be presented in a forthcoming publication [17]. The
197Au measurements are not sensitive enough to derive information on the pressure gradient,
for example from the linewidth of the absorption line of metallic gold. However, from the
linewidth of the®’Zn Mossbauer spectra we estimate a pressure gradient across the absorber
of < 10% at 16 GPa. This again proves &§, as a good pressure transmitting medium.

The B,C or the sintered diamond anvil cells are mounted inside a Cu—Be clamp. The
pressure generating force is applied to the sample at room temperature by means of a
hydraulic press and then stored by heavy springs. The piezoelectric quartz drive producing
Doppler velocities in the micrometre range is tightly fastened to the top of the pressure
clamp. The Doppler drive acts on the source. In order to decouple the spectrometer
from mechanical vibrations of the cryostat and of the boiling helium the whole system
is suspended by springs inside a sealed stainless-steel dewar filled with He exchange gas
[3, 16] and cooled to liquid-helium temperatures in a He-bath metal cryostat.

2.2. Source and absorber preparation

As the source we usefGa in Cu, which shows a single emission line [21]. TH&a

(T2 = 78 h) activity was producedh situ by 46 MeV « bombardment of Cu discs
with natural abundance of the Cu isotopes in the cyclotron KIZ of the Forschungszentrum
Karlsruhe. The discs had 0.5 mm thickness and diameters of 8 mm and 5 mm for the
B4C anvil and sintered diamond anvil cells, respectively. The sources were used without
annealing 48 h after irradiation to allow unwanted short-lived activities to decay.

For the °’Au pressure calibration measurements we used ghedecay of 7Pt
(T12 = 183 h). The %Pt activity was obtained by neutron activation of an enriched
(90%) *°%Pt metal foil in the Forschungsreaktoriiichen. The foils had a diameter of
about 5 mm and a total weight of about 30 mg.

The ¢Zn metal absorber was produced by melting isotopically highly enriched Zn
powder (about 91 at.%Zn ) at 870 K in a graphite crucible sealed within a quartz ampoule
filled with argon gas. After melting the thin oxide layer was mechanically removed. The
material was then rolled to prepare discs of 0.25 mm thickness and of 4 mm and 2 mm
diameter for the BC anvil and sintered diamond anvil cells, respectively. The corresponding
absorber thicknesses are 0.32 and 0.16 g%caf ®’Zn metal. Before using th&zZn metal
absorbers in the high-pressure experiments, they were characteriz€@rbyossbauer
measurements at ambient pressure.

2.3. Velocity calibration and nuclear pulse counting

The spectrometer was calibrated using the known quadrupole splittifg&rirmetal and in
67Zn0O at ambient pressure [22—24]. Therays were detected by an intrinsic Ge diode of

10 mm thickness and 40 mm diameter coupled to a fast nuclear pulse counting chain [25].
Typical count rates in the 93.3 keV window were 72000 and 20000 s! for the B,C

and diamond anvil cells, respectively, at a signal-to-background ratsg @+ B) ~ 74%.

The data pulses were collected in time mode into a 512-channel analyser [26].
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Although the tantalum discs of the sandwich gasket and the pressure transmitting
medium (AgSQO,) are very effective collimators, we found the gasket not to be thick
enough to provide perfect collimation. However, since the geometrical arrangement of our
experimental set-up is well characterized we were able to take this effect into account by
numerical calculation [30]. In section 4.1 (table 1) we give the uncorrected as well as the
corrected values for th&/(S + B) ratios.

3. LAPW method

Our band structure calculations employ the full-potential linearized augmented plane wave
(LAPW) method based on density functional theory [5, 27]. A fully relativistic description

for the core states, but a scalar—relativistic description, neglecting spin—orbit coupling, for
the valence states is used. Exchange and correlation are taken into account within the local
density approximation, where the exchange potential is determined by the density of the
electron gas in the crystal. This density is calculated self-consistently and allows one to
derive the EFG tensor in aab initio procedure. There is no need (and no possibility)

to assume point charges or Sternheimer antishielding factors. We have used the computer
code WIEN93 which comprises an improved and updated Unix version of the original
copyrighted WIEN code [28]. We used the compressibility data for Zn metal of [29]. To
obtain reliable results we applied a deksemesh of 12000 points in the full Brillouin zone.

4. Results

4.1. Mossbauer measurements

Figure 1 shows NMssbauer absorption spectra recorded at 4.2 K and various pressures.
Due to the quadrupole interaction, the spin-5/2 ground st&t&ofsplits into three sublevels
(the spin-1/2 excited state remains unchanged) which give rise to three absorption lines. The
spectra were fitted by a superposition of three Lorentzians. The results are summarized in
table 1. After finishing the high-pressure runs the cells were opened and the dimensions of
the absorber remeasured. In all cases the area of the absorber foil has increased. The values
n for the absorber thickness which are also given in table 1 were obtained by assuming that
the area increases linearly with pressure.

