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Phase behavior of krypton and xenon to 50 GPa
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The fcc-hep phase transitions of krypton and xenon were investigated using synchrotron angle dispersive
x-ray diffraction in a diamond-anvil cell up to 50 GPa. Both gases, heated at the highest pressures, exhibit
coexistence of the fcc and hcp phases upon decompression to nearly ambient conditions with a decreasing
hcp/fcc ratio.
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I. INTRODUCTION was determined. In addition, the fraction of hcp phase as a
function of pressure was determined from the relative inten-
Previous work on the phase behavior of xere) is  sity ratio of hcg100 and fc¢200), the main peaks inherent
highly contradictory and very little information is available to these structures. In Sec. Il we briefly review the experi-
for krypton (Kr). This lack of accurate data on these simplemental setup a_nd_ results and discussions are presented in
elements and our previous observation of an unusual de3ec. lll. A prehr(‘)nmary account of the present work was
crease in the melting slopes at 20 and 30 GRa, Kr) mo-  9iven elsewhere’
tivated us to investigate the phase behavior of these materials
at both high pressure a_nd high temperature. Il EXPERIMENTAL DETAILS
X-ray-diffraction studies suggested that xenon transforms
at 14 GPa from the fcc structure to an intermediate close- The x-ray-diffraction experiments were carried out at the
packed phase and then transforms completely to the hdpeam line ID30 of the European Synchrotron Radiation Fa-
structure above 75 GPalaser heated diamond-anvil cell cility. A double Si{111) monochromator was employed to
(DAC) experiments suggested, however, that a direct, kinetiprovide an incident energy of 33.16 keV. The focused beam
cally sluggish fcc-to-hcp transition takes place at 21 &Pa.was introduced to the sample through a2@-diameter pin-
On the other hand, more recently it was reported that thérole. The x-ray-diffraction pattern was recorded on a flat
fcc-to-hcep transition occurs martensitically between 3 and 70mage plate located at a distance of 36 cm from the sample.
GPa without an intermediate phaskrypton (Kr) also crys- The images were converted, after removing the saturated
tallizes in the fcc structure and is predicted to be stable as fcpeaks, to intensity vs@data using thesiT2p software!? Tilt
to 110 GP4. Its room-temperaturéRT) equation of state and wavelength/distance corrections were obtained from
(EOS was determined by energy-dispersive x-ray techniquestandard silicon powder images. Indexing, structure solution,
up to 55 GP&;° and by x-ray-absorption spectroscopy mea-and refinements were performed using th@as (Ref. 12
surements up to 30 GP&.Polian et al. suggested that the and POWDERCELL (Ref. 13 program packages, assuming
fcc structure is probably not stable at very high pressanel  Lorentzian profiles and considering preferred orientations
Cynn et al, in their study of Xe, mentioned that hcp-like effects.
patterns have been observed in Kr at 2.1 &Raboth rare The samples were compressed using a DAC with
gases the growing of hcp domains from the fcc structuraliamond-coated tungsteélV) gaskets. Kr was loaded in the
seems to be related with the observed lowering of the meltbAC at RT using a 0.3-GPa gas apparatus and Xe was
ing temperature from that predicted by the correspondindoaded at 0 °C and 50 bars in a gas pressure vessel which was
states theory. evacuated prior to loading. The gas samples were loaded in
The primary intention of the present work was to check iftwo different ways which provide uniform heating of a
the coexistence of fcc and hcp phases over a large pressusample volume which was subsequently x rayed. In the first
range is caused by kinetic or nonhydrostatic effects and if thene (sample 1, a rhenium(Re) heater of 30am thickness
lowering of the melting slope can be explained in terms of aand approximately 80um in diameter with a 3Q:m-
model in which hcp stacking faults act as solutes in a binaryiameter hole in the center was located inside the gasket
system. Ideally, the problem can only be properly addresselole. This geometry provides nearly uniform heating of the
by x-ray diffraction at simultaneously high pressure and highgas sample inside the 3@ hole of the heater. A schematic
temperature. However, such technology has not been availiew of this high-pressure cell is shown in Fig. 1. In the
able at the time of these studies. We therefore performedecond ondsample 2, Xe or Kr were trapped in a pressed
high-resolution  angle-dispersive  synchrotron  x-ray-disc of W (Pt or Fg powder of 20—3Qum thickness, sand-
diffraction experiments on temperature-quenched samples iwiched between two thermally insulating 10n-thick LiF
a diamond-anvil cell up to 50 GPa. We observed the coexwindows. This arrangement also provided uniform heating of
istence of fcc and hcp in Kr from 50 down to 3.2 GPa and forthe gas samples of similar dimensions as in case 1. Kr and
Xe from 41 down to 1.5 GPa. For both rare gases the EOXe samples were compressed to 50 and 41 GPa, respec-
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FIG. 3. Same as Fig. 1 but for Xe.
Ruby
Kr or Xe o . . . .
B g Fe) are easily identified since their pressure shifts are smaller
lamon

