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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-
Mdssbauer factof at 6.6 GPa [Potzedt al., Phys. Rev. Lett74, 1139 (1995)]. We show by inelastic
neutron scattering up to 9.4 GPa that the pressure dependence of the low energy acoustic phonon
modes,, 23, andT, is completely regular without any singularity over the entire pressure range. No
phonon softening was found beyond 6 GPa, in contrast to the Mdssbauer studies. Lattice dynamical
calculations demonstrate that, in general, the strong decreaseafnot be due to the ~ 0 phonon
modes sensitive to the occurrence of an ETT. [S0031-9007(98)06729-5]

PACS numbers: 63.20.Dj, 62.50.+p

The behavior of zinc and cadmium at reduced vol-It indicates a stronglecreasenf the low energy (acoustic)
ume has attracted considerable interest over the last thr@honon frequencies at 6.6 GPa and was interpreted as the
decades [1-8]. These metals crystallize in the hcp strumccurrence of an ETT at the point. This contrasts with
ture with a nonideat /a ratio which strongly decreases un- the findings of a high pressure neutron study to 8.8 GPa
der pressure because of the pronounced anisotropy of thgB], which reported an anomalouscreaseof a low en-
linear compressibilities. This may lead to drastic changegrgy phonon mode beyond 6.8 GPa. The high pressure be-
in their solid state properties. In particular, they are fa-havior of the acoustic phonon frequencies hence remains
vorite candidates for observing the long searched “Lifshitzzontroversial. In this context a structural study of Zn to
transition.” As suggested in 1960 by Lifshitz [9], an elec- 126 GPa [2,3] should be mentioned. A small anomaly of
tronic transition may occur in simple metals under highthea-lattice parameter was detected at 9.1 GPa, whéte
pressure due to a topology change of the Fermi surfackecomes equal t8'/2. Very recentab initio calculations
as the Brillouin zone (BZ) is strongly deformed. Suchcan reproduce an anomaly whefu is close to this value,
an “electronic topological transition” (ETT) should causebut its relation to an ETT remains unclear [13].
anomalies in most thermodynamic properties, such as the A detailed study of the lattice dynamics of Zn is now
bulk modulus, specific heat, and thermal expansion coexperimentally possible due to new developments in high
efficient [9]. In the case of Zn and Cd, the low energypressure techniques for inelastic neutron scattering [14].
acoustic phonon frequencies should also be strongly abisklike single crystal samples 3.6 mm in diameter and
fected if the ET T occurs at the point of the BZ [10—12]. 1.8 mm thick (17 mm® in volume) were used. They
In these metals, a Kohn anomaly is known to exist at thevere embedded in a lead pellet and compressed similar to
zone center [11,12] since the Fermi level is close to therevious experiments [14]. All data were collected at the
zone boundary along the (101) reciprocal veddi01),  Laboratoire Léon Brillouin in Saclay (France).

i.e. kp ~ %IG(lOl)I. Hence, the condition for the appear-  In the first experiments, the single crystal was oriented
ance of a Kohn anomalylq + G(hkl)| = kr reduces to  with the (120) reflection vertical, which allows measure-

q ~ 0, i.e., the anomaly occurs at the zone center. Theénents of theX; mode with polarization along the axis
frequency increase of the phonons is substantial, as seemd wave vector parallel to [100]. The pressure was de-
for example, in the anomalously high value of the elastermined using the measured variation of thaxis [us-

tic constantC4, of Zn and Cd [10-12]. As soon as the ing the (004) reflection] and Takemura’s [2,3] 300 K data.
Fermi level goes beyond the band gap into the third BZData were collected for reduced wave vectérs- 0.075

the frequencies are expected to regain their normal value§rig. 1), 0.10 (both to 9.4 GPa}, = 0.15 (to 9.1 GPa),
Measurements of de Haas—van Alphen oscillations shownd ¢ = 0.20 (to 3.9 GPa). We define the edge of the
evidence for an ETT in Cd at 1.7 GPa [4], but, despite first Brillouin zone asf = 0.5. Typical scan times were
numerous structural investigations under high pressure [1hetween 30 min and 3 h at low pressures and between 2
no definite proof for its existence was found in these or anyand 5 h for the highest pressures. The quality of the single
other metals. crystals hardly deteriorated with pressure, as indicated by