The pressure dependences of the Lambsshbauer factor (LMF), the centre shific{
and of the quadrupole frequencyy(= eQV../h) are given in table 2 and in figures 2—4.

The LMF f is derived form the total area under the three absorption lines after correction
for background radiation. At first the LMF drastically increases frgm= 0.31(1)% to
f = 141(15% at 6.5 GPa. Surprisingly, between 6.5 and 6.7 GPdrops by a factor
of two and increases again at higher pressures. This sudden reduction has been observed
twice (see figure 2), with two set-ups of,8 high-pressure cells of the same kind.

As shown in figure 3, the centre shit decreases from 14.74(3)m s at ambient
pressure to 0.79(28)m s! at 16.0 GPa. There is, however, no abrupt change between
6.5 and 6.7 GPa.

Figure 4 demonstrates that also the quadrupole frequepcy= eQV.,/h strongly
decreases fromy = 12.45(2) MHz at ambient pressure ig, = 5.07(20) MHz at 16.0 GPa.

V,. is the main component of the electric field gradient tens@r= 0.150(15) b is the
nuclear quadrupole moment [31]. The asymmetry parametgeD at all pressures. Also
v does not show an abrupt change between 6.5 and 6.7 GPa.
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Table 1. Summary of measured d4sbauer parameters f6fZn metal at 4.2 K and various
pressures. Only statistical errors are quoted for position, width and area. The column for
the absorber thickness (in units of 1¢! 67zZn atoms/crf) also includes symbols for the

two B4C anvil cells (J, o) and for the sintered diamond anvil celh) used in the high-
pressure experiments. The signal-to-background &i@S + B))..-» has been obtained from
(S/(S + B))meas taking non-ideal collimation of the 93.3 key)-rays into account.

P Area Width Position n (H%)mm (5%")(0”

(GPa) %ums?t  (ums?l)  (ums 10% 87Zncm?) (%) (%)

0 0.068(7) 2.57(35) —26.54(12) 5.859(43) 67.4 -
0.060(5) 1.39(16)  +23.001(56)
0.044(5) 2.01(29) +47.42(10

5.18(15)  0.097(21) 3.07(87) —21.30(29 3.14(19)© 76.3 60.0
0.100(19) 2.59(67) +1349(23)
0.111(26) 4.9(1.5)  +29.75(49)

5.93(23)  0.136(28) 5.0(1.3) —20.49(39) 2.97(22)© 77.7 61.1
0.101(17) 2.24(50) +12.09(17)
0.130(33) 7.7(2.3)  +285971)

6.46(13)  0.149(19) 2.57(43) —20.15(14) 3.22(18)@ 72.4 57.0
0.148(15) 1.74(25)  +12.433(84)
0.118(22) 4.08(99) +2897(33)

6.68(35)  0.070(16) 2.14(66) —20.60(22) 2.80(22)© 81.3 64.0
0.104(17) 2.34(53) +11.65(18)
0.042(20) 35(2.1) +27.85(70)

8.17(44)  0.089(25) 6.52(83) —15.3(1.3) 2.87(24)@ 79.5 62.6
0.117(24) 6.52(83) +102(L.0)
0.043(26) 6.52(83) +24.2(2.5)

8.34(43)  0.034(18) 1.7(1.2) —15.93(50) 2.83(24)@ 73.7 58.0
0.065(14) 1.06(54) +9.03(15)
0.042(14) 1.00(64)  +2142(24)

8.46(49)  0.065(27) 7.9(4.0) —195(12) 2.81(20)@ 71.0 55.9
0.069(10) 1.47(28)  +8.704(99)
0.065(13) 2.70(72)  +21.92(24)

13.1(1.2)  0.033(10) 1.066(82) —15.00(17) 1.49(15)® 72.0 45.8
0.023(11) 1.066(82) +6.04(26)
0.033(11) 1.066(82) +16.48(21)

16.0(1.5)  0.022(15) 2.0(1.9) —16.02(64) 1.49(15)® 69.4 44.1
0.040(14) 1.6(1.0)  +4.31(26)
0.054(20) 3.1(1.5)  +14.09(51)

4.2. LAPW calculations

Figure 5 shows the partial density of states (DOS) for 4s(@p, 4p, and 3d electrons for
two different values for the unit cell volum&, = 201 a.l2, ¢/a = 1.86 (ambient pressure)
andV = 161 a.u?, c/a ~ 1.65 (p ~ 24 GPa). Several features are immediately apparent:
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Figure 1. 87Zn Mossbauer spectra 8fZn metal at 4.2 K and various pressures. The source is
87Ga in Cu also at 4.2 K.

