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The grain-size effect on the phase transition induced by pressure in PbS was studeditby
high-pressure electrical resistance and synchrotron radiation x-ray powder diffraction
measurements. The mean transition pressure of the B1-to-B16 phase transformation was found to be
6.3=1.3GPa in 81 nm PbS while it is 3.2 0.7 GPa for 10um PbS. The resistivity of the B16

PbS phase decreases exponentially with pressure in both samples at ambient temperature. They
follow Rxexp(—CP), where C=—0.64 GPa' for 10 um PbS andC=—0.34GPa' for 8

+1 nm PbS. These results are discussed in terms of a decrease of energy band gap with increasing
pressure. ©2000 American Institute of Physids$s0021-897€00)02102-2

Nanocrystals, consisting of small crystallites with diam-et al'> have reported synchrotron radiation energy-

eters 1-100 nm, often have novel physical and chemicadlispersive high-pressure x-ray powder diffraction measure-
properties, differing from those of the corresponding bulkments of PbS with three different grain sizes. They found
materials: For example, nanometer-sized semiconductorshat onset and completion pressures of the B1-to-B16 transi-
exhibit particle size dependence of electronic and optication increase with decreasing grain size. However, due to
properties, making them potential candidates for applicationsmall grain sizes and the fact that B16 is a distorted cubic B1
involving tunability of these properti€s’ Recently, Tolbert phase, the broad diffraction lines of B1 and B16 phases
et al*~®studied structural phase transformations in Si, CdSestrongly overlap. Consequently, the determination of the
and CdS nanocrystals, and found that the smaller the crystajransition pressure for the B1-to-B16 transformation in PbS
lite, the higher the transformation pressure. They explainedsing the x-ray powder diffraction technique becomes ques-
the increase in transition pressure for the nanocrystals itionable. In addition, the behavior of the mean transition
terms of surface-energy differences between the phases ipressure versus grain size in PbS is still unclear. Therefore, a
volved. A similar explanation to the enhancement of transiteexamination of grain-size effect on the phase transition us-
tion pressure was also reported in nanocrystals of ZnS iing different techniques in PbS is warranted. In this commu-
Ref. 7 and of ZnO in Ref. 8 compared with correspondingnication, we presenin situ high-pressure conductivity and
bulk materials. However, Jiangt al® reported that for x-ray powder diffraction investigations on the phase transi-
nanometer-sizeg-Fe,0; particles the phase transition pres- tion in bulk and nanostructured PbS.
sure(from y-Fe,03 to a-Fe,0s) is lower than that for bulk Two PbS samples with average grain sizes of approxi-
material. They suggested that the larger volume change upanately 10um (hereafter called bulkand 8+ 1 nm (hereafter
transition in the nanocrystals is the main factor in this casecalled nanocrystalsvere investigated. PbS powd&0 wm)
A reduction of the transition pressure was also found inwith a 99.9% purity was used as a starting material for the
nanocrystals of TiQfor the rutile-tow-PbQ, transition® It synthesis of nanometer-sized PbS samples using a Planetary
seems that the grain-size effect on the transition pressure cdall mill (Fritsch Pulverisette )5 with tungsten carbide vials
be of either sign, depending on the system under investigaand balls. A single phase with a NaCl-type struct(Bé) in
tion. However, the mechanisms governing the structural stathe samples studied was confirmed by x-ray powder diffrac-
bility of nanocrystals are not well understood. More data fortion. The average grain sizes of milled samples and the start-
the grain-size effect on structural stability in various systemsng material were estimated by x-ray powder diffraction and
are desirable. by scanning electron microscopy, respectively. High resolu-
At ambient temperature, bulk PbS has a phase transfotion transmission electron microscopy measurements re-
mation at 2.2 GPa from a NaCl-type struct(Bd) to a black  vealed the presence of lattice fringes and confirmed the B1
phosphorus-type orthorhombic  structur@®16).” Qadri  structure in the samples. Tungsten contamination in the
milled samples, originating from abrasion of the vial and

dAuthor to whom correspondence should be addressed; electronic maipallsi VYaS found to b(_"" |8$S than 0:5 "’_It-% from energy-
jiang@fysik.dtu.dk dispersive x-ray analysis. High-pressumesitu electrical re-
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FIG. 1. Sample assembly for high-pressirrsitu electrical resistance mea- W
surements at ambient temperature.

