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Pressure-induced changes in the electronic structure of arsenic and antimony metal
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The pressure dependence of nuclear spin lattice relax@XiBhR) in semimetallic arseni¢0—2 GPa and
antimony (0—1.4 GPa at ambient temperature has been investigated by mearfdAsf '2!Sb, and!?*Sh
nuclear quadrupole resonan@®QR). Previous investigations indicate that relaxation in these materials is
dominated by magnetic nucleus—carrier interactions. NSLR measurements therefore provide information on
the carrier and Fermi surface properties. Our results indicate that antimony becomes more metallic under
pressure, while arsenic becomes less metallic. This is consistent with previous experimental and theoretical
results. The NQR measurements are, in particular, sensitive to changessiwélve character of the carriers.
The NQR results are compared with previous experimental and theoretical studies of the electronic structure of
the Group V semimetals.
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I. INTRODUCTION the quadrupole momei@ of a nucleus are given by

The electronic structuréES) of the Group V semimetals E. = €’qQ [3m2—1(1+1)] 1)
(arsenic, antimony, and bismythas received considerable =MUA1(21-1) '

attention from both theorists and experimentalists in thelpastHere eqis the component of the efg tensor along the axis of

due to the interesting position these materials occupy be- v of th wal is th i | A
tween metals and semiconductors. The crystal structure opMMetry of the crystal, 1S the nuclear anguiar momentum

the Group V semimetals is a slight rhombohed#sI struc- quantum number, aneh is the quantum number fd;. The

_ . . _ energy levels are degenerate farm. The three naturall
ture, R3m point group distortion from cubic symmetry, and 9y 9 y

leads to a Fermi surface consisting of small electron and hol%ccurring isotopes in arsenic and antimony ras (1 =3,
0 12 =5 0 12
pockets. The ES is expected to depend sensitively on th 00% abundajt '*'Sb (=3, 57.25% abundaptand **Sh

7 . . .
: . . =3, 42.75% All th
lattice parameters, and pressure-induced changes in the el Kis f/\,/ork 5% abundantAll three isotopes were studied in

tronic properties are, therefore, of interest. In particular, the Full relaxation equations describing NSLR for any of the
pressure dependence of the ES has been studied experim%%-

: : . nsitions in a quadrupolar system may be derived in terms
e sy’ of e magnetc Am--1). and, quadupolar Xm-
i . P +1,Am= *+2) transition probabilities.In the case that mag-
0.8 GPa in antimorfy), and more recently nuclear quadru-

pole resonancéNQR) (0—1 GPa in arsenig. Theoretical ?hert;(; |2ti;atci:ct)|rc$s dominate, these simplify to the following
studies of the pressure dependence of the ES have been car- q '

ried out using pseudopotential technigigéfecent develop- Ug(t) = 2ve BWal )
ments in density functional theory utilizing full-potential lin- ’

earized augmented plane wa(eLAPW) technique® have 20

made it possible to calculate some features of the ES and the Usp(t) = 7[3e* Wit + 4@~ 20Wmt] (3)
carrier wave functions more accurately than was previously

possible. ”

In this paper we present pulsed NQR measurements of the  , (t)= —-[33e~%Wml+ 1002~ 2Mm' + 216~ *2Vm'], (4)
nuclear spin-lattice relaxatiofNSLR) rates as a function of 7
pressure at ambient temperature for arsenic and antimony I58 . 73 1 - 12 s 3 "
to a maximum pressure of 2.0 GPa. Fermi surface parametett%r the ™As (3 transition, "'Sb (33 transition, and
and information on the carrier wave functions have been in->>Sb (33 transition nuclei, respectively. The quantity
ferred from the NSLR data. These results are compared tdepends on experimental conditions, and describes the dis-
previous experimental and theoretical work, and should proturbance from equilibrium of the nuclear spin system, and
vide a useful comparison for modern theoretical treatment¥Vy, is the magnetic relaxation rate.
of the electronic structure of the Group V semimetals. Previous NQR measuremetts'? show Korringa NSLR
(W,,,/T= constant at low temperatures, followed by a qua-
dratic increase in the relaxation rate beyond the Debye tem-
perature in both arsenic®p=280 K) and antimony @p

