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Liquid Se has been investigated by 7’Se NMR from the supercooled liquid (193°C) to the su-
percritical fluid (1625°C) and at pressures up to 790 bars. The resonance shifts and nuclear re-
laxation observed between roughly 400 and 1550 °C are attributed to paramagnetic centers at the
polymeric chain ends. The data yield the chain-end hyperfine coupling 4 =2.87 £0.24 x 10~!8
ergs, the enthalpy of chain scission AH =31.6 + 1.5 kcal/mole, and the activation volumes for
scission. The inferred average degree of polymerization decreases from about 750 atoms per
molecule at 600 °C to about 7 atoms at 1550°C. With increasing concentrations of paramagnetic
centers, the electron-spin correlation times shorten rapidly to about 5 x 1074 s at 1550°C. Ap-
plication of pressure at 1550 °C induces a rapid delocalization of the paramagnetic centers which
coincides with the Mott minimum metallic conductivity. The supercritical vapor is strongly
paramagnetic with a susceptibility ~ 1 x 10™* emu/gatom.

I. INTRODUCTION

Elemental selenium melts to form a liquid of
unique and often striking properties. The twofold
coordination in helical chains of trigonal crystalline Se
is largely preserved on melting in the form of linear-
chain polymers. Yet unlike sulfur, which it resem-
bles in many respects, Se possesses low-lying unoccu-
pied electronic states which imbue it with semicon-
ducting electronic properties near the melting point
(T,,). Because of the preservation of twofold coordi-
nation the electronicstructure of liquid Se near 7, is
similar to those of the crystalline and amorphous
solid forms. As an elemental liquid, Se is an exam-
ple of a liquid semiconductor in which the chemical
bonding is purely covalent.

The special character of liquid Se can also be seen
when its properties are considered in relation to the
other liquid chalcogen elements. The lightest chal-
cogen, oxygen, forms diatomic molecules and is a
pale blue insulator. Next, in order of increasing
atomic weight, is sulfur which initially melts to form
a light yellow insulating liquid of Sg rings. However,
at about 40 K above T, the structure transforms
abruptly to large polymeric chains. At sufficiently
high temperatures sulfur behaves like an electronic
semiconductor.' Selenium, the third chalcogen is a
semiconductor at 7,, with a polymeric structure simi-
lar to that of sulfur above the polymerization tem-
perature. The fourth element, tellurium, is a poor
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metal in the liquid state and the structure is believed
to contain a large fraction of threefold coordinated
sites. Finally, polonium exhibits roughly sixfold
bonding and is a liquid metal. Thus Se embodies
both the low coordination and tendency for molecule
formation of the lighter chalcogens and the electronic
conduction properties of the heavier elements.

The properties of Se are especially interesting when
considered over ranges of temperature and pressure
sufficiently wide to include the liquid-gas critical
point and the supercritical fluid (7, = 1590 +20°C,
P, =380+ 30 bars).? It is evident that there must oc-
cur radical modifications of the fluid structure under
these conditions. The dilute vapor consists mainly of
small molecular species such as Se,, yet it is accessi-
ble from the polymeric liquid by continuous variation
of temperature and pressure over the critical point.
These structural changes can be expected to be ac-
companied by significant modifications of the elec-
tronic structure and properties. The continuous na-
ture of the structural and electronic transformations
provides a special opportunity to investigate the rela-
tion between structure and electrical and magnetic
properties in a disordered system.

Until recently virtually nothing was known of the
structural and electronic properties of liquid Se far
from the normal liquid range. The first experimental
indications of the electronic transformations are
found in the electrical conductivity data obtained by
Hoshino et al.>> near the critical point and in the su-

2257



2258 WILLIAM W. WARREN, JR., AND R. DUPREE 22

percritical fluid. It was found that the semiconduct-
ing properties give way to an insulating state in the
immediate vicinity of the critical point. In contrast,
application of relatively modest pressures (1—2 kbar)
near the critical temperature produces a metallic state
whose conductivity approaches that of normal liquid
Te. Thus at high temperature and pressure, the fluid
can be induced either to behave more like oxygen
and sulfur or like tellurium and polonium by ap-
propriate changes in the experimental conditions.
These transformations of the electrical properties are
summarized on the P-T phase diagram shown in Fig.
1 on which contours of constant dc conductivity are
superimposed.

The present nuclear magnetic resonance (NMR)
investigation was undertaken with the intention, first,
of determining more specific details of the structural
evolution of fluid Se up to the supercritical region
and, second, of observing from a microscopic vantage
point the electronic transformations which accompany
these structural changes. NMR enjoys a special ad-
vantage with regard to the latter goal because of its
strong sensitivity to local static and dynamic magnetic
fields. Such fields can be anticipated at the nuclei as
a result of the spins of unpaired localized and itin-
erant electrons. The experiments covered the full
range of temperature from below the melting point to
the supercritical fluid and they extend to a pressure
of 800 bars where incipient metallic behavior is ob-
served. Our measurements include resonance shifts
produced by electronic paramagnetism and nuclear
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FIG. 1. Pressure-temperature phase diagram of selenium

showing contours of constant dc electrical conductivity in
liquid and supercritical fluid (after Endo ¢r al., Ref. 64).
Data from Refs. 2, 3, and 75.

relaxation rates related to the microscopic electronic
and structural dynamic properties.

The remaining portion of this paper is organized as
follows. Section II describes details of our experi-
mental methods and apparatus. The experimental
results are presented in Sec. III. Section IV begins
with a brief summary of the known structural and
electronic properties of liquid Se followed by analysis
and interpretation of our data for the semiconducting
polymer region- (Sec. IV B), the region of the sem-
iconductor to metal transition (Sec. IV C), and the in-
sulating supercritical fluid (Sec. IV D). Finally we
present in Sec. V a brief summary and the main con-
clusions of our work.

II. EXPERIMENTAL APPARATUS AND METHODS

The experiments required sample environments
throughout the temperature range from the Se melt-
ing point (217 °C) to roughly 1600 °C and, con-
currently, under hydrostatic pressure up to 800 bars.
These conditions were achieved within an internally
heated Be-Cu autoclave pressurized with argon gas.
The required temperatures were obtained with a
cylindrical heating element made of Mo wire wound
noninductively on an alumina form. The entire
high-temperature zone was insulated from the walls
of the pressure vessel by a laminated structure
formed by alternating layers of zirconia cloth and Mo
foil. The purpose of the lamination was to minimize
thermal conduction in the radial direction while
suppressing convection in the compressed argon gas.
A Mo sample coil for NMR was wound on a cylindri-
cal alumina form which fitted into the heating ele-
ment and whose inner diameter just accepted the cell
containing the liquid Se sample.

The sample cell assembly is illustrated in Fig. 2. A
Lucalox measurement cell was connected by a capil-
lary to a small reservoir made of alumina. The
ceramic components were cemented together with a

250- 300°C ‘——HIGH-TEMPERATURE ZONE
—— rf COIL

RESERVOIR

FIG. 2. Experimental cell for NMR studies of liquid
selenium in an internally heated autoclave. Heavy shading,
liquid selenium; light shading, alumina; unshaded, Lucalox.
Nongas-tight cap on reservoir permitted pressure equilibra-
tion between selenium and pressure medium (argon gas).
Lucalox filler in center of NMR cell reduced amount of en-
riched 7’Se sample material required.
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high-temperature glaze.* The reservoir provided a
means of initially filling the measurement cell and al-
lowed for expansion when the sample was heated to
the region of the critical point. The reservoir was
contained within a small box of solid copper which
was maintained, by means of a heater on its outer
surface, at a temperature some 50 to 100 degrees
above the melting point of Se. As the need for pres-
sure equilibration within the cell dictated that the
reservoir not be gas tight, the use of a copper box
had the additional advantage that escaping Se vapor
reacted with the inner copper surface thus reducing
Se contamination elsewhere within the pressure
vessel.

The following procedure was followed to fill the
measurement cell with molten Se. During assembly
of the autoclave, the reservoir was loaded with solid
Se. After closing the high-pressure seals, the entire
assembly was evacuated and the main heater was
turned on to bring the measurement cell to a tem-
perature of about 300 °C. Then, still under vacuum,
the reservoir was heated to 250—300 °C to melt the
Se. Finally, the autoclave was pressurized with 3—5
bars which was sufficient to force molten Se through
the capillary and fill the measurement cell. Entrance
of Se into the cell was easily detected by a sharp
change in the rf tuning characteristics of the NMR
coil. Once the cell had been filled, the temperatures
of both reservoir and measurment cell were main-
tained above the Se melting point throughout the ex-
perimental run. ,

Because of the low natural abundance of 7’Se (7.5
at. %), it was necessary to use isotopically enriched
material to achieve adequate signal-to-noise ratios at
high temperature. The material used in these experi-
ments was enriched to 94.38 at.% 7’Se.’ As supplied,
the enriched Se was of relatively low chemical purity.
The results of spectrographic analysis supplied with
the material indicated a possible Zn concentration of
as high as 0.2 at.% and the upper limits on the con-
centrations of numerous other metal impurities were
in the range 100—500 ppm. Our initial attempt to
melt the enriched Se in a sealed quartz ampoule
resulted in an explosive rupture of the cell when the
material melted. We attribute this to chemical reac-
tion of the Se with metal impurities. As a result of
this experience, we routinely purified the enriched
material by vacuum distillation before any measure-
ments were attempted. The distillation was repeated
for material recovered following each experimental
run.

