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Pressure dependence of the electric-field gradient in semimetallic arsenic and antimony:
NQR measurements and full-potential linearized augmented-plane-wave calculations

G. J. Hill, J. M. Keartland, and M. J. R. Hoch
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H. Haas
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~Received 26 May 1998!

The pressure variation of the electric-field gradient~efg! at nuclear sites in powder samples of semimetallic
arsenic and antimony has been investigated up to 2.0 GPa at 293 K using pulsed nuclear quadrupole resonance
to measure the nuclear resonance frequency. Theoretical calculations of both the total efg and the ionic
contributions have been carried out. Full-potential linearized augmented plane wave~FLAPW! calculations of
the total efg give values that are approximately 70% of the measured efg. The comparison between experi-
mental and theoretical magnitudes of the efg is, however, to some extent limited by the accuracy of the values
used for the quadrupole moments of75As and 121Sb. Additional uncertainties arise from the pressure depen-
dence of the lattice parameters. FLAPW calculations of the dependence of the internalz parameter on thec/a
ratio suggest an inconsistency in available data for the pressure dependence of the lattice parameters. This
inconsistency is particularly marked in the arsenic case, where very little high-pressure data are available. In
the antimony case, our FLAPW estimate of the relative pressure variation of the efg at the nuclear sites, using
experimentally determined lattice parameters, shows good agreement with the nuclear quadrupole resonance
measurements. The pressure variation of the efg in arsenic is well reproduced by the FLAPW calculation when
the experimentalc/a ratio and theoretically estimatedz parameter are used.@S0163-1829~98!03043-4#
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I. INTRODUCTION

The semimetals arsenic~As! and antimony~Sb! have non-

cubic rhombohedral structures (A7 structure,R3̄m point
group! with a substantial axially symmetric electric-field gr
dient ~efg! at the nuclear sites. Coupling of the efg to t
quadrupole momentsQ of 75As, and 121Sb or 123Sb gives
rise to splittings of the nuclear energy levels that may
detected using nuclear quadrupole resonance~NQR!. With
knowledge ofQ, the efg may be calculated from the me
sured NQR frequencies.

The measured efg depends sensitively on the electr
structure, with the valence charge distribution expected
make a substantial contribution. The behavior of the efg
As and Sb as a function of temperature has been infe
from previous continuous wave~cw! NQR measurements o
the quadrupolar resonance frequencynQ . The efg in these
materials varies approximately asT3/2, as is the case in mos
metals.1,2 Measurements ofnQ as a function of pressure up t
modest values~0.2 GPa in As, 0.35 GPa in Sb! have been
reported for As and Sb using cw NQR.3,4 No attempt was
made in either of these previous investigations to relate
changes innQ to changes in the crystal and electronic stru
ture. In this paper, we report on measurements ofnQ as a
function of pressure up to 2.0 GPa for As and 1.4 GPa
Sb.

Changes in the crystal structure of As and Sb with pr
sure have been determined previously using x-
diffraction.5,6 It is expected that changes in the efg will res
from changes in the relative positions of the core ions~which
PRB 580163-1829/98/58~20!/13614~5!/$15.00
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we call the lattice contribution!, and from changes in the
carrier or valence contribution.

In this paper we calculate the effect of pressure on the
at the ion sites, using a self-consistent full-potential line
ized augmented plane wave~FLAPW! code. In the last de-
cade FLAPW methods, employing density functional theo
have become available for electronic structure calculatio
These have been successfully applied in a wide variety
solids,7 including metals.8 Results of FLAPW calculations
under pressure-induced variations of the As and Sb lat
parameters are presented here, and compared with the
periment. The comparison with our high precision expe
mental data represents a stringent test of these calculatio
a complicated system.

For comparison purposes, a simple ionic approximat
calculation, which ignores the valence charge distributi
has been carried out by summing over the lattice-point io
The lattice-sum technique of Hewitt and Taylor9 was em-
ployed. Core shielding effects are included in this ionic a
proximation by introducing the appropriate Sternheimer
tishielding factors.10

The rhombohedral structure is described by the hexago
parametersa and c, and by an internalz parameter, which
gives the relative positions of the two ions in the rhomboh
dral unit cell. An accurate estimate of the lattice paramet
is crucial for the calculation of the pressure variation of t
efg. A theoretical investigation of the relationship betwe
c/a and z has been carried out in the course of this pap
and it is found that the results differ from available x-ra
diffraction data, particularly in the As case.
13 614 ©1998 The American Physical Society
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TABLE I. Properties of the three isotopes investigated in this work. The NQR resonance frequencienQ)
and the electric-field gradients (eq) are given for ambient temperature and pressure.eqexp is extracted from
nQ using the quadrupole moment (Q) of the relevant isotope. Its sign is not known.eqlatt is obtained by
summing over the lattice, as explained in the text, and corrected for antishielding using the Sternheime
(g`). eqFLAPW is obtained from a FLAPW calculation, as described in the text.