Table 2. Pressure dependence of the Lamlissbauer factor, the centre shiftSc and the
quadrupole frequencyy = eQV,;/h. At all pressures investigated we found the asymmetry
parameter to bg = 0.

Pressure f Sc Vo
(GPa) (%) fem s~ (MHz)
0 0.312(12) 14.741(29) 12.447(20)

5.18(15) 1.02(16)  7.32(20) 8.64(13)
5.93(23) 1.26(22)  6.73(28) 8.19(16)
6.46(13) 1.41(15)  7.08(12) 8.194(73)
6.68(35) 0.75(14)  6.30(25) 8.10(13)
8.34(61) 0.687(78) 4.69(17) 6.38(13)
13.1(1.2) 0.81(19)  2.51(13) 5.27(10)
16.0(1.5) 1.10(30)  0.79(28) 5.07(20)

when the unit cell volume is reduced the width of the highest occupied band increases by
2 eV, the centre of the d band moves to lower energies, within an energy range of about
5 eV below the Fermi energ¥r the density of p states is increased at the expense of
s electron states and the pronounced anisotropy of the p-statemop versus p) is
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Figure 2. Pressure dependence of the Lamligst Figure 3. Pressure dependence of the centre sift
bauer factorf. The drastic decrease between 6.5 andbr 67Zn metal at 4.2 K. The shift is given relative to a
6.7 GPa was reproduced withy® anvil cells in two 67Ga in Cu source also at 4.2 K.

set-ups of the same design (symbilso). The results

at the two highest pressurea)( were obtained in a

sintered diamond anvil cell. Results of previous high-

pressuré’Zn Mossbauer measurements [3])(are also

included.
124 3
p [ -
~ 10 L] -
ZN:.‘ o
5 8- ..&a L
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a ] .
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E L ]
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Figure 4. Pressure dependence of the quadrupole frequepcy: eQV,./h of 67Zn metal at
4.2 K. The asymmetry parametgrwas found to be zero at all pressures investigated.
reduced.

Figure 6 depicts the energy bands fér= 201 a.l2, c/a = 1.86 andV = 161 a.l?,
¢/a = 1.65 and reveals a clear broadening with reduced volume. To mark the changes more
clearly the region around r has been magnified in figure 7. To emphasize the character of
the electronic wave functions circles with radii proportional to the respective partial charges
are used in plotting the bands. The energy as well as the character change markedly between
the symmetry point§ and M, atl", at H, and between K and H. The ‘s band’ originating at
I rises in energy with pressure, while its gounterpart decreases. Thgm,) bands along
K—H drop rapidly belowEr as does the s state at L at higher pressure. The situation at the
symmetry point L is essential for the electronic topological transition. The energy change
at the L point is given in table 3. Electron states at the L point cfossat a volume of
V ~ 178 a.l8, wherec/a is close tov/3 as shown in recent x-ray diffraction experiments
[12]. Table 3 also summarizes our theoretical results for the electric field gradient tensor
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V=161au? g

DOS (states/eV)

Energy (eV)

Figure 5. Partial density of states (DOS) for s,(p,), p. (multiplied by a factor of 50), and d
electrons for two different values for the unit cell volumé= 201 a.®, ¢/a = 1.86 (ambient
pressure) and = 161 a.l?, ¢/a ~ 1.65 (p ~ 24 GPa).

and for the change of the s electron dengit) at the®’Zn nucleus. Surprisingly (0) at

first decreases when the unit cell volume is reduced and increases only when the volume
is reduced below/ ~ 171 a.l. This decrease is mainly due to the valence (4s) electrons,
the contribution originating from the core (1s, 2s, 3s) electrons decreases only slightly.

5. Discussion

5.1. The Lamb-MsSsbauer factor

The volume dependence of the LMF is shown in figure 8. To convert pressure to volume
changes we used the Murnaghan equation with a bulk modBlus= 59 GPa and its
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Figure 6. Energy bands foV = 201 a.\?, ¢/a = 1.86 andV = 161 a.\?, ¢/a = 1.65. The
width of the bands broadens with reduced volume.

pressure derivative8’ = 5 [29]. Some results of previous high-pressffgn Mossbauer
measurements [3] are also included in figure 8. The main features are the drastic increase of
the LMF by almost a factor of five and then the sudden drofdatV/V,) = 0.085. Let us
first focus on the sharp drop. Compressibility data [12, 29] as well as the smooth variation
of the centre shiftSc and of the quadrupole coupling frequency (see section 4.1) prove that
there is no crystallographic phase transition in Zn metal at this volume reduction. Since the
LMF is weighting the phonon frequency distribution by?! in the low-temperature limit,
the sharp drop indicates a drastic softening of low-frequency acoustic and optical phonons.
The highly anisotropic metals Zn and Cd have practically identical phonon dispersion
relations if normalized with respect to the corresponding plasma frequencies. It turns out
that the lattice dynamics is to a wide extent influenced by the interaction of phonons (wave
vector g) with conduction electrons (wave vectgy:) at the Fermi surface. An essential
feature of the band structure are the electronic states (‘butterflies’) in the third Brillouin
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Figure 7. Energy bands arounfly for three volumes at experimentgla values. The s, pand

px(py) character of the electronic wave function is proportional to the size of the circles used in
plotting the bands for the three volumes. The energy as well as the character change markedly
between the symmetry poinis and M, atI’, at H and between K and H. The situation at the
symmetry point L is essential for the electronic topological transition: at a voluméf178

a.u3 electron states at the symmetry point L crdss and an electronic topological transition
occurs (see figure 9).

