PHYSICAL REVIEW B VOLUME 62, NUMBER 9 1 SEPTEMBER 2000-

Pressure shift of the zone-center TO mode of Zn
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The pressure dependence of the transverse-optical zone-center phonon mode of Zn was measured by means
of Raman spectroscopy up to 58 GPa at room temperature. The frequency increases under pressure and no
anomaly is observed in the pressure range around 10 GPa where electronic topological transitions are expected
to occur, and where alsab initio “frozen phonon” calculations predict a weak anomaly in ti@ ratio. The
relatively large value of the mode Greisen parametey;=—dIn»/dInV and its strong decrease under
pressure are related to the high compressional anisotropy at ambient pressure and the gradual arisotropic
isotropic transition occurring with increasing pressure in Zn, respectively. An irregularity is observed in the
pressure dependence of the line width around 10 GPa which may be related to changes in the phonon-phonon
and electron-phonon interactions that could be a consequence of the electronic topological transitions.

I. INTRODUCTION ratio in Zn at room temperature and associates the previous
findings with nonhydrostatic effects. In this context it should
At ambient conditions Zn crystallizes in the hexagonalbe noted that there were arguméntthat the change of
close-packedhcp) structure with an exceptionally largéa might be an artifact due to a pha_se transition in the pressure
axial ratio of 1.856, compared to 1.633 for the ideal hcptransmitting medium used in the Msbauer experiments.
structure. Under compression the/a ratio decreases  In the present paper we report on high-pressure studies of
continuously~’ and in some x-ray-diffraction studes®an  the zone-center TO mode of Zn by high precision Raman
anomaly associated with a change in slope/af with pres- ~ spectroscopy. These data are compared with first-principles
sure was observed around 9—10 GPa corresponding to a reflgglculations of the pressure shift of this phonon mode. Al-
tive volumeV/V,=0.886 according to Ref. 6. though the theory finds ETT'’s for pressures near 10 GPa, no
Various first-principles calculations applying different ap- frequency anomaly is found when numerical scatter is taken
proximations find an anomaly in the/a ratio at reduced INto account.
volume with values ranging fro/V,~0.88—0.92 and also
suggest the occurrence of one or more electronic topological
transitions(ETT) in this compression range which apparently
lead to the crystallographic anomalfes! High-pressure Polycrystalline Zn samples with an approximate thickness
Mossbauer studies reported a sharp drop of the Lambef 10 um were loaded into the gasket hole of a high-
Mossbauer factof at 6.6 GPa and 4 K in Zindicating a  pressure diamond-anvil cell. In one run helium, loaded at 0.2
drastic decrease of low-frequency acoustic and opticaGPal®was used as a pressure-transmitting medium to ensure
phonons, also interpreted as a result of an E¥*f.nelastic  the best possible hydrostatic conditions, while a further run
neutron-scattering experiments by Morganal* at room  was performed with 4:1 methanol:ethanol as a pressure trans-
temperature to 8.8 GPa of the transverse acoustic bragch mitting medium, which is hydrostatic only below 10 GPa.
showed a very rapid increase of the mode i&igen param- Pressures were determined by the ruby fluorescence
etery; above 6.8 GPa which was attributed to a giant Kohnmethod!”® Raman spectra were obtained at room tempera-
anomaly. Morgaret al.'* argued that phonon softening may ture with the 514.5-nnfmainly) and the 488-nm lines of an
occur at pressures higher than 8.8 GPa through collapse @fr* laser. Scattered light was analyzed at an angle of 135°
the Kohn anomaly via an ETT. Subsequent inelastiowith respect to the exciting laser beam using a 0.6-m triple
n-scattering studies to 9.4 GPa by Kla al'® of acoustic  spectrograph and a liquid-nitrogen-cooled, charge-coupled
phonon modes found regular behavior of g, %,,and T,  device, multichannel detector. Before and after each Raman
modes, i.e., the anomaly found by Morgahal.** could not  measurement calibration spectra of a Ne lamp were recorded
be verified, and their lattice-dynamical calculations demon+to correct for small drifts in the energy calibration of the
strated that the strong decreasef ioannot be due t&=0 spectrometer due to changes in laboratory temperature. Laser
phonon modes sensitive to the occurrence of an ETT. power was held low enough to avoid heating of the sample.
The most recent x-ray-diffraction studyiowever, reveals The peak positions were determined by fitting Voigt-profiles
that there is no anomaly in the volume dependence ofthe to the Raman peaks. These procedures ensured a relative

II. EXPERIMENT
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1 IV. RESULTS AND DISCUSSION
Frequency (cm ™)

_ The hcp lattice has two atoms per primitive unit cell,
FIG. 1. Raman spectra of tti,, mode of Zn at various pres- \yhjch are located on sites of symmefy;, . The six normal
sures with He as pressure-transmitting medium. modes of zero wave vector belong to the irreducible repre-
sentationsA,,+ B4+ E +Eyy. The Byy and E,q modes
precision in the determination of the Raman frequenciesire the longitudinal and transverse optical modes, respec-

within 0.2 cm !, necessary to resolve slight frequency dis-tively. The doubly degeneraté,; mode is Raman active.
continuities. Typical Raman spectra of Zn metal at various pressures

are shown in Fig. 1. The pressure dependence of the phonon
frequencies for the two high-pressure runs are shown in Fig.
2. TheE,y mode exhibits a positive pressure shift to maxi-
mum pressure. No differences between the two runs were

