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Structural behavior of a-uranium with pressures to 100 GPa
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The structural behavior af-uranium at room temperature has been studied up to 100 GPa in diamond anvil
cells using angle-dispersive x-ray diffraction at a synchrotron source. The orthorh@ntmmstructure is
stable to at least 100 GPa. We present details of the variation of all structural parameters, derived from Rietveld
analysis of the diffraction patterns: the lattice parametery, andc, and the positional parametgr as a
function of pressure. Precise data, as well as the use of different media for the pressure transmission, allow us
to question previous values of several parameters deduced by x-ray diffraction, especially the bulk modulus,
and we obtain a revised bulk modulusBf=104(2) GPa wittB,=6.2(2). Wehave also performed accurate
(zero-temperatupeslectronic structure calculations with full structural relaxation up to 100 GPa to test theory
against our experimental results. The magnitude and trends of the calculated structural parameters are in
reasonable agreement with experiment. In contrast, our bulk modulus calculated at our zero-pressure volume is
B,=136 GPa and;=5.07, in agreement with previous calculations, differing markedly from experimental
values.
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[. INTRODUCTION principles theoretical investigation of the parameters-d
as a function of pressure. For the most part there is reason-
The behavior of actinide metals under pressure can bable agreement between theory and experiment, except for
differentiated into two groups. Thef5electrons in the ele- the bulk modulus, and in details of the compressibility of the
ments Th—Pu show itinerant behavior and contribute to théndividual axes.
bonding, whereas in the following elements including Am

and beyond the Bstates are Iocali_zed and nonbond?ng._ Il. EXPERIMENTAL DETAILS
study of these materials as a function of pressure thus yields
important information about the role of thef ®lectrons in Small pieces of depleted uranium were handled under ar-

the solid. A good example is our recent study of ARef. 2~ gon atmosphere in a glovebox at the Institute for Transura-
and Am-Cm alloy(Ref. 3, which provide new information nium Elements. Samples were loaded into three different
about the involvement of thefSelectrons in the metallic DAC types: one of Syassen-Holzapfel tyjpening angle:
bonding in Am. We determined also that the fourth high-14° (26)] with diamond flats of 40Q:m, one of Le Toullec
pressure phase of Am, which was thought to have thdype [opening angle: 24726)] with beveled 30Qum dia-
a-uranium crystal structur€mcm has in fact a primitive monds, and the other of Cornell tyjpepening angle: 21°
orthorhombic Pnma structure. These two structures are (26)] with beveled 20Qzm diamonds, together with
closely related. In view of this, we decided to perform high-pressure-transmitting mediuctiquid N, or silicone oi) and
pressure experiments on uranium under the same conditiofgessure gaugguby crystal or Pt powder
to determine if the structure remain€incmat all pressures As a platinum pressure marker was used to estimate the
up to 100 GPa. pressure, we performed an experiment to verify the equation
Below the formation of the3 phase at 935 K, uranium of state parameters of Pt. A loading was made with ruby as
crystallizes in thea phase with the orthorhombic space pressure gauge and we found, fofy=60.4012 B, By
groupCmcm(no. 63, with uranium atoms at Wyckoff posi- =282.8+5.0 GPa andB;=5.74+0.30, in agreement with
tions 4c): (0,£y,=3) with y=0.1024 at room the values published by Holmes all? The pressures mea-
temperaturd.Many articles about the structural behavior of sured by using ruby and platinum in the uranium experi-
a-uranium under pressure at ambient temperature have beements were in good agreement. Nevertheless, in order to
published®™* none of which reports results of experiments check if our Pt equation of state parameters described well
using the angle-dispersive technique with diamond anvibur experimental conditions at high pressure, we took one
cells (DAC). As we have showf this technique, combined image with Cu as pressure calibrahtwe obtained, at 79
with Rietveld analysis of diffraction patterns, provides moreGPa, a perfect agreement between the two metal gauges.
information than the older methods. We find thkat) does The experiments were performed at the European Syn-
indeed remain in th&€mcmphase up to 100 GPa. In addi- chrotron Radiation FacilitfESRP on the ID30 undulator
tion, the quality of our data has allowed us to determine thabeam line in an angle-dispersive mode using monochromatic
the bulk modulus is considerably lower than previously deradiation. A channel-cut, water-cooled(Bil) monochro-
termined by x-ray techniques. We report also a first-mator was used to produce a monochromatic beam of either
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33.17 keV(0.3738 A or 61.33 keV/(0.2021 A.