Sample temperatures in the autoclave were con-
trolled by means of a Pt vs Pt—10 at. % Rh thermo-
couple located about I mm from the closed end of
the sample cell. The thermocouple output was used
to generate an error signal in a regulation loop con-
trolling the power supplied to the heating element.
Because of sharp thermal gradients associated with

convection in the argon at high pressures, this ther-
mocouple did not provide sufficiently accurate read-
ings of the temperature of the sample itself. There-
fore the resistance of the Mo NMR coil was used as ¢
secondary thermometer. The coil was in close con-
tact with the outer wall of the measurement cell and
was located in a region of relatively low convection.
The thermometers were calibrated against the vapori-
zation point at 100 bars (7,=1270 £ 10°C) using
the vapor pressure data of Hoshino, Schmutzler, and
Hensel.? Vaporization of the Se sample was readily
detected as an abrupt loss of NMR signal and change
in the Q of the rf coil as the sample was heated
through the transition. The absolute accuracy of
temperature measurements in the vicinity of this cali-
bration point was +20°C. The estimated error of
temperature measurements relative to this point in-
creased from zero at 1270 °C to possibly as much as
+20°C at 1600°C. In the low-temperature range,
the convection effects were less serious so that the
correction of the thermocouple reading was relatively
small. In addition resonance shift data obtained in
the autoclave could be compared with those obtained
at 700 °C for a sample sealed in a quartz ampoule.
This provided a means of correcting the thermocou-
ple reading and fixing the Mo resistance thermometer
calibration at the low-temperature end. The estimat-
ed error in sample temperature measurements at
700°C is £ 10°C. .

The pressure medium employed was "prepurified"
grade argon gas (99.995% purity). The gas was
compressed to the working pressures by means of an
electrically driven two-stage diaphragm compressor.
Pressures were measured with a Bourdon manometer
having a specified accuracy of + | bar.

Most of the data below 700 °C were obtained with
a "’Se sample sealed under vacuum in a quartz am-
poule (normal boiling point 685 °C). Thus the pres-
sures for these measurements were simply the vapor
pressures at the respective sample temperatures. In
the early stages of these experiments, a sample of na-
tural isotopic abundance (nominally 99.9999% purity)
was also employed for low-temperature measure-
ments at vapor pressure. The quartz ampoule runs
were carried out using a conventional high-temper-
ature NMR probe.® Sample temperatures were mea-
sured with a Pt—Pt 10 at.% Rh thermocouple in a re-
entrant well in the quartz cells such that the junction
was in close thermal contact with the molten Se
within. :

Measurements were performed using pulsed NMR
techniques, mainly at a frequency of 13.6 MHz. Ad-
ditional data were obtained below 700 °C at 5.5 and
10.2 MHz. In the low-temperature range, signal-to-
noise ratios were sufficiently high that data could be
satisfactorily recorded using a boxcar integrator.
Deterioration of the signal strengths at high tempera-
ture necessitated the use of a digital signal averager
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(Nicolet Model 1072).

Resonance shifts were measured by sweeping the
magnetic field through resonance while integrating
the free-induction decay with the boxcar integrator.’
The integrated output was either recorded directly
with an XY recorder or stored in the memory of the
signal averager if the signal-to-noise ratio required re-
petitive sweeps. The magnetic field was monitored at
a point outside the autoclave by means of an auxili-
ary 2H NMR in a D,0 sample. The absolute value of

“the field at the Se sample position was not deter-
mined; rather, the shift was defined to be zero for
the liquid at the melting point and subsequent shifts
were measured relative to this value.

Three different nuclear relaxation times were mea-
sured under various conditions. The spin-lattice re-
laxation time (7;) was measured with a standard

1 . .
T — 5 T sequence. The spin-spin or transverse relax-

ation time (7,) was measured from the decay of the
amplitude of the spin echo obtained with a %77 -1
sequence. Finally, the spin-phase memory time
(T3 ) was determined from analysis of the free-
induction decay following a single .;‘ir pulse. The
free-induction decays were exponential except below
about 400 °C where magnetic field inhomogeneity af-
fected the decay shapes.

The high cost of isotopically enriched "’Se and the
unavoidable loss of some material in the course of
each high-pressure run imposed a limit on the total
amount of data which could be acquired. The materi-
al losses in the autoclave occurred at the Ar-Se inter-
face in the reservoir and through ruptures of the
measurement cell at high temperatures in some runs.
The experimental program was therefore designed
with the aim of probing the most interesting regions
of the P-T phase diagram within the limited number
of experimental runs allowed. Pressures and tem-
peratures were chosen so that all three regions of
differing electronic behavior would be studied, i.e.,
the semiconducting, metallic, and insulating régions
indicated in Fig. 1. The experimental program was
begun with 4.0 g of enriched "’Se and was terminated
when roughly half this material remained. Some of
the material ‘‘lost’’ in the autoclave was later
recovered by distillation from the various internal
components and by chemical treatment of the copper
reservoir box.

III. EXPERIMENTAL RESULTS
A. Resonance shifts

The magnetic field value of the 77Se NMR was
measured as a function of pressure and temperature
at a fixed frequency of 13.6 MHz. As molten Se was
heated under its own vapor pressure, there developed
a gradual shift relative to the resonant field at the
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FIG. 3. 7’Se resonance shifts vs temperature for liquid
selenium. Solid points denoted Py por Obtained with sam-
ples sealed under vacuum in quartz ampoules. Data at 100
and 400 bars obtained using internally heated autoclave.

melting point. The sign of the shift, down field from
the reference point at 7,,, indicated a paramagnetic
enhancement of the local field at the "’Se nucleus.
We shall designate the fractional shift by AH/H de-
fined according to AH/H = [ H (reference)

— H (resonance) 1/ H (resonance). The shift contin-
ued to increase when the temperature was raised
above 700 °C under approximately isobaric condi-
tions. These shift data are shown as a function of
temperature in Fig. 3. Comparison of the 100 and
400-bar isobars indicates a clear positive pressure
coefficient for the shift in the range 800—1200 °C.
The 400-bar isobar shows a maximum at about
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FIG. 4. "’Se resonance shifts vs pressure at representative
temperatures for liquid selenium.
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1550 °C where the shift is AH/H =0.270 +0.005%.

The pressure dependence of the shift depends on
temperature and, in fact, becomes negative above
about 1400°C. This is illustrated in Fig. 4 where the
shift is plotted as a function of pressure for several
representative temperatures. These isotherms were
constructed from smoothed isobars such as those
shown in Fig. 3

B. Relaxation rates

Nuclear relaxation rates 1/, 1/T,, and 1/T5 were
measured from 193 °C where the liquid was super-
cooled up to 1435°C at 410 bars. These data are
presented in Fig. 5 where the rates are plotted in
semilog form against 1/T. Three temperature ranges
of distinctly different relaxation characteristics are
evident. We denote these by regions I, II, and III,
respectively.

In region I (T < 250°C), the spin-echo decay rate
1/T, decreases with temperature while the spin-lattice
relaxation rate 1/T increases. In this region, 1/T is
weakly dependent on frequency over the range
5.5—13.6 MHz. This dependence tends to vanish as
the temperature decreases into the supercooled liquid
range. On the other hand, 1/T, increases sharply
with frequency at the lowest temperature attained.
At 13.6 MHz and 193°C, 1/T, is 3.8 times the value
measured at 5.5 MHz. ’

Between 250 and 700 °C (region II) both the spin-
lattice and spin-spin relaxation rates increase sharply
with temperature. This temperature dependence is
approximately exponential in 1/7. Above 400°C,

2261

spin-spin relaxation rates were measured from the
free-induction decay lifetime 1/T; by subtracting
from the latter a constant correction for magnetic
field inhomogeneity. The corrected 1/T5 values join
smoothly onto the spin-echo decay rates in the range
400— 500°C. In region II, 1/T, is independent of fre-
quency whereas 1/T increases considerably with de-
creasing frequency. The ratio (1/7,)/(1/T,) de-
creases as the temperature is raised until at 700 °C,
1/T, and 1/ T, are nearly equal.