The theoretical phonon frequencies are obtained fronobserved. The frequency of tig, phonon of Zn at ambient
density-functional calculations of the shifts in total energyconditions in the present study is 71 thand compares
caused by small displacements of the atomic coordinates infavorably with the values obtained from previous ambient
pattern defined by the mode considered. The energy term gfressure _Raman scatterfig?® and inelastic neutron
second order in the displacement then yields the phonon freéscattering®~*? The measured frequency-pressure data are
quency. This method is the so-called “frozen-phonon” cal-Well represented by the expression

Ill. THEORY

culation (lowest Born-Oppenheimer approximatjorOnly , 28

the E,y mode is of interest for comparison to Raman data, v(P) vo=[1—(8y/ 8o)P] 0% (4.9
but we calculated nevertheless also the pressure variation @fitn p, is the mode frequency atP=0 GPa, &,
Big, and these results will also be included. = (d In v/dP)p_, the logarithmic pressure coefficient, ang

The one-electron equations were solved by means ohe pressure derivative of for P=0. The parameters are
the linear muffin-tin orbita(LMTO) method; and we ap-  collected in Table I. From the run with He as the pressure-
ply a full-potential implementatiof’** We did not apply  transmitting medium, the pressure dependence of the line-
the straight local-density approximaticfhDA), but have width is shown in Fig. 3. Initially the half width decreases
chosen rather to use a generalized-gradient approximatiowith increasing pressure, but broadening is observed above
(GGA), in this case the version suggested by Perdew, Burkel,0 GPa to the maximum pressure of 50 GPa.
and Ernzerhof? The reason for this is, as discussed in Figure 2 also shows calculated frequency-pressure data
Refs. 10 and 11, that the LDA leads to a very strongfor Zn, at O K. Although this figure appears to indicate good
overbinding in the case of Zn. The equilibrium volume ob-agreement between theory and experiment, a closer exami-
tained by LDA calculations is 11% too small. The GGA, on hation, Fig. 4, reveals marked differences. The calculated
the other hand, leads to a pressure-volume relation whicfféquencies are systematically lower b6 cm™* over the
agrees very well with experimentgBut, as discussed Whole pressure range. Since the calculated frequencies refer
earlier?® there are other ways in which equally good resultsto 0 K and cooling from room temperature 4 K results in
can be obtainedl.

The theoretical pressuf@was obtained from calculations
of the total energyE as a function of volume/. At each
volume the axial ratioc/a was varied as to minimize the
energy. The detailed variation @f and ¢ with pressure is zp 71.1+0.3 0.053150.0015 —0.00728 0.0005
described in Ref. 10.

TABLE I. Pressure coefficients of the,; mode of Zn.

vo (cm™ 1) 5, (GPa ) 8 (GPa ?)
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FIG. 3. Pressure dependence of Eg line width from the run

with He as pressure-transmitting medium.

a positive frequency shift of approximately 5 ctfat am-
bient pressuré®~2*the discrepancy might be slightly higher.
According to the calculations ETT’s occur fé* near 10
GPa, and a very weak anomaly was found(Q(2%) in
the c/a ratio near 1.73(Fig. 5. Nevertheless, no signifi-
cant signature of this appears in the calculat€d) (Fig. 5).
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FIG. 5. Zn:E,y mode andc/a (theory).

Takemura’s dafausing a Birch-Murnaghan equation of state
with bulk modulusBy=65 GPa and its pressure derivative
By=4.6. In Fig. 7 theE,; mode Grumeisen parameter thus
determined is shown as a function of the relative volume
together with corresponding data for other hcp metals. In
comparison to the other metals, Zn has a relatively high am-
bient pressure value which shows a relatively rapid decrease
under compression. For anisotropic materials it is well
known that the values for the mode @risen parameters of
different modes show a wide variation. This is due to the fact
that the various vibrational modes are controlled by bonds
which respond differently with decreasing volufieTo a
first approximation, the frequenayof theI'-point TO mode

For comparison, we also include, Fig. 6, the calculateo|S related to the elastic consta@ty by the expressidii—38

frequencies for thé,, mode. The calculated ambient pres-
sure frequency of 152 cnt is in good agreement with
data from inelasticn scattering?®—3? which range from

152-158 cm.
The mode Groeisen parameter

vi=—dIlny/dInV

was determined by fitting the (P)—InV(P) values to a
second-order polynomial. Thé(P) values were taken from

4.2
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v~(a*Cyg)/(c-m),

wherea andc are the lattice constants amais the atomic
mass. For the mode Gmaisen parametey one obtains