than those of Kr and Xe peaks. The remaining reflections of
Re Heater Kr and Xe patterns can be indexed only on the assumption of
. - . the coexistence of fcc and hcp structures. In order to show
FIG. .1' .SChemat'C descnptlon_ of sample 1. Sample is un'formlytpis more clearly we plot in Fig. 4 the diffraction diagram of

heated inside the Re heater, which absorbs the defocused Nd:YL . . .
Kr sample at 5.9 GPa together with the refined profile and

laser beam. Temperature is measured from a microsized area of tﬁiﬁ T —_— .
sample and pressure can be measured from unheated ruby chipst. e individual contribution of the different phases. The de-

viation from the ideal(111)—(200) intensity ratio observed in

tively, and quenched after laser heating to 2300 K. A 50-WFig. 4 on fcc Kr indicates that some prgferred orienf[ation was
Nd:YLF laser(TEMy, mode\=1.053m) was used to heat present. In the rgfmemen_t shovyr_1 in F|g. 4 we obtained a low
the samples. X-ray data were collected with decreasing prey@lue of the residual for intensitieR(F~) =0.075, wherzeas
sure down to nearly ambient conditions. A ruby chip served?y considering only the presence of a fcc Kr phaseR(ie”)

as a pressure sens8iThe pressure obtained in this way is in value is S|gn|f|cant_ly Iarge€0.13j). This is also consistently
agreement with that deduced from the Re, W, Fe, and pound for all the diffraction patterns of Kr measured above

patterns according to the previously established equations ¢f2 GPa and in all the diffraction patterns of Xe collected by
stated5-17 us, the reason being that intensities of several reflections can-

not be well accounted for without considering the coexist-
ence of both the fcc and hcp structures. This gives quantitive
support to the fact that a pressure above about a few giga-
Figures 2 and 3 show the diffraction spectra measured at

Ill. RESULTS AND DISCUSSION

different pressures for Kr and Xe, respectively. In all the A ' ' ' ]
e Kr 5.9 GPa
spectra we have taken, the peaks arising from(\RgePt, or
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6 10 14 18 FIG. 4. Diffraction pattern obtained in sample Kr 1 at 5.9 GPa
Diffraction Angle 26 (deg) (solid curve, upper trageThe background was removed. The dot-

