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Phonon Softening and Superconductivity in Tellurium under Pressure
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The phonon dispersion and the electron-phonon interaction fogtR® and the bcc high pressure
phases of tellurium are computed with density-functional perturbation theory. Our calculations
reproduce and explain the experimentally observed pressure dependence of the superconducting critical
temperature®,.) and confirm the connection between the jumginand the structural phase transition.

The phonon contribution to the free energy is shown to be responsible for the difference in the structural
transition pressure observed in low and room temperature experiments. [S0031-9007(96)00810-1]

PACS numbers: 74.25.Kc, 71.15.Mb, 74.62.Fj, 74.70.Ad

High pressureB-Po and bcc phases of tellurium (Te) are performed using Hermite-Gaussian smearing of order
are metallic and superconducting at low temperaturesne [7] with a linewidth of 0.03 Ry and 112 (408) special
[1,2]. The rhombohedraB-Po structure has one atom k points in the irreducible wedge of the BZ for the bcc
per unit cell. The bcc structure is a special case of8-Po) phase.
the B-Po structure with the angle between the lattice From the calculated total energies, we estimate the
vectorsa = 109.47°. The transition from thgg-Po to the transition pressureR.) between theB-Po and the bcc
higher pressure bcc phase is observed at 27 GPa in x-rghases to be 28 GPa, in agreement with previous LDA
diffraction experiments [3] at room temperature. At thecalculations [10]. Since near the phase transition the two
transition the unit cell volume decreases by 2% and thatructures are very close, the volume-energy curves for
anglea increases by°. A jump in the superconducting these two structures are almost parallel [10], and a small
critical temperature I{.) from 2.5 to 7.4 K is observed change in the total energy for one of the phases results
at 32—-35 GPa [2]. Reference [2] suggests that the jumm a large variation ofP.. Thus the error inP, due
in T, is also related to theB3-Po to the bcc phase to LDA could be large. Indeed®,. varies by 5 GPa if
transition and speculates that the discrepancy between tlige total energy of one of the two phases is shifted by
transition pressure observed in the room temperature Xt mRy (a typical error in LDA). The sensitivity oP,
ray experiments and the one found in the low temperatureo small energy changes also suggests that the difference
T. experiments is due to finite temperature effects. Aftelbetween the observed low temperature (32—35 GPa) and
the jump, T. decreases rapidly, falling below 4.5 K at room temperature (27 GPa) valuesifcan be explained
45 GPa [2]. Enhancement ifi. near structural phase by the phonon contributions to the free energy. We will
transitions has been observed for different systems [4xplore this possibility later.
but to our knowledge no other materials exhibit such Using the approach described in Ref. [7], we compute
dramatic changes of. with pressure. In this Letter the phonon dispersion along the high symmetry lines
we present armab initio calculation of phonon dispersion for the bcc andB-Po phases at different volumes. For
and electron-phonon interaction for tiePo and the bcc the bcc phase we consider four unit cell volumes, 19,
phases of Te. Our calculation reproduces and explains tf20, 21, and22 A3. The results are presented in Fig. 1.
experimentally observed changesTinwith pressure, and The theoretical pressure is also shown. As the pressure
confirms the connection between the jumpZinand the decreases we observe an overall decrease of the phonon
structural phase transition. frequencies. In particular, the squares of the phonon

We use density-functional theory (DFT) in the local frequencies are found to vary linearly with pressure with
density approximation (LDA). We compute phononno peculiar behavior aP.. The only nearly pressure
frequencies and electron-phonon coupling constants usirigdependent mode is tHeN transverse phonon shown by
linear response. This approach has been successfuldydot-dashed line. An interesting feature of the phonon
applied to the computation of phonon dispersions both irdispersion is the softening of the transverse mode (shown
insulators [5] and in metals [6,7], and to the computatiorby the solid line) along thd'N direction. This mode
of the electron-phonon coupling [8]. We employ a normexhibits a notable phonon anomaly, i.e., a dip, in the
conserving pseudopotential from Ref. [9]. The wavemiddle of the line. As pressure decreases, the phonon
functions are expanded in a plane wave basis set with fiequency at the dip decreases and is imaginary at a
cutoff energy of 20 Ry. Brillouin zone (BZ) integrations pressure of 19 GPa. This phonon anomaly is not related
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The directions ofous” (v2) parts for two different unit cell volumes of the bcc