Preliminary relaxation rate measurements in region
IT were made with samples of natural isotopic abun-
dance. The results for natural and enriched material
were in fair agreement although 1/7T, was systemati-
cally higher for the natural Se by about 20%. Part of
this discrepancy may be due to the poor signal-to-
noise ratios obtained with natural Se. However, the
result also suggests a systematic enhancement of
1/T, due to impurities. In our experiments only the
enriched material was distilled before use and we be-
lieve that these samples where chemically purer than
the natural material.

Relaxation data have also been reported for regions
I and II by Brown, Moore, and Seymour® (195—
410°C) and by Seymour and Brown® (160—370°C).
Enriched 7’Se was used in the latter study which
yielded relaxation rates at 11 MHz which were about
20% higher than our own results interpolated
between 10.2 and 13.6 MHz. However, the 7 MHz
rates reported by those authors exceeded by nearly a
factor of 2 the interpolation of our results between
5.5 and 10.2 MHz. The temperature dependences of
the rates reported by Seymour and Brown are very
similar to ours. These results reinforce our inference
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FIG. 5. Logarithm of the "’Se nuclear relaxation rates vs 1/7 for liquid selenium. 1/T, spin-lattice relaxation rate; 1/T,,
spin-spin relaxation rate measured from decay of spin-echo amplitude: l/Tz** spin-phase memory time measured from free-

induction decay.
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of an impurity-induced enhancement of 1/7; which
does not affect the temperature dependence.

Region III (7 > 700°C) is the range studied in the
high-pressure autoclave. Here, 1/T, and 1/T; are
presumed to be equal and only 1/75 was measured.
The relaxation rates exhibit a broad maximum at
about 1000°C. Data at 100 and 400 bars in the range
700—1250 °C exhibit a barely resolvable trend toward
higher rates at the higher pressure.

IV. ANALYSIS AND INTERPRETATION

A. Structural and electronic properties
of normal liquid Se

In order to provide a background for interpreting
the NMR results, we briefly summarize the main
structural and electronic properties of ‘‘normal”
liquid Se, i.e., liquid Se below the normal boiling
point. More complete reviews may be found in Refs.
10 and 11.

1. Liquid structure

It was long believed that near T, liquid Se consists
of a mixture of Sef ring molecules and polymeric
chains.!?> Recently, however, the evidence'3 for an
appreciable concentration of rings has been ques-
tioned.'* Whether or not rings are present, the
chains have a major influence on the physical proper-
ties and, for example, are responsible for the extraor-
dinary vicosity—about 25 P at T,,.'"'> The average
chain length at this temperature was calculated to be
about 10* atoms by Eisenberg and Tobolsky'? but the
studies of Keezer and Bailey'¢ indicate that the actual
length may be in the range 10°—10° atoms.

Detailed investigations of the liquid structure by
x-ray and neutron diffraction confirm the predom-
inant twofold coordination.!”™'® The near-neighbor
distance (2.38 A) (Ref. 19) is essentially the same as
in the trigonal crystal and a first coordination number
of two is obtained from the area under the first peak
in the radial distribution function.'” Moscinski, Ren-
ninger, and Averbach'’ found evidence of parallel
correlation between chains near the melting point.
Inelastic neutron scattering by Axmann er al.?°
showed that the bond stretching vibrational mode
survives melting with little frequency shift. Recent
inelastic light scattering experiments?' in the super-
cooled liquid, however, exhibit considerable addition-
al line broadening compared with the amorphous
solid.

The structure of liquid Se is strongly affected by
temperature changes, even well below the normal
boiling point. The mean chain length decreases rap-
idly with increased temperature with the result that
the viscosity at the boiling point is only about 1 cP,
comparable with other elemental liquids.'® The

denser packing resulting from shorter chains is be-
lieved to be responsible for an anomalous reduction
in the thermal expansion coefficient observed above
1000 °C in liquid Se (Ref. 22) and at somewhat lower
temperatures in Se-Te alloys.?>2* The temperature-
dependent mean chain length was calculated from the
theory of the ring-chain equilibrium by Eisenberg and
Tobolsky'? and, more recently, by Misawa and
Suzuki.?

It is evident that a close relationship exists between
liquid and amorphous Se (a-Se) formed by rapid
cooling of the melt. Amorphous Se also contains po-
lymeric chain molecules. Light scattering data, long
accepted as evidence for a high ring concentration in
a-Se have been shown by Lucovsky!* and by Lucov-
sky and Galeener?® to be compatible with a disor-
dered chain model and a total absence of rings. The
molecular composition of a-Se is strongly affected by
the thermal history of the parent liquid,?’ a result
which is not surprising in light of the strong tempera-
ture dependence of the liquid structure. The similari-
ty of liquid and a-Se extends to the electronic proper-
ties as well, a point which we consider in more detail
in the next section.

2. Electronic properties

The semiconducting characteristics of liquid Se
near the melting point can be shown qualitatively
from a bond orbital model to be a consequence of the
predominant twofold bonding. The atomic configura-
tion of Se is 4s24p*. Of the six available valence
electrons, only two actually occupy covalent bonding
states. The two 4s electrons are sufficiently low in
energy that they do not participate in bonding; two 4p
electrons form covalent bonds, one to each neighbor
on the chain or ring, and the remaining two enter
nonbonding ‘‘lone pair’’ states. The lone pair states
are the highest filled states and form the valence
band while the empty p antibonding states form the
conduction band. The energy levels obtained from
this molecular picture correspond to the major
features of the band structure of crystalline trigonal
Se.?73 The same bands are evident in the calculated
density of states of a-Se.!

The experimentally observed electrical properties
near T,, are normally extrinsic. Doping is provided
by impurities,?? especially 0,.>> As the temperature is
raised, the electrical conductivity increases rapidly
and becomes much less sensitive to impurity concen-
tration. The temperature dependence is thermally ac-
tivated over limited ranges but the activation energy
(AE) tends toward larger values at higher tempera-
tures. Below 500 °C, Gobrecht er al.’? observed a
variety of values of AE in the range 0.2—1.2 eV
depending on O, content and the thermal history of
the sample. Between 500 and 720 °C, an intrinsic ac-
tivation energy of 1.25 £0.02 eV was observed



22 STRUCTURAL AND ELECTRONIC TRANSFORMATIONS OF . .. 2263

whereas a value of 2.0 £0.3 eV was obtained between
720 and 1000°C. Hoshino et al.’ observed AE ~ 1.8
eV in the range 900—1100°C and an increase to
~ 2.2 eV at higher temperatures. Both the magni-
tude of the conductivity and the activation energy are
dependent on pressure.> > 3435

The magnetic properties of liquid Se offer a sensi-
tive indication of the relationship between the atomic
arrangement and electronic structure. Near T, liquid
Se, %38 like a-Se,’® exhibits only a temperature-
independent diamagnetic susceptibility. This absence
of paramagnetism in disordered Se and other amor-
phous chalcogenide semiconductors was long con-
sidered paradoxical because these materials were ex-
pected to contain appreciable numbers of dangling
bonds, each occupied by a single electron. A recent
proposal by Anderson*® provides the basis for an ex-
planation. According to this model, structural relaxa-
tion produces an effective negative electron correla-
tion energy which favors creation of charged doubly
occupied and empty defect states at the expense of
the neutral, paramagnetic singly occupied centers.
Anderson’s suggestion has been extended and
developed explicitly in terms of simple chemical bond
concepts by Street and Mott*' and by Kastner, Adler,
and Fritzsche.*? In the notation of Ref. 42, the most
stable defects are proposed to be the negative doubly
occupied dangling bond, Cy, and the positive three-
fold coordinated site C;. At higher energies, accessi-
ble by thermal excitation, there are the neutral three-
fold defect C{ and the paramagnetic dangling bond CJ.

