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Is There an Electronic Topological Transition in Zinc under High Pressure?
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An electronic topological transition (ETT) in Zn was recently deduced from an anomaly in the Lamb-
Mössbauer factorf at 6.6 GPa [Potzelet al., Phys. Rev. Lett.74, 1139 (1995)]. We show by inelastic
neutron scattering up to 9.4 GPa that the pressure dependence of the low energy acoustic phonon
modesS4, S3, andT4 is completely regular without any singularity over the entire pressure range. No
phonon softening was found beyond 6 GPa, in contrast to the Mössbauer studies. Lattice dynamical
calculations demonstrate that, in general, the strong decrease off cannot be due to theq , 0 phonon
modes sensitive to the occurrence of an ETT. [S0031-9007(98)06729-5]

PACS numbers: 63.20.Dj, 62.50.+p
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The behavior of zinc and cadmium at reduced vo
ume has attracted considerable interest over the last th
decades [1–8]. These metals crystallize in the hcp str
ture with a nonidealcya ratio which strongly decreases un
der pressure because of the pronounced anisotropy of t
linear compressibilities. This may lead to drastic chang
in their solid state properties. In particular, they are f
vorite candidates for observing the long searched “Lifsh
transition.” As suggested in 1960 by Lifshitz [9], an elec
tronic transition may occur in simple metals under hig
pressure due to a topology change of the Fermi surfa
as the Brillouin zone (BZ) is strongly deformed. Suc
an “electronic topological transition” (ETT) should caus
anomalies in most thermodynamic properties, such as
bulk modulus, specific heat, and thermal expansion c
efficient [9]. In the case of Zn and Cd, the low energ
acoustic phonon frequencies should also be strongly
fected if the ETT occurs at theL point of the BZ [10–12].
In these metals, a Kohn anomaly is known to exist at t
zone center [11,12] since the Fermi level is close to t
zone boundary along the (101) reciprocal vectorGs101d,
i.e.,kF , 1

2 jGs101dj. Hence, the condition for the appear
ance of a Kohn anomaly12 jq 1 Gshkldj  kF reduces to
q , 0, i.e., the anomaly occurs at the zone center. T
frequency increase of the phonons is substantial, as se
for example, in the anomalously high value of the ela
tic constantC44 of Zn and Cd [10–12]. As soon as the
Fermi level goes beyond the band gap into the third B
the frequencies are expected to regain their normal valu
Measurements of de Haas–van Alphen oscillations sh
evidence for an ETT in Cd at,1.7 GPa [4], but, despite
numerous structural investigations under high pressure
no definite proof for its existence was found in these or a
other metals.

Recently, however, a Mössbauer study reported the fi
observation of an ETT at 6.6 GPa and 4 K in zinc [5,6
In these measurements, the Lamb-Mössbauer factorf is
seen to increase by a factor,4 from 0 to 6.6 GPa, fol-
lowed by a sharp drop to about half of its maximal valu
0031-9007y98y81(6)y1239(4)$15.00
l-
ree

uc-
-
heir
es
a-
itz
-
h
ce

h
e
the
o-
y
af-

he
he

-

he
en,

s-

Z
es.
ow

[1],
ny

rst
].

e.

It indicates a strongdecreaseof the low energy (acoustic)
phonon frequencies at 6.6 GPa and was interpreted as
occurrence of an ETT at theL point. This contrasts with
the findings of a high pressure neutron study to 8.8 GP
[8], which reported an anomalousincreaseof a low en-
ergy phonon mode beyond 6.8 GPa. The high pressure b
havior of the acoustic phonon frequencies hence remai
controversial. In this context a structural study of Zn to
126 GPa [2,3] should be mentioned. A small anomaly o
thea-lattice parameter was detected at 9.1 GPa, wherecya
becomes equal to31y2. Very recentab initio calculations
can reproduce an anomaly whencya is close to this value,
but its relation to an ETT remains unclear [13].