—_——

] B1 3.4GPa
sistance measurements at ambient temperature were carried S B16 ;
out at Bayerisches Geoinstitut in Bayreuth, Germany, in a > f 14GPa
1200 ton multianvil apparatus using 7 mm edge length octa- ‘@ M
hedral pressure cell&ig. 1). Copper foils were used as elec- g 81 nacH 0GPa
trodes to measure the dc resistance across a sample disk ap- § B1_ NaCl NaCl
proximately 1 mm in diameter and 0.2 mm thick. Resistance ol RA__ BNaCiB1 Nacl
measurements were made on increasing pressure using a pre- 30 40 50 60

vious determined pressure calibration that is based on several
pressure standards. High-pressure x-ray powder diffraction
measurements<6 GPa were performed by the white-beam FiG. 3. Examples ofn situ high-pressure synchrotron radiation x-ray pow-
energy-dispersive method using synchrotron radiation and éer diffraction patterns at room temperature with increasing pressures for 10
multianvil press, MAX80, at HASYLAB in Hamburg, Ger- Mm and_ 81 nm PbS B1 and B16 are the low- and high-pressure phases,
many. The sample was mixed with a fine NacCl powderreSpeCt'Vely'
which was used both as a pressure calibrator and a pressure
medium. The pressure was estimated from the lattice coran enhancement of the energy band gap of the B1 phase with
stant of NaCl using the Decker equation of state at roondecreasing grain siZé.No appreciable change of the resis-
temperaturé® tivity was detected up to 5 GPa and a sharp rise in resistivity
Figure 2 shows high-pressuiresitu electrical resistivity ~was observed from 5 to 7.6 GPa. The mean transition pres-
for bulk and nanocrystal PbS. For bulk PbS, the resistivity asure is about 6:831.3 GPa. Figure 3 shows high-pressure
low pressures is found to be a fewdkem and remains al- x-ray powder diffraction patterns for both bulk and nano-
most unchanged by 2.3 GPa. At 2.4—-3.8 GPa there is a shagpystal PbS. The quality of data recorded here is similar to
rise in resistivity by three orders of magnitude. The mearthat reported by Qadgt all? Although the patterns of NaCl
transition pressure is about 3D.7 GPa. The transition is and PbS are superimposed, it is clear that in bulk PbS, the
essentially complete by 4 GPa, at which point the resistivityhigh-pressure B16 phase can be detected at 3.4 GPa while it
starts to decrease again, which will be discussed later. Fas not observable at this pressure within experimental uncer-
nanocrystal PbS, the resistivity at low pressures is slightainty for nanocrystal PbS. At 5.2 GPa, one peak of the B16
higher than that for bulk PbS, which could be explained byphase is visible also for nanocrystal PbS. These results are
consistent with the resistivity data above and confirm the
sharp rise in resistivity originating from the B1-to-B16 phase

Energy (keV)

3x10%7 transformation. Table | lists the onset, completion, and mean
—_ Bultk-PbS transition pressures of the B1-t0-B16 phase transformation in
g : “ g PbS. It can be seen that the onset pressure reported by Qadri
& 2x10° o % Nano-PbS et al?for 8.8 nm PbS crystals is lower than that obtained in
= - \
_..? " TABLE |. Transition pressures of the B1-to-B16 phase transformation in
2 1x10° Pbs.
@ .
0 Grain size  Onset Completion  Mean
L k (nm) (GPa (GPa (GPa Reference
0wt 22 Bl 10 2.4+02 3.8:0.2 3.1+0.7 Present work
0 4 8 12 16 20 24 8.8 2.4 5.8 Qadrét al. (Ref. 12
Pressure (GPa) 8+1 5.0+02 7.6:0.2 6.3-1.3  Present work
5.4 3.0 8.0 Qadret al. (Ref. 12
FIG. 2. High-pressurén situ electrical resistance for PbS materials with 2.6 3.3 9.0 Qadret al. (Ref. 12

average grain sizes of 10m and 81 nm at ambient temperature.
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this work for 8+1 nm Pbs nanocrystals. This discrepancydecreases exponentially with pressure in both samples. They
could be due to(1) different sample preparation methods follow the empirical law Rxexp(~CP), where C
used and?2) different techniques used to estimate transition= —0.64 GPa* for 10 um PbS andC= —0.34 GPa* for
pressures. On the basis of the combiiresitu high-pressure  8=1 nm PbS. This behavior can be explained by the de-
conductivity and x-ray powder diffraction measurements, itcrease of the energy band gap of the B16 PbS phase with
can be concluded that the mean transition pressure of tH@creasing pressure.
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