The magnetic properties of liquid Se change signifi-
cantly on heating well above 7,,. A temperature-
dependent paramagnetic contribution to the suscepti-
bility begins to be evident at about 300 °C 36-38.43.44
At 240°C, an electron-spin-resonance (ESR) signal
has been observed.*’ The signal intensity increases
markedly as the temperature is raised further
although increasing linewidths eventually ‘‘wipe out”
the resonance above 400 °C. The paramagnetic states
responsible for the susceptibility and ESR have been
widely interpreted as thermally excited neutral dan-
gling bond states C{ (Ref. 43) although neutral
threefold sites C cannot be excluded a priori. The
magnitude of the paramagnetic susceptibility provides
a means of determining the concentration of para-
magnetic centers and, with certain assumptions, the
average number of atoms per polymer molecule. The
temperature dependence yields the energy required to
break a chain and create a pair of paramagnetic states.*

B. Semiconducting polymer region

1. Resonance shift and magnetic susceptibility:
Hyperfine coupling and concentration of spins

We assume in this analysis that the resonance shift
which develops above about 400 °C is due to para-

magnetic neutral dangling bonds (C{ centers) at the
ends of the polymeric chains. At the present time
there is disagreement as to whether the C{ center or
the neutral threefold site C§ lies lower in energy in
a-Se. Street and Mott*! suggested that the C{ state
has the lower energy while Kastner, Adler, and
Fritzsche*? favored the C{ defect. The calculations
of Vanderbilt and Joannopoulos®! indicate a slight
preference for the C{ center. The implications of
these results for liquid Se are not clear, since the
contributions of configurational entropy play a greater
role in the more mobile liquid structure.*® In Sec.
IV B 4 we present evidence based on our measured
hyperfine couplings that the majority of magnetic
states in the liquid polymer are the C{ chain-end
centers. The implications of a minority of CJ states
will be discussed shortly.

In terms of the molar paramagnetic susceptibility
X} of the centers, the shift can be expressed

AH/H=(N07e‘Ynﬁ2)~I<A>Xrln)-0'chem . (D

where Ny is Avogadro’s number, y, and vy, are the
electronic and nuclear gyromagnetic ratios, respec-
tively, (4 ) is the average hyperfine coupling con-
stant, and o e is the chemical shift.*” We shall
refer to the first term on the right-hand side of Eq.
(1) as the paramagnetic shift contribution (AH/H),.
By defining the shift such that AH/H =0 at T,,, we
have effectively set ohem( Tm) =0.

If we make the simple assumption that the hyper-
fine field takes a series of discrete values correspond-
ing to the various neighbor shells of the paramagnetic
center, the average hyperfine coupling may be written

n
Ay=3mA, . - (2)
i=0 .
where A, is the hyperfine coupling for the ith neigh-
bor shell and #; is the number of Se atoms in that
shell. The term / =0 refers to the chain-end atom
(ng=1), i =1 is the first neighbor in the chain
(n,=1), i =2 might be the nearest atom on a neigh-
boring chain or ring (n,=4),'® etc. The coupling 4,
can be expected to decrease rapidly with increasing /.
It is assumed in writing Eq. (2) that individual Se
atoms exchange rapidly enough to average over all
possible sites during a nuclear Larmor period wg'
~ 108 s. Our relaxation rate analysis (Sec. IV B)
shows that this is valid over the temperature range in
which the shift is observed.

The Curie susceptibility of the C{ centers is pro-
portional to ¢, the number of spins per gram atom of
Se. Thus,

(’sNo‘)’zﬁzS(s + 1)

= , 3
X KT (3)

where S is the spin of the localized magnetic mo-
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ment. Combining Egs. (1) and (3) we have

S(S+1)
T_Uchem

Ye

— 4)
Y

Al —e ()

so that given (A4 ) and ochem, ¢s may be determined
from measurements of AH/H.

The average hyperfine coupling (A4 ) can be ob-
tained from a correlation of the temperature depen-
dent shift and total susceptibility. We assume that
-X,, consists of a diamagnetic term X2 in addition to
the paramagnetic contribution X/ described by Eq. (3)

Xm=XF+xD . (5)

Now, if oem and X2 are independent of tempera-
ture, a plot of (AH/H) against X,, should yield a
straight line with slope (Ngy.y,£2)~'{(4), and with
intercept X,, at (AH/H)=0. Such a plot is shown in
Fig. 6 where we have used the recent susceptibility
data of Gardner and Cutler (315—900°C) (Ref. 38)
and those of Freyland and Cutler (650—1250°C).#
Above about 700 °C a linear correlation is obtained
with the slope corresponding to (in ergs)

(4)=10(2.87+0.24) x 10™'8
or in terms of a magnetic hyperfine field (in kOe/up)

The above value of (4 ) indicates that the sum in
Eq. (2) is dominated by the leading (chain-end) term
Ay. We note, first, that our result is intermediate
between the hyperfine fields 50 kOe and ~ 5 MOe
given by Bennett, Watson, and Carter*® for single,
unpaired 4p and 4s electrons, respectively. Thus our
result is roughly what should be expected for a small
4s admixture in the predominant 4p character of the

r T T T T T T T n
+004 |@=H, Se 03 -
2
13
0.2002 © .
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®
- | -004
g .
x
~
x - —
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o
1 1 L 1 1 1 1 Il L
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MAGNETIC SUSCEPTIBILITY (1078 emu/g atom)

FIG. 6. 77Se resonance shifts vs magnetic susceptibility
for liquid selenium. Closed circles, susceptibility from Ref.
38 open circles, susceptibility from Ref. 44; closed square,
shift from Ref. 76; susceptibility from Ref. 39 inset: ap-
parent variation of chemical shift in nonlinear region of
shift-susceptibility plot. Chemical shifts of a-Se and H,SeO;
are from Ref. 76.

defect state. In contrast the experimental value is

roughly an order of magnitude larger than the hyper-
fine fields observed for 7’Se nuclei which are near
neighbors to the magnetic site in spinel ferromagnets
such as CuCr,Se4 (Ref. 49) or CdCr,Se,;.’® Further-
more defect state calculations by Vanderbilt and Joan-
nopoulos®! and photoinduced ESR studies by

Bishop, Strom, and Taylor®' suggest that the C{
center is highly localized on the chain-end atom. We
are thus led to the important conclusion that the nu-
clei experiencing a significant local hyperfine field from
the C center are predominantly those just at the chain
ends.

TABLE I. Results of resonance shift analysis in polymer region. Concentrations of spins, ¢,
from Eq. (4); spin densities, n,, obtained using density data of Fischer (Ref. 22), extrapolated to
temperatures above 1400 °C; maximum average number of atoms per polymer molecule, &,
from Eq. (8) with /,=0.

P (bars) T (°C) Cq ng (spin/cm?) £ max
100 600 2.7% 1073 7.3 x 1019 750
100 800 1.5x 1072 3.9%x 1020 133
100 1000 5.5% 1072 1.34 x 102! 36
100 1200 1.21 x 107! 2.8 x 102! 17
400 800 2.4 %1072 6.3 x 1020 84
400 1000 7.2%x 1072 1.78 x 102! 28
400 1200 1.35x 10~! 3.2x 102! 15
400 1300 1.69 x 10! 3.9x 102! 12
400 1435 2.1x 107! 4.7 x102! 10
400 1550 2.8x 107! 6 x 102! 7
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Between T, and 700 °C, the plot of AH/H vs X,, is
quite nonlinear and the slope increases sharply as the
temperature decreases toward 7,,. Even more strik-
ing is the observation of a sizable shift (0.022%)
between the liquid at 7,, and a-Se at room tempera-
ture, yet there is no detectable change in susceptibili-
ty over this interval. These features imply that x2 is
independent of temperature while o e, changes ap-
preciably between room temperature and 700 °C.
Taking the value of (4 ) determined above 700°C
we have extracted approximate values of the
temperature-dependent chemical shift up to 700 °C.
These results are shown in the inset of Fig. 6. It is
interesting that these changes of o..m Occur over the
temperature range in which the ring concentration
was reported to decrease markedly.'* This suggests
the possiblity that the effect is associated with dif-
ferent chemical shifts for the rings and chain polymer
molecules. However, following the arguments of Lu-
covsky,'* one could also explain this variation of
Ohem aS a change in the relative concentrations of
“ringlike’” and ‘‘chainlike’’ dihedral angle sequences
in a disordered chain.

Finally, we can use our values of (4 ) and ocem in
Eq. (4) to determine ¢, from the shift data. It is
necessary to assume S =% as expected for the single

electron localized in a dangling bond. The resulting
values of ¢, are given in Table I together with the
concentration of spin per unit volume, g, for
representative temperatures in the polymer region.

2. Temperature and pressure dependence
of molecular structure

We consider now the changes of molecular struc-
ture in the polymer region as the temperature and
pressure are varied. These structural modifications
are reflected in changes in the resonance shift as the
number of paramagnetic chain ends varies.

The molecular structure of liquid Se is governed by
the ring-chain equilibrium described by the reactions

LK,

Se{ft‘—'Seg , . (6)
Ky

Se, = Sep_m +S€m . (N

The initiation reaction (6) describes the opening of
8-membered rings (Sef) to form linear diradicals
(Seg). The propagation reaction (7) describes the
scission of an n-membered chain to form two shorter
chains containing n—m and m atoms, respectively.
The equilibrium constant K, is assumed to be in-
dependent of # in this treatment.