A detailed study of the lattice dynamics of Zn is now
experimentally possible due to new developments in hig
pressure techniques for inelastic neutron scattering [14
Disklike single crystal samples 3.6 mm in diameter an
1.8 mm thick (,17 mm3 in volume) were used. They
were embedded in a lead pellet and compressed similar
previous experiments [14]. All data were collected at th
Laboratoire Léon Brillouin in Saclay (France).

In the first experiments, the single crystal was oriente
with the s120d reflection vertical, which allows measure-
ments of theS3 mode with polarization along thec axis
and wave vector parallel to [100]. The pressure was d
termined using the measured variation of thec axis [us-
ing the (004) reflection] and Takemura’s [2,3] 300 K data
Data were collected for reduced wave vectorsj  0.075
(Fig. 1), 0.10 (both to 9.4 GPa),j  0.15 (to 9.1 GPa),
and j  0.20 (to 3.9 GPa). We define the edge of the
first Brillouin zone asj  0.5. Typical scan times were
between 30 min and 3 h at low pressures and between
and 5 h for the highest pressures. The quality of the sing
crystals hardly deteriorated with pressure, as indicated
the width of the (004) reflection. It increased from 0.8±

at ambient to 1.0± at the highest pressures. In a sec
ond measurement, a single crystal was oriented with th
c-axis vertical, which gives access to theS4 andT4 modes
with polarization in the hexagonal plane and wave vecto
© 1998 The American Physical Society 1239
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FIG. 1. Constant-Q scans across theS3 and T4 phonon
branch for three different pressures. The line represents a le
squares fit to a Gaussian including a linear background.

in the high symmetry directions [100] and [110], respec
tively. Data were collected atj  0.09 (T4, Fig. 1) and
j  0.10 (S4) up to 8.8 GPa. Pressure values were de
termined by measuring the variation of thea-lattice pa-
rameter and again using Takemura’s calibration [2,3].

The pressure dependence of the modes is strong
anisotropic (Fig. 2). The frequenciesv of modes with
polarization along thec axis increase by 25% up to 9 GPa,
whereas the modes with polarization in the hexagon
planes show almost no variation over the same pressu
range. This fact can be conveniently expressed by mo
Grüneisen parametersgs j, qd  2≠ ln vs j, qdy≠ ln V ,
where j designates the mode,q the wave vector, and
V the volume. From linear regression fits of the data i
Fig. 2 we findgsS3d  12.8 6 0.10 (which seems to be
independent ofq), gsT4d  10.5 6 0.15, and gsS4d 
0.0 6 0.3. Extrapolation of the data points ofgsS3d
and gsT4d to q  0 shows excellent agreement with the
ultrasonic measurements (Fig. 3), whereasgsS4d seems
to be somewhat lower than expected. Symmetry requir
that gsS4d  gsT4d for q ! 0, i.e., the elastic properties
must be isotropic in the hexagonal plane.

The drastic decrease of the Lamb-Mössbauer factorf
was seen in Refs. [5,6] at 4 K and 6.6 GPa. In thi
experiment, the pressure was measuredin situ using the
superconducting transition temperature of lead [6]. Th
occurrence of the ETT is related to the values of the la
tice parametersa and c at these conditions and is there-
fore shifted to higher pressures at room temperature due
the thermal expansion of the lattice. The difference ina
andc between 4 and 300 K corresponds to 1.3 GPa [2,3
i.e., at 300 K, the ETT is expected to occur at approx
mately 7.9 GPa. A more accurate estimate is obtaine
by taking into account the temperature dependence of t
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FIG. 2. Variation of mode frequencies under pressure
modesS3, S4, and T4. The inset shows the correspondin
part of the dispersion curve ofS3 at 0, 4, and 9 GPa. Dots
and circles represent runs using different single crystals. Op
squares indicate published ambient pressure values obtaine
80 K [15]. If not plotted, error bars are smaller than symbo
size. The vertical arrows indicate the pressure where phon
anomalies were reported to occur at 4 K (6.6 GPa) [5,6] a
where they should appear at 300 K (8 GPa; see text).

bulk modulusB and its pressure derivativeB0. Ledbet-
ter quotes≠ ln By≠ ln T  23 3 1024 K21 [20], i.e., a
8.7% increase ofB between 295 and 4 K. This agree
well (8.2%) with the more reliable procedure proposed b
Vinet et al. [21]. In any case, we find a pressure shift o
,1.5 GPa and conclude thatif the ETT was observed at
4 K at 6.6 GPa, it should occur at 300 K at,8.0 GPa
with an uncertainty much less than 1 GPa.