ted curves represent the fiting curve obtained in the refinement as-
FIG. 2. X-ray-diffraction patterns of Kr at different pressures. suming the coexistence of the fcc and hcp phdspper tracgand
Miller indices corresponding to the f¢bcp structure are indicated the difference between measured data and refined pisfieond
in the lower trace. Re peaks are also labeled. Intrinsic hcp peaks ateace. The three lower traces show the individual contribution of
shown in the upper trace. The different pressure dependence of Rbe different phases present. The Re and hcp Kr curves are verti-
and Kr reflections is also illustrated. The background was removectally expanded to better show the presence of weak reflections.
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pascals induces the coexistence of the fcc and hcp structures
in Xe and Kr?
As shown in Figs. 2 and 3, the positions of some fcc
peaks—e.q.(111), (220, (311), and(222—agree with those
of some hcp peaks—e.g(002), (110), (112, and (004).
These correspondences are expected from a disorder in the
atomic stacking layerSwhich seems to be unavoidable in
fcc rare-gas solid€ In fact, the presence of a high degree of
stacking disorder has been reported previously in fcc Kr
(Ref. 19 at low temperature. For example, the dhcp struc-
ture, another close-packed structure which consists of hex-
agonal planes with a random stacking order, coexists under
freezing at 100 K at ambient pressure with the fcc
structure!® The coexistence of hcp and fcc phases has been
also observed in crystal growth below 01§5%° whereT; is
the bulk freezing point. The peaks inherent to the fcc struc- |
ture are(200), (400, (422), and(511) and the peaks intrinsic }
to the hcp structure are indicated in the upper traces of Figs.
2 and 3. In both rare gases the intensity of the(h0p) peak
decreases Continuous|y upon decompression, the same trendF|G. 5. Debye-SCherrer diffraction rings as recorded on the im-
followed by the hcpl01) peak of Xe. In addition, the rest of age plate for Kr at 31.2 GPa, showing the (idj0) ring and the
the hcp peaks are completely lost below 15 GPa. In contrasiots associ_ated to the N(t_pl) reerctions.F'andH are for fcc and
with the decreasing of intensity of the intrinsic hcp peaks, the1cP: respectively. Those rings corresponding to both structsess
intensity of the intrinsic fc€200) peak increases when releas- text) are labeled only as fcc for simplicity. Re indicates the rhenium
ing the pressure. All these facts indicate a reduction of th&@3ks:
amount of hcp domains present in the sample under decreas-
ing pressure. the fcc and the hcp phases of Kr since both structures have
In our experiments, the lowest pressure where hcp peakibe same number of nearest and second-nearest neighbors
were observed in Kr was 3.2 GPa, whereas in Xe they werwith their shells located at the same distances.
observed even at 1.5 GPa. These values compare well with Direct evidence of the observed extra hcp peaks is given
those reported by Cynet al? for the appearance of the hcp in Fig. 5 and 6. Figure 5 shows the Debye-Scherrer diffrac-
peaks under increasing press(@eand 3 GPa, respectively tion rings of Kr at 31.2 GPa as recorded on the image plate.
In the Kr sample studied at 0.9 GPa the hcp peaks had disFhe inner ring corresponds to the iitp0) reflections and
appeared, but the diffraction peaks corresponding to the fcthe spots observed between the(1dd) and fc¢200) rings
structure were still identifiable together with a pronounced(overlapped with one Re ringcorrespond to the héb0l)
broad diffuse scattering, characteristic of the short-range oreflections. Figure 6 shows two image-plate images recorded
der of liquids. This is in good agreement with the RT liquid- on Xe at 19.1 GP#&) and 5.5 GP4db), respectively, together
solid transition reported at 0.83 GP2??and with the coex- with their integrated one-dimensionélD) angle-resolved
istence of crystalline and liquid Kr observed at 0.9 GPa.  x-ray-diffraction patterns. At 19.1 GPa the presence of the
It is worthwhile to comment about why the hcp structurehcp(100 and hcl0l) rings can be clearly observed,
was not observed in previous Kr measureméfit®ne rea- whereas the fd@00) ring is diffuse. On the contrary, when
son is the higher resolution of our experiments, related to thelecreasing the pressure to 5.5 GPa the fcc reflections become
angle dispersive method and the high brilliance reached imore intense and the hcp reflections weaker. The spots and
the ESRF. From our results, assuming=215°, it is straight-  the diffuse scattering observed in both figures were also ob-
forward to estimate that in an energy dispersive experimerserved by Cynretal? in Kr and Xe as well as in other
the energy difference between the (ft@0) and the hc(l00)  system&*~2®for martensitic fcc-hcp transitions.
peaks(the highest peak inherent to the hcp structure, see Fig. In order to get some insight on the fcc-hcp transformation,
4) is about 1 KeV. Then, as the half width of the ft60) it is convenient to classify the close-packed structures ac-
peak reported by Poliast al® is also about 1 KeV, in the cording to the way the plane hexagonal arrays of atoms are
energy dispersive experiments the (i) was probably stacked. fcc stacking is characterized by the sequence AB-
hidden by the fc100) peak. The second reason is that afterCABC and hcp by the sequence ABABAB. By omitting a
laser heating, the diffraction peaks are sharper and bettdayer from the fcc sequence the fcc lattice may have locally
resolved than those obtained before the laser hedtber.  small domains ordered in an hcp structure. Since the free-
cause of these facts, it is perhaps not surprising that the c@nergy difference between fcc and hcp phases is smdl (
existence of fcc and hcp phases was not identified in earliexx 1 mRy/atom) and decreases under pres$t#&it is rea-
studies, in particular considering that most of the hcp peaksonable to expect that thermal fluctuations will occasionally
are overlapped by the fcc peaks as explained above. Regarslide the position of an fcc plane to an hcp arrangement.
ing the x-ray-absorption measuremehfshey give informa- The intergrowth of hcp domains within an fcc structure
tion on the local structure, but cannot distinguish betweernas been observed in several systénfS as being always
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attributed to the developing of stacking disorders. In cobalta consequence of the appearance of hcp domains in their fcc
this occurs during the fcc-to-hcp transformation upon cool-structure’ since these unusual changes of the melting slope
ing at ambient pressufeand during compression at room take place around 2500 K and 30 GPa in Kr and 2700 K and
temperaturé® these two phenomena are apparently related20 GPa in Xé