The energy levels resulting from the interaction between=210 K). The Korringa behavior indicates that, at low tem-
an axially symmetric electric field gradiefefg), as appro- peratures, nuclear spin-lattice interactions in these materials
priate for the lattice structure of arsenic and antimony, andire dominated by magnetic interactions between the nuclear

Il. THEORETICAL CONSIDERATIONS
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spins and the carriers at the Fermi surface. Later measure- 17— 71— 7 71 v T T @
ment§ employed a two-isotope technique in order to sepa- 1 ™as
rate magnetic and quadrupolar contributions to NSLR in an-
timony over the temperature range 4.2—-435 K. While these 1
measurements do indicate an increase in the relative quadru-~, 1.0
polar contribution to NSLR in the vicinity of the Debye tem- 1
perature, this contribution remains smaller than 2% over the
full temperature range studied. The deviation from Korringa
behavior is, therefore, predominantly magnetic in origin, sig-
naling temperature-induced changes in the Fermi surface
properties of antimony.The increase in the quadrupolar
transition rates in the region & may indicate the onset of |
a Raman nucleus-phonon mechanism. Y
The two-isotope measurements described previously indi- 0 2 4 6 8 10
cate that, at room temperature, quadrupolar interactions can 1(10%)
be ignored in antimony, and the magnetic transition rates for
1215 and!?3Sh can be determined from the measured relax- @
ation curves using Eq.3) and Eq.(4), respectively. In this
paper we assume that the above-mentioned procedure is
valid for arsenic as well, and extraef,, for "°As using Eq.
(2). In metals with substantiawave character, the magnetic
contact interaction dominates the nucleus—carrier transition
rate, andW,, depends on both the density of states at the
Fermi surfacd p(Eg) ] and thes-wave probability density at
the nucleus |, (0)|?) as follows?®

0.21 GPa

1.67 GPa

-In (1-M(t)y/M

0.5

1M () M,

Winee p?(E)|uy(0)]*. ©)

Calculations employing atomic wave functions and experi-

mental Fermi surface parameters support the assumption that ]

the contact interaction dominates nucleus—carrier interac- R L L

tions in the semimetals arsenic and antiméhy? 0.0 05 1.0 15 20 25 3.0
1 (10%)

IIl. EXPERIMENTAL DETAILS (b)

The pressure generation and measurement techniques FiG. 1. (a) Single-exponential relaxation curves fGiAs in ar-
have been described in detail elsewtet®. A piston-  senic metal obtained at pressures of 0.21 and 1.67 ®PRouble-
cylinder arrangement, designed to contain hydrostatic presxponential relaxation curves fé#'Sb in antimony metal obtained
sures of up to 3 GPa, with isopentane as the hydrostatigt pressures of 0.36 and 1.19 GPa. In both plots the data for the
medium, was used. Pressure was measured to an accuracyhifher pressures show greater scatter due to the signal degradation
2% by means of a manganin resistance manometer. All meanentioned in the text.
surements were made at ambient temperaf2®® K). The
samples used were high purit99.9999 annealed 2Qsm  signal averaging of up to 6x410° traces to maintain a
powders. Details of the sample preparation technique arsignal-to-noise ratio of greater than 30:1.
given elsewheré®!? The signal strength in both antimony and arsenic deterio-