Figure 2 shows no evidence for any anomaly in th
pressure range, in any mode. The most crucial resu
are those forS3 to 9.4 GPa, since this mode involves th
C44 elastic constant, which is expected to be sensitive
the occurrence of an ETT [5,6,10] at theL point. The
phonon frequencies increase continuously beyond 8 G
with no phonon softening occurring for any wave vecto
Our data prove, in particular, that there is no “rapi
divergence” of thej  0.075 frequency beyond 6.8 GPa
either, as reported by Morganet al. [8]. This mode
behaves completely regularly and no singularity occurs
to at least 9.4 GPa.

There is of course a possibility that the lattice dynami
of Zn at 4 K differs from that at 300 K. However,
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FIG. 3. Mode Grüneisen parameters from neutron da
(points, [16]) compared to ultrasonic results (squares, [17]
The shaded area indicates the range of the thermodynam
value gth obtained from calorimetric [18] and shock wave
measurements [19].

there is no experimental evidence for this. No structura
phase transition occurs in this temperature range and t
dispersion curves obtained at 300 K [11] are identical t
those at 80 K [11,15]. In particular, the Kohn anomaly
in sound, whose disappearance is suggested [5,6] to
responsible for the decrease inf, is still observable at
300 K [11].

In the following we relate our neutron results to the
quantity determined in Refs. [5,6], the Lamb-Mössbaue
factor f. We recall thatf is the fraction of recoilless
emitted photons, and is, similarly to the Debye-Walle
factor, given by [22,23]

f  exph2k2
gkx2lj , (1)

wherekg is the wave vector of the emittedg radiation
sEg  93.3 keVd and kx2l is the mean square atomic
displacement in the direction ofkg. For a monatomic
crystalkx2l is [22]

kx2l  sV h̄y16p3md
X

j

Z
d3qfeg ? ejsqdg2

3 f1 1 2njsqdgyvjsqd , (2)

whereejsqd is the eigenvector andnjsqd the Bose factor
of mode j and wave vectorq, and eg  kgykg . In
a hexagonal crystal,kx2l has extremal valueskx2lk and
kx2l' parallel and perpendicular to thec axis. We now
evaluatekx2l by two different means, first by a Debye
model, and then by an exact calculation using a lattic
dynamical model.

In Debye’s modelkx2l is assumed to be isotropic and is
given by [22]

kx2l  s3h̄2y4mkBd s1yud , (3)

whereu is the Debye temperature and the other constan
have their usual meaning. As pointed out by Pynn [24
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the 0 K Debye temperature of a hcp structure can
evaluated by

u  sh̄ykBd s9NyAd1y3, (4)

where N is the atomic density andA is a function of
the five elastic constantsCij. This model, although ap-
proximate, retains the anisotropic elastic properties
Zn. TakingCij values from Ledbetter [25] we findu 
319 K, compared to values ofu between 309 and 326 K
from calorimetric measurements at low temperatures [2
We may also evaluate the thermodynamic Grüneisen
rametergth  2≠ ln uy≠ ln V , since the volume depen-
dence of all elastic constants contained inA is known
[25]. We find gth  2.28, again in excellent agreemen
with gth  2.3 from measurements of the thermal ex
pansion at 4 K [18] and values between 2.11 and 2.
from shock wave data [19]. On the other hand, fro
Eqs. (1) and (3) we deducegth  2≠ ln uy≠ ln V 
2≠ lnsln fdy≠ ln V , 3 from Refs. [5,6]. In other words,
the initial rate of increase off with pressure can be rea-
sonably well explained by the pressure dependence of
elastic constantsand is entirely consistent with our data.