4.3

y=0.5B/B,— 2B/B,+BC}/Cys), (4.4)

where B is the bulk modulusB, and B, are the inverse
linear compressibilities of tha andc axes, respectively, and
C,4is the pressure derivative of the elastic cons@qt. For
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FIG. 8. Calculated,, andE,, mode Grumeisen parameter ver-
sus relative volume for Zn.
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0.5 06 07 08 0.9 1.0 One can also note that this enhancement decreases, as the
vV, inverse linear compressibilities approach each other, leading
to the relatively large decrease ¢fobserved in Zn under
FIG. 7. ExperimentalE,; mode Grmeisen parameter versus compressjon. A similar, more pronounced effect is predicted
relative volume for Zn, MgRef. 33, and Re(Ref. 34. for the Grwneisen parameter of th#;; mode, as shown by
a comparison of the theoretically determined volume de-

hexagonal crystals, the relation between bulk modulus angendence of thé,, and B;; mode Grumeisen parameters

inverse linear compressibilities is given by (Fig. 8. B4 is a compressional mode in which successive
hexagonal planes are vibrating against each other along
B=(B:Ba)/(2B.+B,) (4.9  the c direction which means that this vibration is con-

trolled by the interactions between the hexagonal layers,

which reduces to simpler relations for the following limiting %"=
which in the case of Zn are much weaker than those

cases: within the hexagonal planes. The high ambient pres-
Case A: B.<B,, B~B; (4.6 sure value and the strong decrease under compression of the
B14 mode Grmeisen parameter can be explained in the same
Case B: B.~B,, B~B//3~B,/3; (4.77  way as in the case of thg,; mode, since to a first approxi-
mation, a relation, similar to E¢4.4) holds betweeiB,, and
Case C: Bc>B,, B~B,/2. (4.8 the elastic constarg;: 3638
For Zn at ambient pressure, the inverse linear compress- y~ \/(32033)/((;. m). (4.11

ibility B, is a factor 8—10 larger thaB. which is close to
case A. Around 100 GPa both inverse linear compressibili- The higher ambient pressure ®risen parameter of the
ties have approached to the same value indicating that ZB,; mode can be traced back to the fact by using @)
undergoes a gradual anisotropie isotropic transition under that the ratioC34/Cs3 is about 10% larger than the ratio
pressure as far as the linear compressibilities are concerneg£4/c44_39:4°
i.e., at 100 GPa case B is more appropriate. Case B also The phonon linewidths originate from the phonon-phonon
applies for Mg as well as for Re, because for both metals thgnteraction, the electron-phonon interaction and disorder
inverse linear Compressibilities of both axes have appI‘OXieffectsgzz8 For zinc it has been shown that at ambient con-
mately the same value under compression. The expressiQjitions the main contributions to the line width are due to
for the Grineisen parameters for Zn at ambient pressure remultiphonon anharmonic proces$é<® The observed de-
duces to crease of the linewidth in the pressure interval 0—-10 GPa
) then may indicate that these anharmonic effects tend to be
y=0X1-0+B.Cs/Cas) (4.9 reduced under pressure at first. The reversal of the pressure
and for Zn around 100 GPa as well as for Mg and Re ovefependence of the linewidth occurs at about 10 GPa, where
their whole compression range, to ETT’s are thouglh.t to occur. One may speculate that these
electronic transitions affect the phonon-phonon and/or
y=0.51/3-2/3+1/3(B;C,,/C44)] (4.10 electron-phonon interactions.
On the other hand, He becomes solid at 11 GPa and the
Comparing Egs(4.9) and (4.10 it is obvious that all observed increase of the linewidth at higher pressures could
three terms within the parentheses contribute to an extra emso indicate small nonhydrostatic effects due to solidifica-
hancement ofy for Zn at ambient pressure, which is clearly tion of He. Furthermore, in Raman studies of polycrystalline
related to the strong anisotropic compressional behavior afamples the restriction to zero wave vector does not hold
thea andc axis at ambient conditions and under presS$dfe. strictly. Due to the random orientation of the crystallites in
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polycrystalline samples the wave vector of the observed Raaithin 0.2 cm'?) in the pressure range 9-10 GPa, where
man phonons covers a maximum ran§k around thel’  ETT'’s are predicted to occur, which suggests that Eag
point with mode is not well suited for probing these electronic effects,
at least at room temperature. In comparison to Mg and Re
Ak=2wn/c, (4.12 the mode Groeisen parameter of Zn has a high value at
wherew is the frequency of the exciting light, is the index —ambient conditions and shows a strong decrease under com-
of refraction of the sample, and is the speed of light!  pression, which is related to the highly anisotropic compres-
From this consideration the pressure induced changes in tt&onal behavior of Zn at ambient pressure and the gradual
linewidth might be a consequence of pressure-inducedansition to isotropic behavior under compression, respec-
changes in the dispersion arouke 0 in certain symmetry tively. The initial decrease of thEzg linewidth under pres-
directions. sure is followed by a slight increase for pressures above 10
GPa, and might indicate changes in the phonon-phonon
V. CONCLUSIONS and/or electron-phonon interactions that could be related to
the electronic transitions.
The k=0 transverse-opticalH,g) phonon mode of Zn
metal was observed up to 58 GPa by Raman scattering at ACKNOWLEDGMENTS
room temperature and found to shift to higher frequencies
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