zone at the symmetry point L. Contrary to Mg metal witftu = 1.624 [32] close to the

ideal value, in Zn (and also Cd) metal these butterflies are not occupied [1, 10, 33]. The
Fermi level Er at the symmetry point L corresponding to the centre of the Brillouin zone
boundary (101) lies in a local band gap close to its upper edge [1], namely there exists
a locally empty and a locally fully occupied band above and bekyy respectively. At

the symmetry point L the Fermi surface and the Brillouin-zone boundary coincide. The
maximal diameter of the Fermi surface in the direction of (101) is as large as the length of
the reciprocal lattice vecta; = (1, 0, 1). Such a situation leads to a giant Kohn anomaly

in the long-wavelength regime [1, 10, 34].

5.1.1. The giant Kohn anomalyKohn anomalies reflect the interplay between phonons
and conduction electrons at the Fermi surface [35]. For a nearly free electron gas, for
example, they occur alg + G| = 2|kr|, where G is a reciprocal lattice vector. If

log| < 2|kr|, phonons §) connect electronic state&f) at the Fermi surface and cause
electronic transitions with virtually no cost in energy. Fgf > 2|kr|, however, electronic
excitations are strongly impeded. This leads to a change of screening (polarization) of
metal ions by conduction electrons which in turn abruptly changes the interaction between
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factor f. Symbols as in figure 2. The dashed linecalculations for the energy separatios't = E; — Er
through the data points is a guide to the eye only.  between the Fermi levekr and the upper edgé&,
of the local band gap at the symmetry point L. At
(1-V/V,) =0.115 E; crossesEr and an electronic
topological transition occurs.

Table 3. Results of the LAPW calculations for Zn metal. Volume dependence oé theatio
(from [29]), of the Fermi energ¥ r and the energy of the symmetry point E; — Er ~ 0 at

a volumeV ~ 178 a.l8. The changes of the electron densities at&f&n nucleus are given
with respect to their values at ambient pressure< 201093 a.u’). The change of the total
density at the nucleuap(0) is the sum of the changes due to core electrang(0)) and
valence electronsAp" (0)). V.. is the main component of the EFG tensor. In hcp symmetry
the asymmetry parameteris found to ben = 0 for all values ofV'.

\Y c/a Er  Ep EL—Er Ap©)  ApC(0) Ap¥(0) Vi
(a.ud) (MRy) (MRy) (mRy) (e/a.8) (ela.ud) (e/a.u®) (107 V cm?)
201.093 1.86 491.86 501.97 10.11 O 0 0 4.27
196.000 1.82 515.90 521.06 5.16 -0.049 -0.004 -0.045 3.63
191.040 1.79 540.45 543.67 3.22 -0.075 -0.010 -0.065 3.21
186.010 1.76 566.38 567.80 1.42 -0.095 -0.016 -0.079 2.77
180.980 1.73 593.28 593.98 0.70 -0.101 -0.025 -0.076 2.42
175.960 1.70 622.32 621.84 -0.48 -0.118 -0.035 -0.083 2.00
170.930 1.68 653.05 652.65 -0.40 -0.137 -0.048 -0.089 1.56
165.900 1.66 686.42 685.32 -1.10 -0.126 -0.064 -0.062 1.15
160.870 1.65 721.72 720.64 -1.08 -0.084 -0.083 -0.001 0.84

the partially shielded ions and thus influences the phonon spectrum. A giant Kohn anomaly
can occur if—as in the example of Zn given above—for a cer@inthe Fermi surface

lies in a local band gap with|Br| = |G,|. As a consequencig| ~ 0, the anomaly then
happens at long-wavelength acoustic and optical phonons and can be very pronounced. It
has been called the ‘giant Kohn anomaly’ and is active within a small regignvefctors,

|Aq| x 2Vg./|G,|, around|q| = O [10]. Vg, is the Fourier component of the effective
electron—ion interaction corresponding to the reciprocal lattice vegtor The position of

Er within the local band gap determines the influence of the giant Kohn anomaly on lattice
dynamics. Theoretical calculations [10] predict thaFEif lies in the upper (lower) part of

the gap the giant Kohn anomaly results in an extra hardening (softening) of low-frequency
acoustic phonons. Such an effect has been estimated to be substantial, for example for the
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elastic constant,, in Cd [10].