This model allows us to estimate how much the elas
constants have to soften to produce the 50% decreasef
observed in the Mössbauer experiments at 6.6 GPa. In
experiments, we measured onlyC44 and C66  1

2 sC11 2

C12d, related to the shear modesS3 andS4. We calculated
therefore f using (1), (3), and (4) for four scenarios
(i) only C44 decreases, (ii) onlyC66 decreases, (iii) both
C44 and C66 decrease by the same relative amount, a
we finally also calculated (iv) the effect of a decrease
all elastic constants by the same relative amount, desp
the experimental evidence [2,3] that the bulk modulu
B  2sC11 1 C12 1 2C13d 1 C33 is completely regular.
In all cases, a 50% drop inf requires a drop in one or
several elastic constants of at least 30% and hence a 1
decrease in the phonon frequencies.For typical phonon
frequencies of,1 THz, it is at least 10 times larger than
the standard errors of our neutron measurements.

The anomalous behavior of the Lamb-Mössbauer fac
f is believed to originate from the giant Kohn anomaly a
the zone center. The setup of our experiments preven
the investigation of acoustic phonon modes very clo
to G. Therefore, if the Kohn anomaly atq  0 is
sufficiently narrow, it may have escaped detection in o
measurements. In order to examine this possibility w
performed lattice dynamical calculations on the basis
a Born–von Kármán model [27] extending to the eigh
shell (16 parameters) which fits the observed [15,2
phonon dispersion to,0.07 THz.

This model gives the anisotropic atomic displaceme
factor kx2l (by sampling the contributions of the eigen
modes over the Brillouin zone [see (2)]) and allow
us to estimate the contribution of theq , 0 phonon
modes to them. For low temperature (4 K) one obtai
kx2l'  0.002 08 Å2 and kx2lk  0.0035 Å2, in good
1241
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agreement with the experimental values of 0.002 26
and 0.0037(5) [29]. Also the experimentally less pr
cisely determined room temperature values [23] are w
described. To estimate the influence of long waveleng
phonon modes tokx2l, we separated the summation int
two parts with frequencies smaller and larger than 1 TH
respectively. There is no doubt that any mode relat
to the giant Kohn anomaly belongs to the low frequen
range [11] and our neutron scattering measureme
extend below this limit. At 4 K, the modes,1 THz
contribute only 2% and 4% tokx2l' and kx2lk, respec-
tively. This comes essentially from the fact that, althoug
the modes are weighted by1yv, the relevant phase
volume represents only 1 per mil of the entire Brilloui
zone. At higher temperatures the low-energy phono
get additional weight through the Bose factor there
increasing the importance of the low-frequency region.

These calculations therefore suggest that the min
contribution of modes which could be associated with t
giant Kohn anomaly rules out the interpretation given f
the anomalous behavior of the Lamb-Mössbauer fact
The initial increase off, which indicates a decrease o
kx2l by 25% between 0 and 6.6 GPa, clearly exceeds
effect of all modes related to the giant Kohn anomal
Instead, it has to be attributed to the normal hardeni
of the lattice. The observed decrease off at 6.6 GPa
requires a 20% increase in the atomic displacem
parameter (mainlykx2l'), which is 5 to 10 times larger
than the entire contribution of modes sensitive to the Ko
anomaly. Or, alternatively, if the observed decrease of
comes from phonons below 1 THz, their frequencies ha
to soften on average to (10–20)% of their original value

We finally want to point out that the pressure transm
ting medium in Refs. [5,6] was Ag2SO4. Under pressure,
this compound undergoes a sluggish phase transition
indicated by the anomalous behavior of the shear stren
[30] and confirmed by recent neutron diffraction stud
ies [31] which leads to a highly disordered (amorphous
structure beyond,6.5 GPa. The transition seems to b
first order with a volume collapse of (2–5)%. Since th
change off is, after severe background corrections [6
deduced from a change in transmission from typica
99.92% to 99.96% [5,6], it is tempting to attribute its re
ported decrease to an artifact coming entirely from t
pressure transmitting medium used in these experime
We encourage further high pressure Mössbauer studie
answer this question.
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