Now in a simple linear-chain model without three-
fold coordinated sites, i.e., no branching, and only
singly occupied C{ chain ends, the average number
of atoms per chain is

E=2(1—f)]cs , (8)

where f, is the fraction of Se atoms in ring mole-
cules. If charged nonmagnetic centers C3 and ¢~
are also present, it is easily shown that Eq. (8) still
applies. If we define ¢; to be the concentration of /-
fold coordinated sites and ¢+ to be the respective
concentrations of C3 and Ci centers, we have
cy=c¢stc_and c3=cy=c_. Thus ¢;—c3=¢,. But
for a branched polymer molecule, the number of
atoms is £=2/(c¢,; —c¢3) and, when the concentration
of rings is taken into account, Eq. (8) follows im-
mediately.

The possible presence of neutral threefold centers
CJ remains a complication to the use of Eq. (8). Us-
ing arguments similar to those of the preceding para-
graph, it is easy to show that ¢ in the denominator of
Eq. (8) should be replaced by the difference ¢ — ¢y 3
of concentrations of C{ and C{ centers. If we mea-
sure the total concentration of spins ¢; = ¢ | + ¢y 3,
then the error introduced by using Eq. (8) is such
that we would overestimate ¢ by a factor (¢g \—¢53)/¢s.

a. Temperature dependence. In principle, Eq. (8)
can be used to obtain the average degree of polymeri-
zation ¢ as a function of temperature from the values
of ¢ obtained from the resonance shifts. Unfor-
tunately we have no independent measure of /, over
the range of our data. If we assume f, =0, Eq. (8)
provides an upper limit on £. Briegleb’s data,'? while
probably only of qualitative significance, indicate that
/- <0.15 above 600 °C and that f, decreases further
with increasing temperature. Thus it is likely that the
maximum values of ¢ calculated from Eq. (8) are
reasonably close to the actual values, and the differ-
ence should decrease at higher temperatures.

The experimental maximum values of ¢ are given
in Table I-and are plotted against temperature in Fig.
7. The degree of polymerization obtained from NMR
agrees well with the results of Massen, Weijts, and
Poulis** obtained from magnetic susceptibility data at
somewhat lower temperatures. All of the magnetic
measurements are consistent with the results inferred
for the melting-point region by Keezer and Bailey.'
The chain lengths calculated by Eisenberg and Tobol-
sky are at least an order-of-magnitude shorter than
these experimental results.

The temperature dependence of the paramagnetic
contribution to the resonance shift provides a direct
measure of the ‘‘enthalpy of scission,’’ the energy re-
quired to break a chain. Following Koningsberger
and de Neef*? we write
=JK_£__ + [)8& ,

(1—p)? K,
where M, is the number of atoms present and p is
the Flory parameter €= (1 —p)~!. Now for long
chains (¢ >> 1) and negligible ring fractions
(K;>> 1), it follows from Eq. (9) that

£=(My/Ky)"2=exp(—AS./2R ) exp(AH /2RT)
(10)

9

0
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FIG. 7. Average degrees of polymerization (atoms per
chain) vs temperature for liquid selenium. Full curves, ¢
from resonance shift analysis and Eq. (8) assuming /, =0;
dashed curve (MWP) ¢ from magnetic susceptibility by
Massen, Weijts, and Poulis, Ref. 43 broken curve (ET), ¢
calculated from theory of ring-chain equilibrium by Eisen-
berg and Tobolsky, Ref. 12; circles (KB), results of Keezer
and Bailey, Ref. 16, with and without the assumption of
rings (solid and open circles, respectively).

where AS,. and AH are, respectively, the entropy
and enthalpy of the scission reaction (7). Thus from
Egs. (4) and (8) with f, << 1 we obtain for the
paramagnetic shift

S(S+1)
3kT

Ye

ASq
2R

AH
H

=(4)

n

(11

If the entropy AS,. is independent of temperature, a
plot of In[(AH/H )pT] against 1/T should exhibit
slope —AH/2R. The factor ‘;- in the arguments of

the exponentials of Eq. (11) reflects the fact that a
single scission event creates two chains and two new
broken bonds.

A semilog plot of (AH/H )pT against 1/T is shown
in Fig. 8. The measured total shifts were corrected to
obtain (AH/H )p using chemical shifts inferred from
the shift-susceptibility analysis of Fig. 6. The com-
bined data for samples under vapor pressure and at
100 bars can be represented by an enthalpy of scis-
sion (in kcal/mole)

AH=31.6%15
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T T T T T T T

{(AH/H)PT (K)

o
r..
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FIG. 8. Logarithm of the 7’Se paramagnetic resonance
shift times absolute temperature vs 1/7T for liquid selenium
at various pressures. Closed circles, vapor pressure; open
circles, 100 bars; open triangles, 400 bars.

over the range 600—1250°C. A slight tendency is
observed for AH . (or possibly AS.) to decrease at
higher temperatures. The 400-bar data are consistent
with the 100-bar value of AH. in the range 600—
900 °C but definitely exhibit a lower slope with fur-
ther increase in temperature. The 100-bar and
vapor-pressure values of AH . obtained from our
NMR shifts agrees with value obtained from a corre-
sponding analysis of the magnetic susceptibility by
Gardner and Cutler (500—900 °C) (Ref. 38):

AH,=31.6+0.7
and by Freyland and Cutler (800—-1250°C) %
AH.=30.5

The latter authors also observed an increase in activa-
tion energy at lower temperatures. Finally, we note
that our value of AH agrees within experimental er-
ror with the result of Koningsberger er al. obtained
from the temperature-dependent intensity of their
ESR signal

AH,=29413
b. Pressure dependence. Differentiation of the left-

hand expression of Eq. (10) yields the pressure coef-
ficient of the polymer size

ding 1 dInk, AV,
dP 2 dP  2RT '

(12)

where we have introduced the activation volume A Vz
associated with the equilibrium constant K,. As in
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TABLE II. Pressure dependence of resonance shift in polymer region. Pressure coefficient of .
shift, ¢ In(AH /H) p/dP, activation volume per mole of polymer molecules for chain scission, AV,

and volume per gram atom of Se, .

T (°C) dIn(AH/H)p/dP (107* bars™!) AV; (cm3/mole) Q,, (cm*/gatom)?
800 10.2+£5.0 —180 + 88 23.3
1000 89+24 —186 £ 50 248
1250 33+0.6 8315 26.9
1360 1.4+£0.6 —-38+16 27.5

4Densities of Ref. 22.

the preceding discussion of the temperature depen-

dence we consider only the temperature range in

which the Sef ring concentration is negligible. It

then follows directly from Egs. (4) and (8) that
din(AH/H)p AV,

=— . 13
dP 2RT (13)

Values of A V; determined from the pressure
dependence of the shift are presented in Table II.
Also shown, for comparison, are the mean volumes
per atom given by the density along the coexistence
curve. It can be seen that the volume change on
scission is relatively large, roughly 7 or 8 atomic
volumes, in the low-temperaturé range where the
chains are long. The activation volume decreases at
higher temperatures and becomes comparable with
the atomic volume in the range where the chains
contain only a few atoms (Table I). The large nega-
tive activation volume for scission is qualitatively
consistent with the observed thermal expansion ano-
maly?>2* due to thermally activated scission at high
temperatures.

3. Relaxation of low temperatures:
Molecular reorientation

The minimum in the spin-spin relaxation rate
(1/T,) at about 250 °C was observed previously by
Seymour and-Brown.’ They suggested that the line
broadening observed on cooling below 250 °C could
be due to relaxation by the anisotropic chemical shift
modulated by thermal reorientation of the polymer
chain (and ring) molecules. The relaxation rates for
this process can be expressed’?

1/ Ty=y2H3 o (1459 (37 (wp) +4J (D)1 , (14)
UTi=—5yiH3 o2 (1+ 300 (w)) | (15)

where o is the principal component of the traceless

part of the chemical shift tensor in the molecular
coordinate frame, 7 is the asymmetry parameter, the

reduced spectral density functions are given by
27,
and 7, is the correlation time for molecular reorienta-

tion. For purposes of the present discussion we
neglect differences in o, and 7, due to the possi-

J(w)= (16)

ble presence of both rings and chains and shall as-
sume these to be represented by average quantities in .
Egs. (14) and (15).

In the limit wer, >> 1, Egs. (14) and (15) reduce
to the expressions

/Ty=<ofo (1 +59)7, (17
U=t (1 +5m)77 (18)

Thus, as 7, becomes shorter on raising the tempera-
ture, 1/T, should decrease; the frequency depen-
dence should be 1/T, « w3. These qualitative
features may be seen in the 1/7, data below about
250°C. At the lowest temperature, however, the ra-
tio of 1/T, values observed at 13.6 and 5.5 MHz

(3.7 £0.3) is less than the predicted value
(13.6/5.5)2=6.12. This discrepancy disappears if the
observed rates are corrected for a frequency-
independent background by extrapolating the data ob-
tained above 250°C (Fig. 5). In this case the experi-
mental ratio becomes 5.3 £ 1.0, in satisfactory agree-
ment with Eq. (17).