5.1.2. Electronic topological transition.The extra hardening (softening) disappears
abruptly when the giant Kohn anomaly is destroyed. In Zn metal this happens as a
consequence of an electronic topological transition (ETT), when the topology of the Fermi
surface is changed. Such an ETT has been observed for Cd metal under external pressure of
1.8 GPa via de Haas—van A#n measurements [36]. Our LAPW band-structure calculations
show that an ETT also occurs in Zn metal under high external pressures.

Figure 9 depicts the results of our LAPW calculations. With decreasing unit cell volume,
the separatiod\ E between the upper edge of the local band gap Apds reduced. The
upper edge reacheBy at (1 — V/V,) ~ 0.115. Here the topology of the Fermi surface
abruptly changes. At the symmetry point L, states in the third Brillouin zone start being
occupied. This ETT (Lifshitz transition) is accompanied by a destruction of the giant
Kohn anomaly (‘usual’ Kohn anomalies, however,|@t = O are still present). The extra
hardening is lost due to the change of indirect interaction between Zn ions via conduction
electron screening. This strongly affects low-frequency phonons and in turn leads to a
sudden drop of the LMF. The agreement between our theoretical (0.115) and experimental
(0.085) values forl — V/V,) at which the ETT takes place is reasonable, considering
that the calculations useffa values obtained at room temperature [29]. A recent highly
accurate x-ray diffraction experiment [12] at room temperature has shown that in the hcp
structure a degeneracy of the magnitudes of several reciprocal lattice vectors occurs at
(1-V/V,) =0.107, wherec/a ~ +/3. Here the agreement with our LAPW calculations is
even closer. Therefore, the observed singularity in the volume dependencecgt: tradio
is most probably connected to the ETT.

Let us now turn to the strong increase of the LMF which occurs before the ETT. Part
of this increase originates from the extra hardening mentioned above which becomes more
effective when the upper edge of the local band gap comes cloggr fb0]. This, however,
is probably not the only cause. In the low-temperature limit and for isotropic monatomic
systems the volume dependence of the LMF is given by [30]:

1%

k7 (V)] =0ty (V1 [14 711 (1) @

where V, is the volume at ambient pressure and is the (—1)th moment of the mode

Griineisen parametesg(q):

X vi@e i@
>0 @

with phonon frequencyw;(q) characterized by wave vectay and branchj. The
experimental results foy' (V) up to the ETT can very well be described by equation (1).
A least-squares fit gives:

Y-1 2

y_1 = 3.42(18) £(V,) = 0.293(18)%. ©)

The value fory_1, however, is rather large. It can be compared with results obtained from
the effective Giineisen parameter(T) in thermal expansion measurements:

Jo" do y (w)ey(w/ T) D(w)

v = Jo " dw cy(w/ T) D(w)

(4)
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wherey (w) is a frequency dependent Breisen parameter. The specific heat is given by
w (hw/kgT)? exp(—hw/kgT)
() = Bt e
r [1— exp(—ho/kpT)]

with D(w) being the phonon frequency spectrum. Using datayf¢r) [39] and D(w)
[40, 41] it is possible to deriver(w) [30]. It turns out thaty (w) is strongly frequency
dependent.

We calculated thé—1)th moment according to

oner g “1p
yo1= Jo _ Qy(wiw (w) ©)
Jo dw @1D(w)

where the integration extends over all phonon frequencies. We Dged of [40], where

D(w) was experimentally derived from inelastic neutron scattering measurements. We
obtain y_; = 3.1(7) in close agreement with equation (3). Such high values are

not only found for Zn metal. In table 4 we summarize the corresponding parameters for
all zinc containing materials on which high-press@fZn Mossbauer measurements have
been performed. It appears that algoand g’ brass exhibit larges_; values, whereas

the semiconducting chalcogenides ZnO and ZnSe are characterized by considerably smaller
numbers. It had already been shown in a previous publication [3] that the jlaigealue

for Zn metal cannot be explained by the large anisotropy. This is in accordance with the
large y_; values found also for the cubic brass systems. Thus a large initial increase of
the LMF with pressure might be a characteristic property of many metallic systems. Then
conduction electrons are again the most likely cause. In this respect in Zn metal the K
symmetry point is of particular interest. Electronic states (‘needles’) in this region of the
Brillouin zone are increasingly populated when i ratio is reduced under pressure.
This can also lead to a pronounced hardening of the lattice [37]. It is not clear at present
whether a corresponding electronic mechanism also prevails ia #red 8’ brass systems.
However, 8Zn Mossbauer experiments show thgit brass is unstable already at a very
modest pressure of 1.1 GPa [38] and probably transforms into a crystallographic structure
of lower symmetry. Then an increasing population of electronic states [37] analogous to
the situation just described for Zn metal might be the origin of the rapid rise of the LMF
with pressure.