nQ Q eqlatt eqFLAPW eqexp

Isotope ~MHz! (10228 m2) g` (1021 V/m2) (1021 V/m2) (1021 V/m2)

75As6
3
2↔6

1
2 22.720 0.29 27.322 21.4 24.50 66.5

121Sb6
5
2↔6

3
2

123Sb6
7
2↔6

5
2

21.506
19.580

0.53
0.68 220 21.1 24.35 65.6
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II. THEORETICAL CONSIDERATIONS

The energy levels resulting from the interaction betwe
an axially symmetric efg, as appropriate for the lattice str
ture of As and Sb, and the quadrupole momentQ of a
nucleus are given by

Em5
e2qQ

4I ~2I 21!
@3m22I ~ I 11!#. ~1!

Here,eq is the component of the efg tensor along the a
of symmetry of the crystal,I is the nuclear angular momen
tum quantum number, andm is the quantum number forI z .
The energy levels are degenerate for6m. The three natu-
rally occurring isotopes in As and Sb are75As (I 5 3

2 , 100%
abundant!, 121Sb (I 5 5

2 , 57.25% abundant!, and 123Sb (I 5 7
2 ,

42.75% abundant!. All three isotopes were studied in th
paper.

The efg is determined by the distribution of charge in t
crystal, and may be expected to arise from both monop
ions ~lattice contribution! and the valence charge~valence
contribution!. The FLAPW calculation takes both of thes
contributions into account in a consistent way.

It is nevertheless of interest to estimate the lattice con
bution to the efg at an ion site~chosen as the origin of ou
axis system!. This may be written in terms of a sum over th
lattice as

eqlatt5~12g`!Ze(
3cos2u i21

r i
3

. ~2!

Hereu i andr i are the spherical coordinates of theith ion
and Z is the ionic valence. The quantityg` is the Stern-
heimer antishielding parameter, which takes into account
effects of polarization of the core electrons on the efg ex
rienced by the nucleus. The efg given by Eq.~2! is trans-
formed into a rapidly converging sum using the technique
Hewitt and Taylor.9 eqlatt has been estimated over the pre
sure range studied experimentally for both As and Sb.
As, lattice parameters were estimated by linear extrapola
of the 0–0.3 GPa x-ray diffraction data of Morosin an
Schirber.5 In Sb, lattice parameters are available over a w
pressure range.6

The ionic approximation is expected to give crude e
mates of the efg in metals, since it neglects the contribu
due to the local valence electron distribution. FLAPW me
ods have proved to be among the most accurate cha
density calculation schemes to date. Details of the met
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may be found elsewhere.7 In the FLAPW method, the charg
density is determined self-consistently in the localized sp
density approximation of the density-functional theory. H
perfine interaction parameters such as the efg can the
extracted, without making further approximations. T
present FLAPW calculations have been undertaken using
WIEN95 code.11

Theoretical estimates of thec/a2z relationship were also
made using theWIEN95 code. In these calculations, the e
perimentally determined pressure dependence of the hex
nal parametersa and c were used, and the value ofz for
which the ion experiences zero force was found.

III. EXPERIMENTAL DETAILS

Hydrostatic pressures of up to 2 GPa were achieved u
a piston-cylinder arrangement, which has been descri
elsewhere.12 Isopentane was used as the hydrostatic medi
and pressure was measured to an accuracy of 2% by m
of a calibrated manganin resistance gauge. All measurem
were made at 293 K.

The samples used were high purity~99.9999%! annealed
powders. Details of the sample preparation technique
given elsewhere.13,14A standard coherent, pulsed NQR spe
trometer, operating over the range 16–23 MHz, was use
make measurements of the size of the quadrupolar spin
oes as a function of spectrometer frequency in the region
the resonance frequency. The data were fitted to a Gaus
curve, and the center of the distribution was taken asnQ .
This method produces results fornQ to within an accuracy of
a few kHz, in excellent agreement with those obtained us
cw techniques. Measurements ofnQ were made for the
6 3

2↔6 1
2 transition of 75As in As, the6 5

2↔6 3
2 transition

of 121Sb in Sb, and the6 7
2↔6 5

2 transition of 123Sb in Sb.