propagation and the polarizations are expressed in term@hase of Te along th&N symmetry line. The polarizations
of the reciprocal lattice vectors The dotted line denotes corresponding to different lines are given in the caption of
longitudinal modes. The solid and dot-dashed lines denot&!9- 1-

transverse modes. AlonfN the polarization vector of the

transverse mode shown by the solid line is alohpl}, and the

polarization vector of the other transverse mode is alénd)(

FIG. 1. The phonon dispersion for bcc.

a q dependent screening induced by the electronic band

structure. To fix the constartin the definition ofv2, we
directly to the structural phase transition. Indeed, botrassume that at th& point, i.e., the most distant point
the B-Po and bcc phases have one atom per unit celfrom the anomaly on thd'N line, »2 is zero. Using
They cannot be connected with a phonon distortion witithis decomposition, Fig. 2 shows that the anomalies of
a nonzeroqg vector, since such a phonon would increasehe longitudinal mode and the transverse mode (shown
the number of atoms per unit cell. The fact that theby the solid line) are of equal magnitude. Moreover, the
phonon frequency becomes imaginary near the phadeng-range parts2 is pressure independent, wheregs
transition pressure is thus coincidental. Finally, at theexhibits a significant pressure dependence. Interestingly,
lowest pressure another phonon anomaly alongltke the anomaly in the phonon dispersion is more visible at
(111) direction is visible near th& point. low pressure, not becauseé is larger but because? is

It is interesting to relate the phonon dispersion tosmaller [12].

the structure of the dynamical matrix in real space, The phonon dispersion for thg-Po structure is pre-
D(R), R being a lattice vector. The squares of thesented in Fig. 3 for two unit cell volumes, 21.92 and
phonon frequencies at a wave vectgr »%(q), are the 23 A3. The anglesy (104.90° and104.19°, respectively)
eigenvalues ofD(q)/M, M being the ionic mass and are determined by minimizing the total energy. Some
D(q) = —> g D(R)[1 — codq - R)]. For simplicity we similarities can be found with the phonon dispersion of
restrict our analysis to th&N line. If q is alongI’'N, the bcc phase (Fig. 1). One important difference is that
i.e., q = pG where G is the shortest reciprocal lattice for the 8-Po phase a phonon anomaly is present along
vector, andR is the lattice vector of a first or of a second I'F' but not alongI'L (even though both directions are
neighbor atom, cdg - R) is either 1 or co@7 p). Thus equivalent toI'N in bcc), and that the smat] anomaly
if D(R) were short range, i.eD(R) # 0 only for first  present in bcc on thEH (111) line is absent in thgs-Po
and second neighbors?(p) would just be proportional on the correspondedt? line. The second important dif-
to 1 — co927p) [11]. The presence of a dip alodgyv  ference is the weaker pressure dependence of the phonon
indicates that the dynamical matrix also has a significanfrequencies for thg8-Po phase. In particular, the phonon
long-range contribution. In Fig. 2 we decompasd p)  frequency at the anomaly does not vary with pressure.
into a short-range “normal” parv?(p) and a long- Knowledge of the phonon dispersion allows us to
range “anomalous??(p): v*(p) = vi(p) + v2(p) with  estimate the finite-temperature free energy within the
v2(p) = A[1 — coL2mp)]. »2is connected to the local quasiharmonic approximation [13}(T,V) = E(V) +
chemistry of the crystal, whereag is a consequence of F,,(T, V), whereE(V) is the DFT-LDA total energy and
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Hereé, , is the polarization vectoty/ is the atomic mass,
n andm are the band indices , is the periodic part of
the wave function with the eigenvalug; ,, N(EF) is the
density of states per unit cell and per spin at the Fermi
energy Er, and VgVst is the periodic part of the gra-
dient of the self-consistent potential with respect to the
atomic displacements with the wave vectpr We com-
pute Ay, along the high symmetry lines using Eq. (2),
wherevg ., &.,, andVg Vst are obtained from the linear-
response phonon calculations. We replacedtfienctions
with Gaussians with a standard deviation of 0.021 Ry
(0.035 Ry) for the bcc £-Po) phase. The BZ integra-
tion is performed using 5200 (2992) spediapoints in
the irreducible BZ of the bccA-Po) structure.
- In Table | we show the computed average phonon