®)

Table 4. Results fory_; and f(V,) obtained from a least-squares fit of equation (1) to high-
pressuré’Zn Masshauer data for various Zn containing systems.

V-1 f(vo) (%)
Zinc metal  3.42(18) 0.293(18)
a-brass 3.51(90) 1.26(12)
B’-brass 3.53(36) 0.731(32)
ZnO 1.08(23) 2.0(2)
ZnSe 2.35(14) 0.49(2)

5.2. Centre shift

In a Mossbauer measurement the experimentally determined centreSghift the sum
of isomer shiftS and second-order Doppler shiftop. The latter is determined by lattice
dynamics and can be expected to be influenced by the ETT. The main problem is the reliable
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determination ofS. The change\ S with reduced volume is given bxS = « Ap(0), where

for 67Zn the calibration constant = (27.3+2.7) a&um s [14] and Ap(0) is the change

of the s electron density at tfézZn nucleus. We have determinedp(0) from our band
structure calculations. Figure 10 shows our resultsAf§g, AS andASsop = ASc — AS.

All shifts are plotted with respect to their values at ambient pressure. The change of isomer
shift AS is discussed in section 5.3. With reduced volume the binding forces between
Zn atoms are increased andSsop becomes more negative. AL — V/V,) ~ 0.09, the
curvature of theASsop curve changes sigmySsop flattens and finally sharply decreases
beyond(1— V/V,) ~ 0.14. The change in curvature &Ssop occurs at about the same
volume reduction where the drop in the LMF (see figure 8) is observed and again reflects
the softening of phonon modes at the ETT. The influenca 8k, p, however, is much less
pronounced than on LMF. This is expected, since in the low-temperature limit the LMF
weights the phonon frequency distribution #y* as compared ta*! in the case ofsop

and is thus more sensitive to the low-frequency mode softening.

Due to the lack of experimental and theoretical data the changggf with pressure
is sometimes estimated from the change of LMF by applying the Debye model [3, 13].
Such a procedure, however, may be too crude and lead to wrong results. In the case of
Zn metal, for example, it predicts an increaseo@®) with pressure. However, our LAPW
calculations demonstrate that the opposite is true.

Similar to the case of the LMF (see equations (4)—-(630p can be compared
with results obtained from the effective @reisen parameter(T) in thermal expansion
measurements.

In the limits of small volume compression and low temperature the volume dependence
of Ssop is given by [30]:

- \%
ASsop(V) = =Ss0p(Vo)y41In <V> (7

where
fé”’”‘” do y (w)o™D(w)

Y+1 = fow,,,l,x dow a)+lD((,())

8

ASsop is determined by, 1, whereas the change in LMF (see equation (1)) is connected to
y_1. For Zn metaly,1 andy_; differ by about a factor of twoy,1 = 1.2(4), y_1 = 3.1(7).
Clearly, in such a situation of a large dispersion of the mode&isen parameters the Debye
model is bound to fail.

Using D(w) of [40] we calculateSsop(V,) = —53.3um s 1. For small volume changes
[(1-V/V.) < 0.08] the agreement betweenSs,, obtained from equation (7) antiSso p
(see figure 10) is close [30]. Thus the experimentally determined values Sertogether
with ASsop as derived viay,1 from thermal expansion data are fully consistent wil§
calculated theoretically with the LAPW procedure. In particular, they confirm the initial
decrease oF.

5.3. Isomer shift

As demonstrated by figure 10 at first the isomer shifs electron density (0) at the®’zZn
nucleus) is reduced when the unit cell volume is compressed. Only abevé/V,) ~ 0.15
doessS increase. A decrease pf0) with reduced volume is a rare case for pure elements.
It has been observed for Sb [42] afgdSn [43]. Usually in metallic systems(0) increases

due to the compression of conduction electrons [44, 45]. Figure 11 exhibits the volume
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dependence of the contact density of the core (1s, 2s and 3s electrons) and valence (4s)
electrons. The decrease of0) is primarily due to the valence electrons, the contribution of

the core electrons decreases only slightly. From the DOS (figure 5) or bandstructure (figure
7) we can explain the unusual decreasep@) by the s—>p transfer of valence electrons.
Especially between symmetry poiritsand M and between K and H bands with p character
become occupied under pressure. The volume dependence of the valence electrons shows a
small kink at(1-V/V,) ~ 0.10, namely in the critical volume region where the ETT occurs.
Thus the ETT is felt also by the isomer shift although the effect is not very pronounced.
Above (1 - V/V,) ~ 0.15, where the s p transfer is nearly completed, the contribution

of the valence electrons rapidly rises as usually expected.