In Kr and Xe, the fcc-hcp coexistence occurs when they both  As the martensitic character of the fcc-hep transformation
crystallize below 0.65; at ambient pressure, while above seems to be related to the nonhydrostatic conditions of the
this temperature only the fcc structure exidt®Because of experiment$ we decided to study samples 1 and 2 under
the similarities among the transformation observed uporifferent conditions as described in the experimental section.
warming at ambient pressi#feand the reduction of the hcp/ We observed a similar behavior in both samples. Figure 7
fcc ratio that we have observed under decompression at rooshows the diffraction pattern obtained for sample 1 of Kr at
temperature with those phenomena observed in cobalt, it i84 GPa and sample 2 of Kr at 20 GPa. The intensities of all
reasonable to assume that, as it happens in cobalt, in Kr arir lines are comparable in both patterns. The same behavior
Xe both phenomena are closely related. The possible connewras observed in the Xe samples. It is interesting to see that
tion between them seems to indicate that the beginning adluring laser heating, sample 2 of Kr was molten and sample
growing of the hcp domains may shift toward higher pres-1 was not. All these facts indicate that the occurrence of the
sures at higher temperatures. This suggestion is coherent

with observation by Yo® that the intergrowth of fcc and bcc TABLE I. Relative volume differenceg/a ratio of the hcp lat-
phases begins at higher pressure with increasing temperatuti&e parameters and hcp/fcc ratio as a function of pressure.

It gives also additional support to the idea that the consider

able decrease observed in the melting slope of Kr and Xe is P Sample  Vie— Vhep/Viee /@ In/(In+1y)
(GPa (x10°9)
Lk & ' ' ' ] 0.9 Kr1
r g S 3.2 Kr 2 2.37 1.635 0.02)
- e ] 5.9 Kr 1 7.76 1.639  0.08)
Sz g o ] 151 Krl 10.55 1641 018
;2‘_‘ = g ¢ ¢ ] 20 Kr 2 13.44 1.640  0.15)
5 sample 2-20 GPa | 24 Kr 1 10.27 1.641 0.12)
E - 312 Kri 8.55 1.640  0.28)
E' < ] 40.4 Kr 1 8.01 1.637 0.22)
% ;g 50 Kr 1l 5.22 1.638 0.3b)
et o
-l Sl ] 15 Xe l 3.87 1.651 0.q1)
sample 1-24 GPa 55 Xe 1 6.91 1.651 0.291)
6 10 18 139 Xel 4.83 1672 0.817)
Diffraction Angle 26 (deg) 19.1 Xe 1 13.04 1.648 0.979)
27.1 Xe 1l 13.05 1.645 0.975)
FIG. 7. X-ray-diffraction patterns of samples 1 and 2 of Kr at 24 29 Xe 2 0.43 1.633 0.09)
GPa and 20 GPa, respectively. Miller indices corresponding to the 36.2 Xe 2 4.69 1.622 0.986)
fce (hep) structure are indicated in the lower trace. Re, W, and LiF 41 Xe 1 1.14 1.633 0.914)

peaks are also labeled. The background was removed.
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FIG. 8. Comparison of volume data as a function of pressure.
Current measuremen(®), best fits(—), Ref. 3(<), Ref. 5(V),
Ref. 6 (O), Ref. 7(A), and Ref. 30(J). Uncertainties in our data FIG. 9. Pressure dependence of the unit-cell parameters of the
are smaller than the symbols size. fcc (a) and hep(a) and(c) structure of Kr(empty symbolsand Xe