Recently, however, a Mdssbauer study reported the firghe width of the (004) reflection. It increased from 0.8
observation of an ETT at 6.6 GPa and 4 K in zinc [5,6].at ambient to 1.0 at the highest pressures. In a sec-
In these measurements, the Lamb-Mdssbauer fagttier ond measurement, a single crystal was oriented with the
seen to increase by a facter4 from 0 to 6.6 GPa, fol- c-axis vertical, which gives access to thg and7, modes
lowed by a sharp drop to about half of its maximal value.with polarization in the hexagonal plane and wave vector
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. . o 0 2 4 6 8 10
in the high symmetry directions [100] and [110], respec-

tively. Data were collected a = 0.09 (T4, Fig. 1) and Pressure (GPa)

¢ = 0.10 (34) up to 8.8 GPa. Pressure values were deFIG. 2. Variation of mode frequencies under pressure of

termined by measuring the variation of taelattice pa-  modess;, 34, and 7.. The inset shows the corresponding

rameter and again using Takemura’s calibration [2,3].  part of the dispersion curve &i; at 0, 4, and 9 GPa. Dots
The pressure dependence of the modes is stronggnd circles represent runs using different single crystals. Open

anisotropic (Fig. 2). The frequencies of modes with ~Sduares indicate published ambient pressure values obtained at

polarization along the axis increase by 25% up to 9 GPa, 80 K [15]. If not plotted, error bars are smaller than symbol

. S ; aiize. The vertical arrows indicate the pressure where phonon
whereas the modes with polarization in the hexagonainomalies were reported to occur at 4 K (6.6 GPa) [5,6] and

planes show almost no variation over the same pressukghere they should appear at 300 K (8 GPa; see text).

range. This fact can be conveniently expressed by mode

Griineisen parameters(j,q) = —d Inw(j,q)/0 InV,

where j designates the modey the wave vector, and bulk modulusB and its pressure derivative’. Ledbet-

V the volume. From linear regression fits of the data inter quotesd INnB/d InT = —3 X 107* K~ [20], i.e., a

Fig. 2 we findy(33) = +2.8 = 0.10 (which seems to be 8.7% increase oB between 295 and 4 K. This agrees

independent ofy), y(T4) = +0.5 = 0.15, andy(34) =  well (8.2%) with the more reliable procedure proposed by

0.0 = 0.3. Extrapolation of the data points of(%3;) Vinetet al.[21]. In any case, we find a pressure shift of

and y(T4) to q = 0 shows excellent agreement with the ~1.5 GPa and conclude thétthe ETT was observed at

ultrasonic measurements (Fig. 3), whered&,) seems 4 K at 6.6 GPa, it should occur at 300 K at8.0 GPa

to be somewhat lower than expected. Symmetry requirewith an uncertainty much less than 1 GPa.

thaty(24) = y(Ty) for ¢ — 0, i.e., the elastic properties  Figure 2 shows no evidence for any anomaly in this

must be isotropic in the hexagonal plane. pressure range, in any mode. The most crucial results
The drastic decrease of the Lamb-Mdssbauer fagtor are those fo2; to 9.4 GPa, since this mode involves the

was seen in Refs. [5,6] at 4 K and 6.6 GPa. In thisC44 elastic constant, which is expected to be sensitive to

experiment, the pressure was measureditu using the the occurrence of an ETT [5,6,10] at tliepoint. The

superconducting transition temperature of lead [6]. Thephonon frequencies increase continuously beyond 8 GPa,

occurrence of the ETT is related to the values of the latwith no phonon softening occurring for any wave vector.

tice parameterg and ¢ at these conditions and is there- Our data prove, in particular, that there is no “rapid

fore shifted to higher pressures at room temperature due wivergence” of theé = 0.075 frequency beyond 6.8 GPa

the thermal expansion of the lattice. The difference:in either, as reported by Morgaat al.[8]. This mode

andc between 4 and 300 K corresponds to 1.3 GPa [2,3]behaves completely regularly and no singularity occurs up

i.e., at 300 K, the ETT is expected to occur at approxi-to at least 9.4 GPa.

mately 7.9 GPa. A more accurate estimate is obtained There is of course a possibility that the lattice dynamics

by taking into account the temperature dependence of thef Zn at 4 K differs from that at 300 K. However,
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4 I I , I the 0 K Debye temperature of a hcp structure can be
evaluated by

3 ez @ } <—® il 0 = (l/kg) (ON/A)'3, (4)
k
Y

2 . where N is the atomic density and is a function of

the five elastic constants;;. This model, although ap-

proximate, retains the anisotropic elastic properties of

o ® - Zn. TakingC;; values from Ledbetter [25] we find =

ok { - 319 K, compared to values of between 309 and 326 K
from calorimetric measurements at low temperatures [26].