In the case of the experiment with the Syassen-Holzapfel
type DAC (\=0.2021 A) the beam was collimated to 90
X 90 um?, whereas for the other experiments the beam was
focused with vertical and horizontal Kirkpatrick-Baez mir-
rors to full widths at half maximum close to 1@m. Two-
dimensional images were recorded on a MAR345 image |(p =100 GPa
plate detector or on a Bruker charge-coupled deV€€D) * T C
camera. The Debye-Scherrer patterns showed that there we b | ‘o
no preferred orientation and that a large number of grains I o A
were sampled. The fully integrated profiles, obtained with
the European Synchrotron Radiation Facility2D software,
were refined using the Rietveld method with the LPROF
program**

Theoretical calculations were performed using a full-
potential electronic structure method that uses muffin-tin or-
bitals for basis state&PLMTO).'® Exchange and correlation
were treated in the generalized gradient approximation
(GGA) of Perdew, Burke, and Ernzerhtf.Denoting basis
states byt(nl), wheret is the number of kinetic energies and
n and| the principal and orbital parameters, our basis was — e
2(6s6p)3(7s7p)2(6d5f), resulting in 88 basis states per
U atom. Calculations were fully relativistic; muffin-tin radii
were kept fixed to avoid any ambiguity in equilibrium
volumel” Structural relaxation was accomplished using a
simple conjugate gradient scheme to minimize the energy —~ Y e WA P M

with respect to the orthorhombic lattice paramegery, and IS S AU U NV S

¢ and the structural parametgrwith the volume imposed as

A=0.3738 A

Intensity

P =59 GPa

P =27 GPa

a constraint. Integrals over the Brillouin zone were per- 4 6 $ 10 12 14 16 18 20 22
formed by linear interpolation on tetrahedra with an energy

correctiort® using 234 irreducible points in the Brillouin Angle (20)

zone. Using this set, the calculated values were converged to

FIG. 1. Experimental datgointg together with Rietveld profile
fits of the synchrotron data at the listed pressures. The tick marks
show the position of the reflections and the thinner lines below the
IIl. RESULTS main profile are the difference profiles. The reliability fackRy;agq
is 7.83% at 2.7 GPa, 3.78% at 59 GPa, and 6.70% at 100 GPa. The

Initial experiments were performed using the Syassensecond phase in the pattern at 100 GPa is the Pt pressure marker.
Holzapfel type DAC. For the first run, silicone oil was used
as the pressure-transmitting medium and experiments were2.8553(1) A, b=5.8701(2) A, c=4.9568(2) A, V
carried out to a pressure of 10.5 GPa. This was followed by=83.081(6) &, in excellent agreement with the literatdre.

a second run under identical conditions except that nitrogeho UGQ, lines indicating oxidation of the sample were ob-
was loaded as the pressure medium. For this second run, tiserved in these runs. Our calculated lattice parameters are
sample was measured up to(@7GPa in 20 steps of increas- a=2.831 A, b=5.797 A, andc=4.957 A, at the theoretical

ing pressure. A second loading under identical experimentatquilibrium; at the experimental volume, the values are
conditions was then made at atmospheric pressure to obtain2.852 A, b=5.841 A, andc=4.982 A. Our calculated
precise initial lattice parameters and volume of the unit cellstructural parameter ig=0.1020 at both volumes. These

A third experimental run was performed with the Le Toul- values are in good agreement with experimenidestng
lec type DAC. As for the preceding run, we first took one recently calculated structural parameters at ambient pressure
image at atmospheric pressure, and then, with another loa@nd obtained similar values.
ing, we reached §8) GPa in 20 steps. This time, we put  Figure 1 shows angularly averaged powder-diffraction
more sample in the gasket hole to check if a poorer hydropatterns fitted with the Rietveld analysis for three different
static condition could influence the structural behavior ofpressures. No phase change was observed up to 100 GPa, the
uranium. maximum pressure reported.