n 0.00 @-. ., +r
O . B B
8 a core
3 9 ~0.05 LS S &
- o lw valence Tk
= o L=
o ~— .. + o ]
:’) § -0.10 total ¥ --a L
2. A <Qi & . . .m'
o -129 Yo F =N
T —14] . 3 ~0.157 ETT (theor.) T r
& s . , : , : r

0.00 0.04 0.08 0.12 0.16 000 0.04 008 012 016 020

1-V/V
1-V/V, AL

Figure 10. Volume dependence of the centre shiff-  Figure 11. Results of our LAPW calculations for the
(o), the second-order Doppler shiftSsop (continuous volume dependence of the change of the s electron
line) and the isomer shifAS (A). All shifts are density p(0) at the 67Zn nucleus relative top(0)
given with respect to their values at ambient pressurat ambient pressure. The contributions of the core
(V = V,). ASc is experimentally determinedyS is  electrons £) and of the valence electrons-) to the
derived from our LAPW calculations, andSsop =  total (J) s electron density are indicated separately.
ASc—AS. The dotted lines are guides for the eye only.

ASsop as derived from thermal expansion data via

y+1 = 1.2(4) is indicated by the dashed line\Ssop

and AS¢ are consistent with the theoretically derived

initial decrease oA S (see also figure 11).

5.4. The electric field gradient tensor

Figure 12(a) shows our experimental and theoretical results for the main compgnert

the EFG tensor. The relatively large experimental error bars are due to the uncertainty of
the nuclear quadrupole moment [3]. The ETT which occurgélat V/V,) ~ 0.085 does

not seem to have a strong influence on the EFG tensor (see below).

LAPW calculations [5] show that the main componéht of the EFG tensor at ambient
pressure is mainly determined by local contributions, more distant contributions of the lattice
give a correction of about 10% only. The main effect is caused by valence 4p electrons
(+53.1 x 10'® V cm~2) and valence 4d/3d electrons 9.6 x 10'® V cm~2), the semicore
3p (—0.3 x 10 V cm~2) and the lattice contributions-6.7 x 10'® V cm~2) being much
smaller. At ambient pressure the population of 4gnd 4p) electrons is larger by a factor
of 1.47 than that of the 4pelectrons. At a volume reduction ¢ — V/V,) ~ 0.080 this
factor is reduced to 1.05.
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Figure 12. (a) Volume dependence of the main compon@&nt of the electric field gradient
tensor: experimenbj, LAPW calculation \) using the room temperature structural parameters
of [29]. The relatively large experimental error which is indicated only at ambient pressure
is due to the uncertainty of the electric quadrupole momgnof the 67zZn nucleus. The
differences between theory and experiment mainly originate from the fact that we had to use
room temperature/a values for our calculations. The uncertainty dueas eliminated in (b)
whereV_, is normalized with respect to its value at ambient pressure.

The experimentally observed volume changé/gfat constant temperatuf@ is caused
by two effects, the decrease of théu ratio and the reduction of the unit cell volume:

dinv,|  aInV,
dinv |, oV iz
+ dIn V.. din[(c/a) — (¢/a)ideal] ©)
d In[(c/a) - (C/a)ideal] T,V dinv T '
Regarding the term—aa':‘nvlﬂh/a we have also calculated the volume dependencé’,of

keeping thec/a ratio constant at two different values:

InV,, = 1.51147) — 1.550(8) In <“//> € _187 (10)
° a
%4 c

InV,, = 1.3342) — 1.53(2) In (v) ¢ —1828 (11)
° a

whereV,. is in 101" V cm™2. If hydrostatic pressure is applied such a decrease of the
ratio by about 0.04 would be accompanied by a volume changé efV/V,) ~ 0.025.
Using experimental data for the volume dependence ofcflaecratio [29] we can solve

for 9InV,,/3In[(c/a) — (¢/a)isear] In €quation (9). For small volume changes we find
thatoInV,,/dIn[(c/a) — (c/a)isear] decreases from 1.2 at ambient pressure to about 0.8
at (1 —V/V,) = 0.05. Thus, the change of EFG with pressure is caused by two
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counteracting effects: decreasing the volume increases the EFG@ it /0 InV ~ 1.5

(see equations (10) and (11)), whereas decreasing theratio reduces the EFG with
aInV,./dIn[(c/a)—(c/a)isea] = 1. Considering, however, that for small volume reductions
alIn[(c/a) — (¢/a)iqear]/dINV =~ 7, the decrease of the EFG under external pressure is
essentially determined by the decrease ofdfe ratio.