(solid symbol$. Lines are to guide the eye.

continuous transition from fcc to hcp is not affected by dif- ) ] )
ferent run conditions, being mostly induced by the nominaS@me and rule out the existence of any intermediate close-
pressurgnormal stress packed p_hase progressing from fcc to hep by means of shear

Volume data for Kr and Xe were obtained for both phaseyeformatlonsl, giving additional support to the. |dea. that fcc
at all the pressures where they are present being the relati#@nVverts to hcp due to the presence of stacking disorders.
difference(shown in Table ) similar to our accuracy in de- F|_nally, we estimated the relative proportions of fcc and
termining the volumethe relative error is<10 2). This is  NCP in Krand Xe froml, /(1 +1y,), wherel; andl,, are the
not surprising since by modifying the sequence of planedtegrated area of the f200) and hcig100) peaks, respec-
only small atomic displacements are inducad can be seen fively. We chose these two peaks since they are the main
in the fact that both structures have identical first- andnherent peaks to each structure. The estimates are shown in
second-neighbor coordination shglind thus the transition Table I, where it can b_e seen that the hcp/fcc ratio increases
occurs without a measurable volume change. The pressukiider pressure, reaching a value close to 0.3 at 50 GPa in Kr
dependence of the volumes is plotted in Fig(dly for and larger than 0.9 at 19.1 GPa in Xe. This ratio might de-
the fcc structure of Kr and Xetogether with earlier Pend on the pressure path of the saniphewever, the ob-
results>5~73 The agreement is quite good, but above 3pserved trend suggests that .th.e hcp pha;e cont_lnuously
GPa our Kr data show systematically lower V0|umes_evolves f_rom t_he fcc phase. Thls is coherent with the increas-
than those of Aleksandrost al® This is not surprising since N9 stacking disorders probabilitglue to the decrease in the
the accuracy in determining the volume in AleksandrovEN€rgy separating tDESfCC and hcp phases occurring under
measurements was 3%. The fact that both phases have tH¥reasing pressure."**In addition, the smaller increase of

same volume is reflected in the pressure dependence 8i€ hcp/fec ratio observed in Kr indicates that the phase
the unit-cell parameters, given in Fig. 9. Both the fcc andtransformation might conclude at higher pressures in Kr than

the hcp unit-cell parameters have the same pressure di! Xe. i i )
pendence. This is not surprising since fcc and hcp can be N summary, we studied solid Kr and solid Xe by means
thought of as being polytypes of the same close-packe@f @n angle dispersive technique up to 50 GPa. We found that

structure®® The Birch-Murnaghan third-order equation fits IN K (Xe) upon decompression the fcc and hcp-phases co-
to our data yieldB,=2.7(+0.9) GPa,B}=5.4+0.7), and XISt from 50 GPd41 GPato 3.2 GPA1.5 GPa. The same
Vy=29.7 cni/mol for Kr and By=4.3(=0.6) GPa, B! kind of behavior was previously observed in Xsuggesting
_05 7(+'0 5, andV,=37.6 cm”/molofor -Xe_in. good a{gré)e- that the fcc-hcp martensitic transition could be a common

ment with previous result$®?® values for V, were ob- behavior in all rare-gas solids.
tained by extrapolating the high-pressure data to ambient
conditions.

It is important to point out that in the hcp phase of Krand  We thank M. Mezouar for technical advice on the beam
Xe thec/a ratio remains nearly constant under compressionline ID30 at ESRF and R. Ditz for assistance in sample load-
and very close to the ideal value 1.683e Table)l This ing. The present work has been done under Proposal No.
indicates that the compressibility of both axes should be th¢iS-1359 at ESRF.

Pressure (GPa)
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