Rotational correlation times 7, can be obtained
from 1/T; data in the low-temperature range by
means by Eq. (17) and chemical shift data. Since the
molecular anisotropic chemical shift for the liquid is
not known, we employ values of the anisotropic shift
determined for crystalline trigonal Se by Koma and
Tanaka.® The traceless part of the chemical shift
tensor yields, on diagonalization, o =0.928 x 1074

and n =1 whence
oL (1+5n?) =1.148x 107 .

Evaluation of Eq. (17) at 193 °C yields 7,=19.7 £0.6
us. After correction for the frequency-independent
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background, the analysis can be repeated at tempera-
tures up to about 250°C. The resulting values of 7,
are shown in the semilogarithmic plot given in Fig. 9.
The rotational correlation time decreases rapidly
between 193 and 250 °C and the temperature depen-
dence can be represented by an activation energy of
AE,=20.5+2.3 kcal/mole over this range. The tem-
perature dependence is similar to that of the viscosity
which can be represented by AE, == 19 kcal/mole
over the range 220 to 250°C.'°

Rotational correlation times have been reported for
the range 500 to 900 °C by Rasera and Gardner.>
The data were obtained from the electric quadrupolar
relaxation of excited '''Cd nuclei in liquid Se mea-
sured by perturbed angular correlation (PAC). This
correlation time (7¢4) was interpreted as the lifetime
of a Cd-Se bond and is unlikely to be the same as the
Se-Se bond rotation time which we have measured
below 250 °C. In fact, a naive extrapolation of 7, as-
suming 7, « 7~ suggests that 7, is roughly two orders
of magnitude longer than 7¢4 in the 500—900°C
range.

Finally we point out that the spin-lattice relaxation
observed near and below the melting point cannot be
attributed to the anisotropic chemical shift mechan-
ism. Although the rates become independent of fre-
quency, as expected from Eq. (18), the observed
rates are much too high for this process. For exam-
ple, the value of 7, deduced from 1/7, at 193 °c im-
plies 1/T, =1.7x10"*s™! from Egs. (17) and (18).
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FIG. 9. Logarithm of correlation times in liquid selenium
vs 1/T. Open squares, molecular reorientation times from
Eq. (17); open circles and triangles, hyperfine-field correla-
tion times from Eq. (20) for 100 and 400 bars, respectively.
PAC correlation time from Ref. 55; ESR spin-relaxation
time from linewidths in Ref. 45.

The experimental result at this temperature is 1/,
=13.940.4 s7!. Thus the observed relaxation is
dominated by another process which is nearly in-
dependent of frequency at low temperatures and
which increases strongly with temperature. This pro-
cess is considered in detail in the next section.

4. Relaxation by C?{ centers:
Dynamics of localized spins

It was first suggested by Brown, Moore, and Sey-
mour? that localized electron spins at the chain ends
could provide the dominant source of spin-lattice re-
laxation for 7’Se in the polymer region. The situation
is analogous to proton relaxation in water containing
paramagnetic ions such’'as Mn**.3® The coupling
between the electron and nearby nuclei is assumed to
be the isotropic scalar interaction of Eq. (2). This
model leads to the standard theoretical expressions
for the relaxation rates’’

1

1

A

2
- >——¢—- (19)

1+ (wy — wy)?r?

)

$S(5 + D

2
T 3S(S+1)cs<ﬁ

1

I
1+ (ws_wo)sz

’

(20)

where 7 is the shorter of 7,, the time of association
of the electron and a particular nucleus, and 7, the
rate of fluctuation of the electron spin. The standard
liquid state theory summarized by Egs. (19) and (20)
is valid as long as 7, is sufficiently short that a nu-
cleus cannot relax fully during a single encounter
with a localized spin.

Several features of Egs. (19) and (20) are of im-
portance for interpreting nuclear relaxation in liquid
Se. First, for correlation times sufficiently long that
(wg—wo)T > 1, 1/T, is larger than 1/T;. It is easy to
show from the ratio of Eqgs. (19) and (20) that

7=[2(R =D 1"/ (w;—wy) . (1)

where R =(1/T,)/(1/T}). In the limit (w;—wy) 7T
>> 1, /T« (ws—wy)~2 and 1/T, is independent of
frequency. Finally, in the opposite limit where
(w; —wg)7T << |, we have 1/T,=1/T, and both are
independent of frequency. At a field such that the
Se frequency wo/2m is 13.6 MHz, the condition
(ws— wg) 7 =1 is satisfied for 7 =3.40 ps. It is evi-
dent from the relaxation data shown in Fig. 5 that
(ws —wg) 7T << 1 for temperatures above about 750 °C
whereas the frequency dependence and unequal
values of 1/T, and 1/T, indicate that (w; —wg) 7 > 1
below about 600 °C.

As a test of the validity of the proposed model of
relaxation by paramagnetic C{ centers, we calculate
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the magnitude of the relaxation rate using Egs. (19)
and (20). If we assume that the mean-square hyper-
fine coupling (4?) is equal to the square (4 )? of
the coupling determined from the resonance shift
analysis, the rate can be calculated with no adjustable
parameters. At 600 °C we have from the shift
analysis ¢, =2.68 x 1073 and (4 ) =2.87 x 1078 ergs.

The ratio R = (1/T,)/(1/T,) = 1.34 substituted in Eq.

(21) yields 7 =2.8 ps. Evaluation of Eq. (19) using
these parameters then yields in (s™')

1/T,=1.67x10° ,
which is to be compared with the measured value at
600°C

1/T;=0.588 +0.017 x 103 .

Other potential relaxation processes such as nuclear
dipole-dipole interactions or the anisotropic chemical
shift are several orders of magnitude too weak to ac-
count for the observed relaxation. Thus, even
though the theory overestimates the relaxation rate
by nearly a factor of 3, the agreement is good enough
to confirm that the proposed mechanism is correct.

The simplest explanation of the discrepancy
between the observed and calculated values of T, is
that there is a difference between the average hyper-
fine coupling (4 ) and the root-mean-square value
(A?)Y2. The calculation at 600 °C requires (A42)/?
=0.59(A4 ) in order to reconcile experiment and
theory; essentially the same value is also obtained at
700 °C. The comparison cannot be made at higher
temperatures because R =1 and it is impossible to
determine 7 using Eq. (21). Nor can a comparison
be made at temperatures below 600 °C, because a re-
liable value of ¢, cannot be determined. Further-
more, as we shall discuss shortly, Egs. (19) and (20)
become invalid at lower temperatures.

It is easily seen from Eq. (2) that values of (4?)!/?
less than (A4 ) might be expected if more than one

nucleus experiences a significant hyperfine field from

a given paramagnetic state. For example, if » nuclei
experience equal local fields 4,, than (4 ) =n4, and
(ADHYV2=p'24, ie., (A2)V2=n="2(4). Now the
calculations of Vanderbilt and Joannopoulos®' indi-
cate that the C9 state is quite delocalized having no
more than 15% of its amplitude on any one atom. If
this is correct, we should expect (42)'/2/(4) <0.38
for relaxation by CJ centers. The observed value
(A)2/(A4) =0.59 is clearly above this limit, but the
result does admit the possibility that a minority of C§
centers contribute to the relaxation.

In order to extract the temperature dependence of
the correlation time over a wide range of tempera-
tures, we have set (42)2=0.59(4 ) as required to
get consistency of the shifts and relaxation rates at
600 and 700°C. We then use values of ¢, obtained
from the shift analysis to extract the correlation time
from measured values of 7, using Eq. (20). The

analysis was extended from 600 down to 400 °C by
extrapolating the exponential temperature depen-
dence of (AH/H),T shown in Fig. 8. Values of 7
for the range 400 to 1435 °C are shown in Fig. 9.
The most important feature is that 7 decreases
strongly with increasing temperature, the variation
amounting to about two orders of magnitude over
this range. The temperature dependence cannot be
described by a single thermal activation energy; the
slope of the data in the semilog plot of Fig. 9 in-
creases considerably at higher temperatures.

The hyperfine-field correlation times are at least
two orders of magnitude shorter than the motional
correlation times 7¢4 obtained by PAC studies. The
rotational correlation times 7 measured near and
below T,, are even longer. These comparisons show
that 7 should be interpreted as 7., the electron-spin
fluctuation time, rather than the nucleus-electron as-
sociation time 7,. However, 7, is nearly an order of.
magnitude shorter than values of T,, obtained from
ESR linewidths (Fig. 9). This indicates that 7, is the
electron-electron exchange fluctuation time rather
than the electron spin-lattice relaxation time which
determines 75,.