IV. RESULTS AND DISCUSSION

NQR resonance frequenciesnQ for the three transitions
measured at ambient pressure are given in Table I. The
solute value of the axial efg (eqexp) has been extracted from
these results using Eq.~1!, and the given values for the quad
rupole moments of the nuclei~Q!. These results are com
pared with the calculated contributions from the FLAP
results for the total efg (eqFLAPW). For comparison pur-
poses, we include our calculated lattice contribution (eqlatt).
We note that NQR measurements give the magnitude,
not the sign, of the efg. The Sternheimer antishielding
rameters, used in determining the lattice contribution,
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also given in Table I. The value used here for As is the re
of Hartree-Fock-Slater calculations by Feiock and Johnso10

The value for Sb is an interpolation between the values
Feiock and Johnson10 for the isoelectronic ions Sn and Te
As expected,eqlatt accounts for a fraction ofeqexp ~approxi-
mately 20% in both As and Sb!, assuming that the efg i
negative.

Our FLAPW calculations for ambient pressure~Table I!
give results that are in reasonable agreement with the m
sured efg in As~70%! and Sb~80%!. The negative theoret
ical values strongly support the association of a negative
with the experimental values. The dominant contribution
eqFLAPW comes from the nonspherical localp-wave charge
distribution, as has been found in most metallic systems7,8

The correlation between the absolute values ofeqFLAPW
andeqexp obtained here for arsenic and antimony is not qu
as good as has been obtained for the hcp metals.8 This dis-
crepancy may, however, lie in theQ values used to calculat
eqexp. Recent considerations suggest that the accepted
ues of the quadrupole moments of the semimetallic elem
may be in error by up to 25%.15

We turn now to the pressure dependence ofeq that allows
us to overcome the uncertainty inQ, and provides a more
stringent test for theory. The values ofeq calculated by the
FLAPW program depend sensitively on the lattice para
eters, in particular thec/a ratio and thez parameter. The
accuracy of the experimental data for these parameters
function of pressure is quite limited. A consistent set
needed, however, for the calculation ofeq. Since the experi-
mental c/a ratios, determined from the positions of x-ra
diffraction peaks, are reasonably reliable, an interpolat
scheme was used to obtain a smooth pressure depend
The experimental data forz, on the other hand, determine
only from an accurate measurement of the intensity of x-
diffraction, scatter widely.

The FLAPW procedure allows, in principle, for the ca
culation of all structural parametersab initio. While lattice
constants require absolute energy calculations, internal p
tion parameters, such asz in the present case, may be dete
mined from the requirement that the forces acting on
atoms in the solid vanish. It is a well-known shortcoming
the density functional approach that the resultant value
the lattice constants depend on the density functional cho
Therefore, forc/a, the experimental data appear to be mo
reliable than the theoretical ones.

The opposite is true for the internalz parameter. Here, the
value obtained from the FLAPW procedure at ambient pr
sure shows a weak dependence on the density functiona
local density approximation, and the generalized gradient
proximation having been used. Furthermore, the numberk
points used to represent the Fermi surface changes the re
ing z parameter slightly. The calculated pressure deriva
of z, however, does not depend on the approximations at
The theoretical value for thez parameter was, therefore, co
sidered more reliable.

The resulting pressure variation of thez parameter (zcalc)
for As and Sb, using an interpolation of the experimen
values forc and a, are shown in Figs. 1~a! and 1~b!, and
compared to the results obtained experimentally (zexp) using
x-ray diffraction. It is comforting to note that for Sb, whe
by far the better x-ray data are available, the theoreticz
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parameters are in good agreement with the experime
ones. The disagreement betweenzcalc and zexp in As sug-
gests an inconsistency in the available lattice parameter
for As. This is not surprising, since very little x-ray diffrac
tion data for As are available. Figure 1~a! shows the linear
extrapolation of the experimental result used in the pres
calculations. Our theoretical numbers forz(P) in As lie well
outside the error estimate of the initial slope ofz(P) given
by Morosin and Schirber.5 These results are of central im
portance to our problem, since the calculated values of
efg are strongly dependent on the value ofz used.

The results of the high-pressurenQ measurements ar
summarized in Table II. The pressure dependence ofeqexp,
relative to ambient pressure, is compared to the calcula
variation of the field gradientseqFLAPW and eqlatt in Figs.
2~a! and 2~b!. In this normalized plot, uncertainties inQ are
eliminated. Uncertainties in the Sternheimer factors used
calculateeqlatt also do not affect the comparison in Fig.
Calculated variations of the efg using bothzcalc @eq(zcalc)#
andzexp@eq(zexp)# are presented.