To obtain high-pressure data up to 100 GPa, we per- In Fig. 2@ the results of our experimental determination
formed a run using a Cornell type diamond anvil cell andof the fractional volume are shown. As we shall discuss later,
collected a further 23 images from atmospheric pressure ti is clear thatsomeof the data on this plot are not consistent
100(5) GPa. As explained above, a final run was conductedvith a smooth variation o¥//V,. We focus on the data taken
to take a single image with Cu as pressure gauge. as “N, hydrostatie-ruby.” With these data we have fit the

The initial lattice parameters were determined as Birch-Murnaghan equation of staté:

<1%.
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0.95 ®  Silicone oil + Pt 0.99 —— Birch-Murnaghan fit
. N ~ . O Nitrogen (quasi-hydrostatic) + ruby
© 2(n0n hydrostatie) + ruby 0.98 - W Silicone oil (non-hydrostatic) + ruby ||~
0.90 A Silicone oil + Cu [
: O —— Birch-Murnaghan fit 0.97 1 ) r
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0.75 : 0.93 1 r
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0.70 { (@) X
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»  Bridgman (1948) 0 1 2 3 4 5 6 7 8 9 10 11 12 13
0.95 1 A Viard (1962) 1
* v Merx & Moussin (1980) Pressure [GPa]
®  Akella et al. (1985)
0.90 1 +  Smith (1989) - FIG. 3. Relative volume as a function of pressuresde in
®  Akella et al. (1990) th I . h . th i t £ t tt
5 Yoo ctal. (199) e low-pressure region, showing the effect of pressure-transmitting
5> 0.85 - This study (B.M. fit) medium.
B O This study (theory)
0.80 - now fairly conclusively thought to be due to the freezing of
the pressure medium and consequent work hardefirfg.
0.75 1 The effect on the relative volume and lattice parameters of
(b) Y uranium is particularly evident with our high-resolution syn-
0.70 1 Fe g chrotron data and may explain why many earlier measure-

ments overestimated the compressibility. We also show the
calculated pressure volume curve.

Figure 4 shows the relative changes in the lattice param-
FIG. 2. Relative volume as a function of pressuresded. (a) eters as a function of reduced v_olume_along with cal;ulated
All data taken in the present series of experiments. The Birch__parameters. The slowest Chaf‘g'”g aflenst Cqmpre§S|b]e
Murnaghan fit to the “best data(see text is shown as the solid ISC, and. theory reproduces .thls effect. Experiment finds that
line. It gives a bulk modulu,=104(2) GPa an®,’ =6.2(2). thea axis is most compressible up to 1OQ GPa. At low pres-
(b) The Birch Murnaghan fit is again shown as a solid line. The datasures(a_nq Z€ero tempergt_u)r,_etheory predlct_s thag and b
points are from all previous studies efU. The additional refer- have similar compressibilities. At approximately 25 GPa,
ences are Bridgma(1948 discussed and revised in Gschniedner theory hasb/b, crossinga/a, and becoming the more com-
(1964 (Ref. 22, Viard (1962 (Ref. 23, Merx and Moussir{1980 pressible axis. Parameters calculated using a thermal popu-
(Ref. 5, Akella, Smith, and Weed1985 (Ref. 6, Smith (1989 lation decrease the difference between theory and experiment
(Ref. 24, Akella et al. (1990 (Ref. 8, and Yoo, Cynn, and &er-  in this regardsee the discussion in the summary belout
land (1998 (Ref. 1J).
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to the experimental points. The values obtained wBge v k.
=104(2) GPa and}=6.2(2). 2 004 5 = am "*\i"i“‘\u i
. . . = n
In the Fig. Zb) we reproduce the Birch-Murnaghan fit to & & a b/, ‘:QA
our “best” data, together with the experimental points from %7/ ¢ |
some of the earlier studiéé-?*1t is apparent that the earlier 0.86
d_ata lie prejdo_minantlybovethe solid curve, and henqe will T L00 0.95 0.90 0.85 0.80 0.75
give aBy significantly greaterthan the value we obtain. VIV
To emphasize this point, we compare the pressure-volume 0