It is natural to expect the electron fluctuation times
to become shorter due to stronger exchange interac-
tions as the chains break and the concentration ¢ in-
creases. The relation of the correlation time to the
spin density is seen clearly in Fig. 10 where log,o7. is
plotted against n,”'/3, the mean distance between
paramagnetic centers. It is evident that 7, decreases
with increasing rapidity as n,'/? decreases. More-
over, the pressure dependence of 7, seen in Fig. 9 is
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FIG. 10. 7'Se hyperfine-field correlation times vs (spin
density)'/3 at 100 (circles) and 400 bars (triangles).
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no longer apparent indicating that 7, is dependent
only on n,"” with no explicit temperature or pres-
sure dependence. Extrapolation of the data in Fig. 10
suggests that metallic values of 7, (— 107" s) would
be reached for values of n;"/*~3 A, a reasonable
value. The onset of metallic properties from the
short-chain semiconducting polymer will be con-
sidered in the next section.

We turn now to the spin-lattice relaxation behavior
observed in the low-temperature range of the poly-
meric semiconductor (7 < 400°C). We note first
that the observed frequency dependence of 1/T is
everywhere weaker than the wj? behavior predicted
by Eq. (20) when (w; —wg)7 >> 1. Furthermore as
the temperature is lowered to the melting point and
below, the frequency dependence gradually weakens
until, at 193 °C, an essentially frequency-independent
rate was observed. However, even in this range, the
magnitude of the relaxation still far exceeds that ex-
pected for the nuclear dipole-dipole and anisotropic
shift mechanisms. Because of the strength of the re-
laxation and the fact that the rates increase rapidly
with temperature, we attribute the low-temperature
relaxation to the same mechanism we have discussed
for high temperatures, namely, interaction with
paramagnetic C{ centers.

The explanation for the loss of frequency depen-
dence at low temperatures derives from the relatively
long motional correlation times which occur when the
chain polymers become very long. Recent investiga-
tions of nuclear relaxation of diffusing ions in su-
perionic conductors containing paramagnetic impuri-
ties have demonstrated breakdown of Egs. (19) and
(20) when ions diffuse slowly enough to be fully re-
laxed during a single encounter with a paramagnetic
center.’®% We should expect the same effect to oc-
cur in liquid Se when the association time 7, is suffi-
ciently long. Richards®® has shown that Eqgs. (19) and
(20) are valid in the limit

y=3(A/MHS(S+ 11,1, << 1 . (22)

Whereas in the opposite limit, y >> 1, one obtains a
frequency-independent rate

1 1 Cs
11 23
‘T, T, 1, @3

At the melting point of Se, extrapolation of the
high temperature 7, results yields 7, — 3 x107!"; the
rotational correlation times 7, and extrapolated PAC
Tcq results imply 107° < 7, < 1077 s (Fig. 9). Fora
very rough estimate we take r, ~ 1078 s and
((A/k)?) =2.6x 10" rads™? as before. These param-
eters correspond to y = 0.4. Thus the condition
y ~ 1 occurs near or somewhat below the melting
point which is consistent with the disappearance of
the frequency dependence of 1/T in this temperature
range. Because of the intervention of the anisotropic

chemical shift relaxation, the expected equality of
1/T, and 1/T, is not observed. Finally, a rough esti-
mate of the magnitude of 1/T; from Eq. (23) is con-
sistent with the measured rates. Straightforward ex-
trapolation of the data in Table I according to

¢s cexp(—AH/2RT) yields ¢, ~ 107 near T,,.
Thus, for 7, ~107% s, we estimate 1/7,=1/T, =102
s~! which is the correct order of magnitude. Of
course we should not expect the limiting expression
to hold exactly for y ~ 1, but this comparison
demonstrates that the paramagnetic centers are
responsible for spin-lattice relaxation throughout the
liquid range.

C. Transition to the metallic state

o 1 Delocalization: Onset of Pauli
o susceptibility

Metallic conductivity values are obtained in fluid
Se by application of pressure in the temperature
range 1500—1600°C (Fig. 1).%33435 Before we dis-
cuss the onset of metallic properties, let us consider
the state of the system at the limit of the semicon-
ducting range. At 1550°C and 400 bars the conduc-
tivity o is about 20 (Q cm)~! and the resonance shift
is AH/H =0.272%. Extension of the analysis of the
preceding section yields ¢ ~ 7 for the mean polymer
size, ny ~ 6 x 102! spins/cm? and n;"'3~5.5 A. Thus
the localized model indicates that Se is a highly con-
centrated paramagnet under these conditions.

When pressure is applied at 1550 °C there is a
sharp increase in conductivity accompanied by a de-
crease in shift. At the maximum pressure reached
(790 bars) the conductivity is about 100 ( cm)~!
and the shift is reduced by about 15% of its value at
400 bars. The reduction of shift can be explained in
terms of the conversion from the Curie susceptibility
of the localized C{ centers to the Pauli susceptibility
of extended states. For example, the Curie suscepti-
bility X5, of 6 x 102! spins at 1550 °C is 55 x107¢
emu/gatom; the Pauli susceptibility of the same
number of free electrons, enhanced by electron-
electron interactions, is about 25 x 107% emu/gatom.
Thus, while the density of states created by delecali-
zation of the dangling bond electrons is very likely to
differ from the free-electron value, this simple com-
parison shows that a substantial reduction of suscepti-
bility can be anticipated with delocalization.

An alternative approach is to consider the shift that
might be expected in metallic Se at higher conductivi-
ties than could be reached in this experiment. The
shift associated with the Pauli susceptibility in a fully
degenerate metal is, of course, the Knight shift

K=AH/H=3a (1w (0)[2)x} (24)

where (|W(0)|2)[ is the probability amplitude of the
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conduction electrons averaged over all states within
kT of the Fermi level and x/ is the Pauli susceptibili-
ty per atom. Now a useful structural model for me-
tallic Se is provided by liquid Te in the normal liquid
range. It is believed that Te contains a large number
of threefold coordinated sites®®~%? and such a struc-
ture can be easily imagined to evolve the polymeric
Se structure after a high degree of chain rupture and
branching has occurred. Evidence that this is the
case is provided by studies of Se-Te alloys at high
temperature and pressure. It was found that there is
a qualitative equivalence of the effects of increased
pressure and increased Te content.’*% Thus, since
metallic conductivities are relatively weakly depen-
dent on temperature, we can obtain a rough estimate
of the susceptibility of metallic Se from the suscepti-
bility of Te at the same value of conductivity. In the
same way, the Knight shift of Se can be estimated
from the shift data for liquid Te,® provided that we
account for the increase in s-electron hyperfine-
coupling strength |¥(0)|? associated with the higher
atomic number of Te. A straightforward way to do
this is to scale the Te shifts by the ratio of atomic hy-
perfine coupling for the two elements. Thus, we
might expect

|w(0)13

K(Se)=K(Te)—————— , 25
(Se) =K (Te) 5T @5)

where the shifts are taken for the same conductivity o.

The above approach is illustrated in Fig. 11 where
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FIG. 11. 7’Se resonance shifts vs dc electrical conductivity
for liquid selenium. Conductivity data from Refs. 2, 3, and
75. Dashed curve, estimated Knight shift for metallic
selenium obtained by scaling "1Te shift data for liquid telluri-
um (Ref. 65).

we have plotted AH/H vs Ino for Se along the 400
isobar and along the approximate isotherm at -
1540°C. The Knight shift of Se estimated according
to Eq. (25) is also shown. The tendency for the shift
to increase with increasing conductivity begins to
break down when o ~ 50 (Q cm)~' and is completely
reversed along the 1540 °C isotherm. Extrapolation
to higher conductivities suggests that the expected
metallic shifts would be observed for o ~ 1000

(Q cm)~!. These estimated metallic shifts are sub-
stantially smaller than the shifts at lower conductivi-
ties, in agreement with our earlier estimates of the
absolute values of the Curie and Pauli susceptibility.

2. Simple band model of the metal-
nonmetal transition in Se

The NMR data provide the basis for a qualitative
band picture of the metal-nonmetal transition in ex-
panded fluid Se. In order that the model be valid
over a wide range of temperature and pressure, its
most essential feature is the radical modification of
the spectrum of electronic states caused by the struc-
tural transformations of the liquid. A rigid-band ap-
proach, while perhaps valid for the polymer at low
temperatures, cannot be expected to apply in the
presence of destruction of the chain structure and in-
troduction of large numbers of threefold coordinated
sites at very high temperatures.