FIG. 1. ~a! Pressure dependence of thez-parameter in As ob-
tained from the results of Morosin and Schirber~Ref. 5! ~solid line!,
the linear extrapolation of these results~short dashed line!, and that
obtained from zero-force FLAPW calculations assuming the exp
mental values forc/a ~solid squares!. ~b! Pressure dependence o
the z parameter in Sb obtained from the results of Schiferlet al.
~Ref. 6! ~open squares!, and that obtained from calculation~solid
squares!. The calculations are described in the text.
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In both As and Sb, we observe a weakly nonlinear dep
dence of the efg, with]eq/]P decreasing with increasin
pressure. A decrease in the efg is expected, as the la
tends toward cubic symmetry under pressure. The calcul
variations of the efg show a qualitatively similar decrease
that observed experimentally. The curves given in Fig. 2
second order polynomial fits to the experimental and ca
lated data.

The lattice contribution overestimates the observed p
sure variation of the efg in both As and Sb. This indicates
importance of the valence charge in determining the pres
variation of the efg. The sensitivity of the lattice sum to t
lattice parameters is demonstrated by the large differe
betweeneqlatt(zcalc) and eqlatt(zexp). This difference is
greater in the case of As@Fig. 2~a!#, where the difference
betweenzcalc(P) andzexp(P) is large.

The FLAPW results show a similar sensitive depende
on the lattice parameters used. In As@Fig. 2~a!#,
eqFLAPW(zcalc) gives good agreement with experimen
while eqFLAPW(zexp) strongly overestimates the observ
variation. In the case of Sb@Fig. 2~b!#, botheqFLAPW(zcalc)
and eqFLAPW(zexp) give good agreement with the exper
ment. While the pressure dependence of the lattice par
eters in As needs to be investigated further, it appears
the FLAPW method successfully describes the press
variation of the efg in semimetallic As and Sb.

TABLE II. Measured values ofnQ using pulsed NQR for the
three isotopes investigated in this work. The experimental pro
dure is described in the text.

Pressure~GPa! nQ ~MHz!

(62%) 75As 121Sb 123Sb

ambient 22.720 21.506 19.580

0.11 22.600

0.20 21.174

0.21 22.520

0.36 20.876

0.41 22.340

0.51 20.650

0.52 22.250

0.63 22.140

0.70 20.317 18.490

0.83 21.985

0.92 21.930

0.95 21.890

1.04 21.825 19.759 18.030

1.15 21.740

1.22 19.497

1.26 21.665

1.37 19.261

1.39 21.570

1.45 21.510

1.57 21.430

1.67 21.358

1.77 21.290

1.87 21.225
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V. CONCLUSIONS

The pressure variation of the efg in As and Sb has b
determined by pulsed NQR measurements. FLAPW a
ionic sum calculations of the efg have been performed
comparison. The experimental and FLAPW values at am
ent pressure agree to within 30%. This comparison, howe
is limited by the accuracy of the quadrupole moments u
in determining the experimental efg. Also, thec/a2z rela-
tionship as a function of pressure has been investigated t
retically.

In Sb the FLAPW calculations are consistent with expe
mentally observed variations of both the efg and the latt
parameters. For As, however, the experimentalc/a2z rela-
tionship is in disagreement with the theoretical result, a
leads to overestimates of the pressure variation of the
Here, the use of theoretical estimates ofz, assuming the ex-
perimentalc/a ratio, leads to improved agreement betwe

e-

FIG. 2. Relative pressure variation ofeqexp ~squares!, eqFLAPW

usingzcalc ~circles!, andeqFLAPW usingzexp ~diamonds! for ~a! As
and ~b! Sb. The FLAPW result obtained usingzcalc gives good
agreement with experiment in both As and Sb. The use ofzexp in
the As case leads to overestimates of the observed pressure
tion. For comparison purposes, the lattice contributions obtai
using bothzexp and zcalc are shown~dashed lines!. In both cases,
the lattice contribution shows a stronger pressure dependence o
efg than the experimental and FLAPW results.
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the FLAPW calculations of the efg and the values extrac
from NQR measurements. We have suggested that the a
able z parameter data for As are unreliable. Further x-r
measurements in As, covering a wider pressure range,
clearly required in order to confirm this conclusion.
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The comparison of the present NQR measurements of
pressure variation of the efg in semimetallic As and Sb w
FLAPW estimates provides a further test of the accuracy
the method when applied to electronically complicated s
tems.
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