curves up to 12 GPa taken with silicone-oil- and nitrogen-  FiG. 4. Relative lattice parameters as a function of relative vol-
pressure-transmitting mediums in Fig. 3. This shows ame. The experimental values are given as filled symtuitsles
marked discontinuity starting at around 4-5 GPa for the oikor c/c,, squares fora/a,, and up triangles fob/b,) and the
loading. This anomaly has been observed previously in outheory as open symbols with a polynomial fit through them of the
work on the X3 compound® and by other authors, and is dashed lines.
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FIG. 5. Axial ratios as a function of relative volume. The solid

symbols are experiment. The open symbols joined with dashed lines FIG. 7. Atomic positional parametgrof the o-U (Cmcm) struc-
are the theory. ture as a function of relative volume. The theory values are shown

as open points. The experimental values below 0.100 are probably

not significantly. Figure 5 shows the axial ratios again as &€ 0 @ poor Rietveld fit.
function of reduced volume. The scale in this plot is quite . - L L
large, in order to show all three ratios, but it does show that Finally, in Fig. 7 we show the variation of thg posmonal
in general, theory is able to reproduce the effects of pressur%arameter as a function of reduced volume. This is the hard-
in a-U quite well. est parameter to refine, as it depends onintensitiesof the

One unusual aspect of the fractional change of the lattic ffractl_on. lines rather than theposition We notice that the
parameters with pressure is the fact that at intermediate prel1€1Y IS in reasonable agreement at low pressures but pre-
sures the/a, andb/b, curves(Fig. 4) diverge quite consid- icts a slightly greater variation than is observed experimen-
erably, and then tend to merge again at higher pressure. Th‘i@"y’ especially at high pressure.
is a consequence of the elastic anisotropydfl. Figure 6
shows the experimental consequences of this in a more direct IV. DISCUSSION
way by showing the positions of three of the first diffraction
lines for three different pressures. Although there is signifi- h
cant line broadening at 100 GRthis is a phenomenon al-
most always observed in high-pressure x-ray experiments
there is a tendency with increasing pressure for the first thre
diffraction lines to be at almost the samiepace(at 59 GPa
and then to separate agaiat 100 GPa as they were at
ambient pressure.

The most important results of our work are that we
ave confirmed that the-U structure(Cmcn) is stable to
100 GPa andb) the bulk modulus is lower than all previous
determinations withx rays With respect to the first point,
§-Uis exceptional in the sense that it is the only actinide that
does not exhibit any phase transition below 100 GPa. This
fact is in agreement with previous thedfyas well as our
current efforts. Calculations of Rigaud® predict a transi-
tion for ~31% compression of-U; at 10a5) GPa, we ob-
tain a compression equal to 29%.

=8 The bulk modulus determined experimentally in this

study 1042) GPa[B(;=6.2(2)] is much lower than that de-
duced from previous x-ray experiments wh&gandB are
respectively, 143.4 GPa and 3.7/®ef. 5, 125 GPa and 6.2
(Ref. 6, 1473) GPa and 2.8) (Ref. 7), 138.7 GPa and 3.78
(Ref. 8, 135.5 GPa and 3.7&Ref. 11. We have argued in
our presentation of the results that we believe the previous
X-ray measurements are in error and do not completely ac-
count for the effect of freezing of the pressure mediia®e
Figs. 2 and Band that this has led to a systematical overes-

timate ofBy. It is the low-pressure part of the equation-of-
”’_ “/\/\’— —/\/\/\/— state relationshigFig. 2) that is particularly important in
P =2.7 GPa P =59 GPa P=100 GPa determiningB, and, as shown in Fig. 3, this is the region that
is strongly influenced by nonhydrostatic conditions. More-
FIG. 6. Behavior of the positions of the lomyspacing reflec-  OVer, in many cases the number of data points in previous
tions (110, (021), and (002 at three different pressures. This Work is small compared to oufsee especially Ref. 1land
shows, as in Fig. 1, that the positions of the peaks can be accuratelfiis has exacerbated the difficulty in deduciBg. Clearly,
determined by the fitting procedure. the quality of data obtained in the present experiments, once

=]
—
—

002
021

110
021

Intensity
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TABLE I. Values of the bulk modulus as derived from various measurements in the literature. Note that
some of the early work, quoted in Fisher and McSkirtRef. 30 had problems with obtaining a random
grain orientation ine-U. For this reason they are not quoted, although they generally lie in the region of
90-120 GPa. Error bars are not given in many measurements, but probably are of the order of 2—4 %.