A coherent, pulsed NQR spectrometer, operating over theated under pressure. This effect limited the antimony mea-
range 16—23 MHz, was used to make NSLR measurementirements to a maximum of 1.4 GPa. The origin of this
using a standard three pulse inversion-recovery NQR spirdeterioration is not clear, but may be linked to skin depth
echo technique. The amplitudé(t) of the spin-echo gener- effects becoming important at these pressures. No broaden-
ated by aw/2—7 sequence, at a time delay ofollowing an  ing of the NQR lines due to non-hydrostatic conditions was
inversion pulse, is proportional to the difference in popula-observed. The effect was, however, completely reversible.
tions between the quadrupole energy levels. The relaxation
curve (1-M(t)/My) vst, whereM, is the amplitude of the
echo at thermal equilibrium, is then described by E@%- V. RESULTS AND DISCUSSION
(4). Measurements of the NSLR rates were made for the Relaxation curves fof°As obtained at 0.21 and 1.67 GPa
31 transition of "®As in arsenic, thes— 3 transition of  are shown in Fig. (B). Relaxation of °As is single exponen-
1215p in antimony, and thé«— 3 transition of 123Sb in anti- tial, andW,, is readily extracted from linear least squares fits
mony. The pressure dependence of the NQR frequencies of Eg. (2) to the linearized data. Relaxation is double expo-
arsenic and antimony have been discussed elseWh@itee  nential for 12Sb and triple exponential fot?>Sb, and non-
weak signals obtained in the high pressure cell necessitatdithear fitting technique$Egs. (3 and 4] must be employed.
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TABLE I. Magnetic nucleus—carrier transition rates fGAs in L B i B ——
metallic arsenic**!Sb in metallic antimony, and?3Sb in metallic
antimony at 295 K and 1 atm.

W, (Sil)
®As 205+ 3
121gp 74.8-0.8
123gp 23.9-0.2

W_(PYW_(0), (n(P)/n(0)) **

Figure 1b) shows representative relaxation curves'&iSb

in metallic antimony at 0.36 and 1.19 GPa. The transition
ratesW,, obtained at ambient pressure for all three isotopes
are given in Table I.

The relaxation transition rates df’Sb and !23sb were P (GPa)
compared at three pressures: 0, 0.7, and 1.0 GPa. Values of
the ratio R(P)=W*/W? at these pressures are given in
Fig. 2. For purely magnetic relaxation, we exp¥¢t, to be
proportional to the square of the nuclear gyromagnetic ratio
and therefore expect an isotopic ratioR®f 3.41. The values

of R obtained from the above-mentioned fitting procedures . . . .
are approximately 10% lower than for purely magnetic re_quadrupolar relaxation rates in antimony do not change sig-

laxation, indicating the presence of observable quadrupola{?'f'camly undgr pressure. Unfprtunatgly, a s!mllar two-
effects. Our previous analysis of relaxation in antimony inSotope ar_laIyS|s cannot be camed out in arsenic, for which
terms of the full relaxation expressidtsas shown, however, only one isotope occurs. We will assume that quadrupola_r
that since the coefficients of the quadrupolar transition rategela>|<latlog rates are Sma" at room tem|||3erature, and remain
in the relaxation expressions are much larger than those I?' un e3r pLessurer,] n a:se.mc as weil. L f th
the magnetic transition rates, this deviatiorRmorresponds Igure 5 shows the re at5|ve pressure vana?zons © the
to a very small quadrupolar contributionc@%). TheW,, magnetic transition rates of°As in arsenic and*?!Sh in

obtained from the magnetic fits were shown to be good meg@ntimony. The error bars shown are obtained from standard

sures of the magnetic transition probabilifeShe present deviations of the least-squares fits. The behavior of the re-

measurements show thRtdoes not change under pressureIaxation rate in antimony is strikingly different from that
within experimental accuracy. This implies that the relatlveObserVEOI in arsenic. In a_ntl_moNym increases by 56% in _the .
0- to 1.4-GPa range. This increase becomes more rapid with

increasing pressure. For arsenic, on the other hdnhgdde-

FIG. 3. Relative variation of the magnetic transition rate param-
eters in arsenic and antimony obtained in the present NQR measure-
ments. The variation of the total carrier concentration obtained from
previous transport measuremefdsished curvess also shown.