A plausible scenario for development of the metal-
lic state is illustrated by the sequence of densities of
states shown in Fig. 12. For the low-temperature
polymer [Fig. 12(a)] the molecular bond picture
yields two filled bands, the p-bonding and nonbond-
ing (lone pair) bands, and an empty p-antibonding
conduction band. The work of Vanderbilt and Joan-
nopoulos®' shows that neutral dangling bonds intro-
duce a narrow band of defect states in the center of
the gap. On heating, the number of gap states grows
[Fig. 12(b)] at the expense of states in the valence
and conduction bands. The latter can be expected to
broaden as the short-range order of the long polym-
eric chains is destroyed. Preservation of the Curie-
like susceptibility shows that the band of defect states
remains narrower than ~ k7 up to 1550°C and 400
bars (kT ~0.16 eV). It is at this point that applica-
tion of pressure leads to rapid delocalization of the
gap states [Fig. 12(c)] to form a pseudogap of either
weakly localized or strongly scattering extended
states. Delocalization is a consequence of structural
collapse in which localized C/ states are destroyed in
favor of delocalized threefold sites

cy+c)—cy .

The conductivity at delocalization is on the order of
100 (Q cm)~! which is comparable with the mini-
mum metallic conductivity proposed by Mott.®® Fi-
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FIG. 12. Suggested development of density of states
N (E) vs energy E through metal-nonmetal transition in ex-
panded liquid selenium: (a) polymer region near 7, o and
o* are p-bonding and antibonding bands, respectively. nb
denotes nonbonding (lone pair) valence band. States near
Fermi energy (arrow) are localized chain-end states (C'{).
Shading at band edges denotes states localized by disorder.
(b) Limit of polymer region near 1550 °C and 400 bars. Gap
contains narrow band of localized C states. (c) Delocaliza-
tion of C? under pressure at high temperature to form pseu-
dogap. (d) Metallic state of fluid selenium.

nally, application of additional pressure [Fig. 12(d)]
yields an essentially metallic band similar to that of
liquid Te.

3. Comparison of Se with chalcogen alloys

A number of binary metal-chalcogen liquid alloys
exhibit metal-nonmetal transitions that are superfi-
cially similar to that of expanded Se.'®®” The binary
alloys generally exhibit nonmetallic electronic proper-
ties near the melting point of a simple stoichiometric
composition’ (e.g., Ga,Te;). At high temperatures, or
for compositions rich in either component, the liquids
are metallic. However, the NMR data show that

there are basic differences in the nature of electron

localization in the two cases. In the alloys, the
Knight shift tends monotonically to zero as the con-
ductivity decreases.®®~7% This has been interpreted as
due to development of a progressively deeper pseu-
dogap. Strong enhancement of the Korringa relaxa-
tion rate shows that the states in the deepening pseu-
dogap become progressively more localized.%7!
However, in the alloys there is never observed the
appearance of a Curie susceptibility and correspond-
ingly large shift as is the case for Se. Thus whereas
in Se, localization is manifest in the development of a
narrow band of strongly localized gap states, the
states in the pseudogap of the alloys occupy a range
of energies which is considerably broader than k7, on
the order of the gap width. The explanation of this
difference in behavior in terms of the chemical bond-
ing and local atomic order in the two cases poses an
interesting challenge for theory.

D. Transition to the insulating state

In the vicinity of the liquid-gas critical point, Se is
an insulator with conductivity less than 0.1
(Q cm)~'.23 Beginning from the upper limit of the
semiconducting polymer (~ 1550°C and 400 bars),
the conductivity drops sharply due, presumably, to the
rapid reduction in the density as the critical region is
approached. By extrapolation of the known tempera-
ture-dependent composition of Se vapor at lower tem-
peratures’? and by comparison with the optical prop-
erties of supercritical S vapor,” it can be inferred that
supercritical Se consists mainly of molecular Se, with
smaller concentrations of atomic Se and other small
molecules up to Sef. Thus the semiconductor to in-
sulator transition is associated with the structural
change from short linear diradicals to various smaller
species at lower densities.

In distinct contrast with the electrical conductivity,
the magnetic properties of Se are not strongly affect-
ed by the transition to the insulating vapor. In partic-
ular, only a modest reduction in shift is observed
between 1550 and 1625 °C at 400 bars, even though
the conductivity drops by several orders of magni-
tude. Thus the supercritical vapor retains a relatively
large paramagnetism.

It was emphasized by Freyland and Cutler“‘f that,
contrary to the tentative conclusion of Massen
et al.,®} the ground state of molecular Se, is known to
be a singlet.”* Thus, unlike S, and O, whose ground
states are triplets, Se, should exhibit no paramagne-
tism in the ground state. At high temperatures, there
are two reasons to expect increased paramagnetism.
First, the magnetic triplet state of Se, can be thermal-
ly excited: Meschi and Searcy’ estimate that roughly
20% of the Se, should be in the triplet state at 2000
K. Second there should be appreciable amounts of
atomic Se due to thermal dissociation of Se,.. Frey-
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land and Cutler have proposed atomic Se as the
source of the paramagnetism of Se vapor between
1090 and 1200 °C.*

The magnitude of the NMR shift at 1625 °C is con-
sistent with reasonable amounts of either triplet Se,
or atomic Se. If we take 4 ~ 1 x 107'® ergs for a
rough estimate, the experimental shift value substi-
tuted in Eq. (1) yields x5 ~ 100 x 107¢ emu/gatom.
This susceptibility corresponds to roughly 40% of the
atoms being in the form of triplet Se, or, alternative-
ly, some 13% in the 3P, atomic ground state. Al-
though 40% is somewhat high for the triplet Se, frac-
tion given the triplet-singlet splitting of 0.36 eV, the
large uncertainty in hyperfine coupling 4 makes it
impossible to draw a firm conclusion regarding the
species responsible for paramagnetism at 1625 °C.

The most surprising feature of the susceptibility is
its apparently weak temperature dependence.: ‘Frey-
land and Cutler* observed values in the range 74—85
emu/gatom between 1090 and 1200 °C with no dis-
cernible trend with temperature. Our estimate indi-
cates, further, that X,, changes by less than about a
factor of 2 up to 1625°C. This result is unexpected
for either Se, or atomic Se since triplet excitation and
molecular dissociation should both exhibit strong
temperature dependences.

V. SUMMARY AND CONCLUSIONS

The NMR investigation described in this paper has
yielded considerable new information about the struc-
tural changes and associated electronic effects in
liquid Se. In the polymer region we have attributed
the observed shift and relaxation process to the ef-
fects of localized paramagnetic defects—the neutral
chain-end dangling bond C{. Analysis of the tem-
perature and pressure dependence of the shift yielded
the hyperfine coupling, the enthalpy of chain scis-
sion, the temperature-dependent concentrations of
spins and inferred average polymer sizes, and the ac-
tivation volume for pressure-induced chain scission.

Spin-spin relaxation rates yielded the correlation
times for molecular rotation near the melting point
and in the supercooled liquid. This time is about
1075 s at the melting point and it decreases rapidly
with increasing temperature. Relaxation rates above
400 °C yielded the correlation times for fluctuation of
the localized moment of the C{ defect. These times
decrease with temperature from about 107'! s at
400 °C to less than 107'3 s above 1400°C. We attri-
bute this effect to increased exchange interactions

among the localized spins as their concentration in-
creases.

At roughly 1550 °C and 400 bars, the liquid reaches
a special condition which we have called the limit of
the semiconducting polymer region. At this point, a
large shift indicates that the liquid is a nonmetallic
concentrated paramagnet. The average polymer
molecule contains about 7 atoms and the spin-
fluctuation time due to exchange is ~ 5x 1074 s.
Further heating leads to the insulating, paramagnetic
supercritical fluid. Application of pressure at the
polymer limit produces a sharp change in the magnet-
ic properties as the paramagnetic centers delocalize
and a metallic state ensues.

Delocalization of the defect states coincides with
the electrical conductivity reaching the minimum me-
tallic conductivity of Mott. The behavior of Se at the
metal-nonmetal transition contrasts with that of
binary chalcogen alloys which do not show a large
Curie-like susceptibility or shift below the minimum
metallic conductivity. This result implies that the lo-
calized states in the pseudogap of the alloys do not
represent well characterized defects as in Se, but may
be much more weakly localized, extending over
several atoms.

The paramagnetic susceptibility of the supercritical
insulating vapor is consistent with the presence of ei-
ther atomic Se in the *P, ground state or excited trip-
let Se,. However, the temperature dependence of the
susceptibility, inferred by comparison with vapor sus-
ceptibilities at lower temperatures is surprisingly weak
for either of these species. The magnetic properties
and molecular composition of dense Se vapor clearly
require further investigation.
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