0 ' ' frequency (v)) and the integral over the BZA] of

0.5 (pp®) 0 (ppp) 0.5 (p3PP) the computed electron-phonon coupling constants [14].
FIG. 3. The phonon dispersion for thg-Po phase. The In the bcc phasel increases with decreasing pressure.
directions of propagation and the polarizations are expresse@ihis increase is determined completely by the variation
in terms of thereciprocal lattice vectors Note that in the of the phonon frequencies. Indeed, we find that only

bce lattice the directions (100) and (111) are equivalent t 2 iynifi ;
the directions [10) and (131), respectively. Along (10) and he prefactorl/vqn, in Eq. (2) changes significantly with

(111), the dotted line denotes the longitudinal modes. Alongpressure' I_n thgg-Po phase\ is smaller than _in the bee
(100) and (10), the dot-dashed line denotes transverse modeddhase and is pressure mdep_endent. In particular, for the
the polarization vector of the first of them is alon@i (), the  lowest phonon branches, which contribute the most to the

polarization of the second depends @n Along (110), (111),  value of the integrated, both Aqy andyg, are pressure

(111), and (31), the solid line denotes transverse modes. Thendependent. Finally, in both phasgg, has peaks in

other modes do not have longitudinal or transverse character. space corresponding to the phonon énomalies, in the bce
phase along’N andI'H (111) and in the8-Po phase
along I'F. In the bcc phase the largest contribution
to A comes from the soft phonon anomaly alohg?.

Fpu(T, V) is the phonon contribution to the free energy: The absence of an anomaly along the correspontiifig
direction in the 8-Po phase is responsible for smaller

B d*q . [hvg, values ofA for this phase.
Fon(T. V) = ;f QBZkBTIn[ZS'm<2kBT>] (1) Knowledge of Ay, allows us to computeT. by
numerically solving the Eliashberg equations [15] on a

Here »,, is the frequency of the phonon mode with BZ mesh[14]. Our results fdf. are presented in Table |
wave vectorq and polarizationy computed for the unit and Fig. 4 for two typical values of the screened Coulomb
cell volume V, and Qg is the volume of the Bz. interaction constaniy® = 0.12 and 0.14. The calculated
We use the phonon dispersion computed along the high

symmetry lines to estimate the BZ integral [14]. We

then evaluate the transition pressufe using F (7', V) TABLE I. Computed average frequencieév), electron-

instead of E(V). At T =0K, P. is 27 GPa. At phonon coupling constants, and superconducting transition
room temperaturel{ = 293 K), P, is reduced to 23 GPa. temperatured’, as a function of pressure. The two values for
Whereas a precise determination Bf is limited by 7. correspond to two different values pf (0.12 and 0.14).

the accuracy of LDA, the change iP., AP, = 4 GPa,
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induced by the temperature is reliable. Indeef, is not P (GPa) (v) (TH2) A I (9
modified when the total energy of one of the two phases bcc a7 3.92 0.93 6.1,5.2
is shifted by 1 mRy. The computed value A, is in bee 35 3.50 1.17 8.0, 7.1
good agreement with the experimental findings. b‘I:DC gg g'ig é'gg 130'30'29'71
To study the superconducting properties, we considelg:PO 17 328 0.80 3:4: o8

the electron-phonon coupling constants, [15],
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- L energy. The excellent agreement of our results with the
1o~ Te Ly — experimental data illustrates the accuracy and effective-
i ] ness of DFT-LDA, linear-response approaches for study
I | of the phonon-mediated superconductivity.
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