e L I L LI creases under pressure, and flattens off at the highest pres-
g4 ———m—mmm g —m 3 sures. A decrease of 29% is observed over the 0- to 2-GPa
] R =341 e ] range in arsenic.
w 334 3 The magnetic relaxation rates are determined by the prod-
"t ] ] uct p%(Eg)|u (0)|* [Eq. (5)]. We will assume for the mo-
2 32 3 ment that the carrier density at the nucleus does not have a
& c ] % % ] strong pressure dependence, and analyze our results in terms
2 314 ] of the density of states at the Fermi surface. The Fermi sur-
n'_i ] ] face of arsenic and antimony consists of approximately ellip-
8.0 3 soidal electron and hole pockets, which are well separated in
2o ] k-space For an ellipsoidal Fermi surface we may write:
28 p(Eg)=von'm*, )
00 02 04 06 08 10 12 14
P (GPa) wherev, is the atomic volumen is the total carrier concen-

FIG. 2. Pressure dependence of the ratio of magnetic transitiof @1ion, andm®* = (m,m,m,) Yis an average effective mass
rates for121Sh and?3sh, obtained by assuming only magnetic re- Parameter, written here in terms of the principal axes of the
laxation. The deviation from'¢ly/123y)2=3.41 (dashed lingindi-  ©llipsoid. Previous transport measurements of thg pressure
cates the presence of small quadrupolar contributions to relaxatiodependence ofn at low temperature in arserficand
in antimony. It should be noted that we were unable to determin@ntimony are compared with our relaxation results in Fig. 3.
whether the quadrupolar contribution exhibited any pressure depert increases non-linearly in antimony, and decreases non-
dence, since the three measurements made are identical within elipearly in arsenic. The variation af in arsenic, however,
perimental error. exhibits a minimum before increasing beyond 3 GPa.
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From the lattice parameter datal® we infer that the also be sensitive to changes in the carrier wave functions.
atomic volume decreases by 5% at 2 GPa in arsenic, and byhis includes thes-wave density at the nucleus, and the frac-
3.5% at 1.4 GPa in antimony. Equati@), together with the tional swave character of the carriers. These relaxation data
experimental data fow,, and n, therefore implies a fairly therefore provide a critical test for modern electronic struc-
strong increase in the average carrier effective masses in ature calculation techniques.
timony, and a somewhat weaker decreaseninin arsenic.
This result is consistent with available oscillatory data in
antimony?

The different pressure effects on the ES of arsenic and Nuclear spin-lattice relaxation in pure arsenic and anti-
antimony are apparent in the pseudopotential calculations ahony metal has been investigated at 295 K up to 2.0 and 1.4
PospeloV” Pospelov obtains a minimum in the band over-GPa, respectively, using pulsed NQR. Previous experiments
lap in arsenic between 2 and 4 GPa, while the band overlain antimony show that the relaxation rate parameters ob-
in antimony increases monotonically with pressure. Pospelotained in these measurements are determined by magnetic
attributes the non-monotonic variation in the band overlap imucleus—carrier interactiofsOur results indicate that anti-
arsenic to the anomalous pressure dependence of the neargabny becomes more metallic under pressure, while arsenic
neighbor distanc®; . In arsenicR; increases initially under becomes less metallic, which is qualitatively consistent with
pressure due to a rapid increase in the rhombohedral angle previous experimental and theoretical investigations. In ad-
Beyond approximately 3 GPa, the increasevirslows and dition to Fermi surface parameters, the magnetic relaxation
R, decrease¥ In antimony R; decreases monotonically rates measured in this paper depend on the fract®nave
with pressure. The previously mentioned transport measureharacter of the carriers and teavave carrier density at the
ment$3 are consistent with Pospelov’s calculations. nucleus. A previousab initio calculation of detailed elec-

Preliminary FLAPW calculations indicate that the density tronic properties in all three Group V semimetals at ambient
of states at the Fermi surface increases with pressure in apressuré has provided results in excellent agreement with
timony, and decreases with pressure in ars8iicthe 0- to  experiment. The data presented in this paper should provide
2-GPa range, in qualitative agreement with our relaxatiora useful comparison with detailed calculations at high pres-
data. The relaxation raté4,, measured in this paper would sures.

V. CONCLUSION
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