')’j(f)

-1k i We may also evaluate the thermodynamic Griineisen pa-
o e work) rametery, = —d In#/a InV, since the volume depen-
-2 ; « L ! dence of all elastic constants containedAnis known
r 0.1 0.2 0.3 0.4 M,K [25]. We find yy, = 2.28, again in excellent agreement
¢ with yq, = 2.3 from measurements of the thermal ex-

pansion at 4 K [18] and values between 2.11 and 2.38

FIG. 3. Mode Grineisen parameters from neutron datgrom shock wave data [19]. On the other hand, from

(points, [16]) compared to ultrasonic results (squares, [17]) _ _
The shaded area indicates the range of the thermodynam:Ecqsl' (::') and | (3) we fdeduce/fth 68 In 0/;? Inv d
value y,, obtained from calorimetric [18] and shock wave _ 9 n(nf)/a InV ~ 3 from Refs. [5,6]. In other words,

measurements [19]. the initial rate of increase of with pressure can be rea-
sonably well explained by the pressure dependence of the
elastic constantand is entirely consistent with our data.
there is no experimental evidence for this. No structural This model allows us to estimate how much the elastic
phase transition occurs in this temperature range and thenstants have to soften to produce the 50% decreage of
dispersion curves obtained at 300 K [11] are identical tambserved in the Méssbauer experiments at 6.6 GPa. In our
those at 80 K [11,15]. In particular, the Kohn anomaly experiments, we measured ordy, and Cgs = %(CU -
in sound, whose disappearance is suggested [5,6] to lg,), related to the shear modEs and>,. We calculated
responsible for the decrease iy is still observable at therefore f using (1), (3), and (4) for four scenarios:
300 K [11]. (i) only C44 decreases, (ii) onl¥ss decreases, (iii) both
In the following we relate our neutron results to the C4 and Ces decrease by the same relative amount, and
quantity determined in Refs. [5,6], the Lamb-Md&ssbaueve finally also calculated (iv) the effect of a decrease of
factor f. We recall thatf is the fraction of recoilless all elastic constants by the same relative amount, despite
emitted photons, and is, similarly to the Debye-Wallerthe experimental evidence [2,3] that the bulk modulus
factor, given by [22,23] B =2(Cy; + Cpp + 2Cy3) + Cs3 is completely regular.
f= exp[—k§<x2>}, @ In all cases, a 50% drop irf requires a drop in one or
several elastic constants of at least 30% and hence a 15%
decrease in the phonon frequencieBor 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-Mdssbauer factor

wherek, is the wave vector of the emitteg radiation
(E, =933 keV) and (x*) is the mean square atomic
displacement in the direction d€,. For a monatomic
crystal(x?) is [22]

(x%) = (Vﬁ/167r3m)z f d*qle, - ej(q)P f is believed to originate from the giant Kohn anomaly at
] the zone center. The setup of our experiments prevented
X [1 + 2n;(q)]/w;(q), (2) the investigation of acoustic phonon modes very close

to I'. Therefore, if the Kohn anomaly af = 0 is
sufficiently narrow, it may have escaped detection in our
measurements. In order to examine this possibility we
) ; ) performed lattice dynamical calculations on the basis of
<e)§/azlt ggzigflbang\gegﬁg:jelg?Iﬂetgntshea >;|tsb V\;e Sggv e @ Born—von Karman model [27] extending to the eighth
y ! y YE shell (16 parameters) which fits the observed [15,28]

(rjnodel,_ and then by an exact calculation using a Iattlcephonon dispersion t6-0.07 THz.
ynamical model.

. o : . . This model gives the anisotropic atomic displacement
gi\:gan}?)[/;ZS] mode{x”) is assumed to be isotropic and is factor (x2) (by samp!ing _the contributions of the eigen-
5 5 modes over the Brillouin zone [see (2)]) and allows
(x%) = (3h7/4mkg) (1/6), (3)  us to estimate the contribution of the ~ 0 phonon
whered is the Debye temperature and the other constantnodes to them. For low temperature (4 K) one obtains
have their usual meaning. As pointed out by Pynn [24]{x?), = 0.00208 A? and (x*); = 0.0035 A%, in good

wheree;(q) is the eigenvector and;(q) the Bose factor
of mode j and wave vectorq, and e, =k, /k,. In
a hexagonal crystakx?) has extremal value&?); and
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