As figure 12(a) demonstrates the experimental valuesVforare considerably lower
than the results of the LAPW calculations. The main reason for this discrepancy is the
fact that our calculations rely on room temperature structural data [29], whered&the
Mossbauer experiments had to be performed at liquid-He temperatures where the lattice
parameters are slightly different due to the (anisotropic) thermal expansiorc/&hatio,
for example, at 4.2 K and ambient pressurecia = 1.828 [46] versus 1.86 at room
temperature [29]. If this is taken into account the agreement for the EFG value at ambient
pressure is within about 10%, which is the accuracy of the quadrupole mofherto
eliminate the uncertainty of), in figure 12(b) we have plotted the volume dependence of
V.. as obtained from experiment and LAPW theory, in each case normalized to the value
of V,, at ambient pressure.

In the experimental data, there appears to be a change in curvatdre'ay V) ~ 0.10.
Although the overall agreement between theory and experiment is satisfactory, this change
in curvature is not present in our theoretical results. Again we surmise that this discrepancy
originates from the use of room temperature structural data [29].

As already mentioned above, our experimental and theoretical data show that the ETT
does not influence the EFG tensor in a profound manner. The reason is that the ETT abruptly
changes the dynamic screening of the conduction electrons, whereas the band structure and
thus the static electronic structure is altered only marginally. However, since the EFG is
decisively determined by the/a ratio the change in curvature close to the ETT in our
experimental results does reflect a small, but anomalous change iridhatio at 4.2 K.

This raises the question of whether the ETT in Zn metal is connected to a structural phase
transition.

5.5. The ETT and structural phase transition

A connection between an ETT and a structural phase transition has been observed in Cs metal
which exhibits an isostructural (fcc—fcc) phase transition at room temperature between the
two high-pressure modifications Cs(ll) and Cs(lll). Relativistic band structure calculations
using the linear muffin tin orbital (LMTO) method in atomic sphere approximation [47]
show that at a volume reduction 61 — V/V,) ~ 0.52 an ETT occurs which involves

the X symmetry point. The isostructural phase transition is observed at somewhat larger
volume reduction of 1 — V/V,) ~ 0.57 [48-50]. In Cs metal, the ETT is the precursor

of the isostructural phase transition. At the ETT the electronic contribution to the internal
pressure markedly changes and causes a softening of phonon modes which finally leads to
the isostructural phase transition.

Recent high-pressure x-ray diffraction experiments carried out with high precision at
room temperature [12] give strong indications that for Zn metal dhe ratio shows an
anomaly at the ETT. Earlier x-ray experiments [29, 51] were not accurate enough to show
this anomaly. Thénigh-precisionx-ray experiments [12] reveal that the volume dependence
of the ¢/a ratio changes its slope & — V/V,) = 0.107, wherec/a = +/3. This volume
change is slightly larger than the valgg— V/V,) = 0.085 where we find the ETT. The
x-ray experiments, however, were performed at room temperature. As mentioned above
(see section 5.4) the/a ratio decreases to 1.828 at 4.2 K and ambient pressure [46] versus
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1.86 at room temperature [29]. If we assume a similar volume dependence as in [12]
at low temperature, the ETT observed in oub$dbauer experiments occurs very close

to c/a = +/3. Therefore, the anomaly in the c/a ratio at room temperature and the ETT
observed at 4.2 K most probably have the same physical origin. Also the volume dependence
of the EFG tensor (see section 5.4) is a hint that the ETT in Zn metal is connected to a
change of the:/a ratio. From theoretical point of view, total energy calculations [7] using
the LMTO method predict an anomalous behaviour in ¢lie ratio in the volume range
[0.08 < (1—V/V,) < 0.10] where we observe the ETT. Our own total energy calculations
do not show a significant/a anomaly, but it should be mentioned that the theoreti¢al

ratio is largely overestimated when using the standard local density approximation. Still,
high-pressure x-ray or neutron diffraction measurements at low temperatures (4.2 K) are
highly desirable to settle the question of whether the ETT and the anomaly ofdh&atio

occur exactly at the same volume reduction or whether the ETT might be the precursor of
the structural changes as in Cs metal.

6. Conclusions

Our high-pressure Bssbauer data and scalar-relativistic LAPW calculations show that the
conduction electrons decisively determine the lattice dynamics of Zn metal. An electronic
topological transition which involves the L symmetry point causes the destruction of a
giant Kohn anomaly and as a consequence drastically changes the lattice dynamics. It is
demonstrated thdt’Zzn Mossbauer spectroscopy is a powerful tool to follow such effects
because of its high sensitivity with respect to the Lamibsbbauer factor. Since the same
resonance due to its high relative energy resolution is also well suited for determining
small energy changes of the 93.3 keVvrays, our experiments prove that the ETT hardly
affects hyperfine interactions (isomer shift and EFG tensor) which are determined by static
properties of the band structure. Our LAPW calculations do describe the electronic energy
changes as well as isomer shifts and electric field gradients. However, first principles
lattice-dynamic models are highly desirable to reproduce quantitatively the sudden changes
observed for the LMF at the ETT.
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