Bo Effective
Type of measurement (GPa temp. (K) Reference
Mechanical displacement 101 300 Gschneidner, 19Béf. 22
Ultrasonic 111 300 Fisher and McSkimin 19&8ef. 30
Early specific heat ~55-80 T—0K See Ref. 4
High-P x rays 143 300 Merx and Moussin 198Ref. 5
High-P x rays 125 300 Akella, Smith, and Weed 19@%ef. 6
High-P x rays 147 300 Dabost al., 1987 (Ref. 7)
High-P x rays 139 300 Akellat al, 1990(Ref. 8
High-P x rays 136 300 Yoo, Cynn, and 8erland 1998Ref. 11)
Ultrasonic 114 300 Yamanalet al,, 1998 (Ref. 31
Neutron-diffr. T factors 112 300 Lawsoat al., 2000(Ref. 32
Specific heat 10@) T—0K Lashleyet al, 2001 (Ref. 33
High-P x rays 1042) 300 Present work

aalues of Bridgman1948 reevaluated by GschneidnéRef. 22.

true hydrostatic conditions are obtained, provides a great imhave arrived at a bulk modulus that is essentially unchanged
provement in accuracy of measured bulk modulus. This is irirom that determined by Bridgman 50 years ago.
a large part due to the use of the high brilliance of the third The great difficulty that this now poses is that the latest
generation synchrotron source and the use of the anguldneories, including the one we report, obtain a significantly
dispersive technique. higher value for theB,. Our calculations give 136 GPa.

It is then instructive to return to other methods of measurPenicaud® obtains 147.5 GPa and &erlinc?® obtains 130
ing Bg. Many measurements probe indirectly the latticeGPa. Although earlier calculations using the atomic sphere
compressibility. The most common is the relation betweerapproximation and a hypothetical crystal struct(ice), such

By and 6y, the Debye temperature, which is given by as those by Skriver, Andersen, and JohanSscand
Panicaud® were lower at 115 and 117 GPa, respectively, the
h (672 [BoNoQ more recent calculations have all tended to be about 140
90:%(?) M GPa. These are then in disagreement with the experiment.

The orthorhombic structure @f-U is fairly complex; nev-
where Q is the atomic volume(=20.74 &), No is ertheless, the calculations we report, with complete structural
Avogadro’s number, ani is the mass of the aton{s= 238  relaxation, provide a good test of theory. The theoretical cal-
amu. There are a number of methods of determinfiagand  culations are performed at zero temperature, whereas the ex-
we have listed some of the deriv8g values, together with periment is performed at room temperature. In normal mate-
the By's derived from x-ray work in Table 123 The esti- rials, the largest effect of temperature is thermal expansion;
mated difference between the isothermal and adiabatic bulthis is an unlikely source for the discrepancy we report. We
moduli is about 3%, and we have neglected it here. note that the difference in equilibrium volume at 100 GPa

Table 1, in which the entries are in chronological order,between the experimeniwith B,=104 GPa) and theory
shows interesting trends. Initially, the early measurement$with By=136 GPa) is only 2.1%, and the bulk modulus
gave By~ 105 GPa. It is worth highlighting the pioneering calculated at the experimental volume is 124 GPa, decreased
experiments of Fisher and McSkimin on single crystals inby 9%. We have investigated thermal effects on the calcu-
this series of experiments. However, the early specific-hedated structural parameters by performing structural relax-
experiments clearly deduced incorrect valuesdgr, prob-  ation using a thermal population of Kohn-Sham eigenstates
ably because of effects of intergranular stres8eBy the  corresponding to a temperature 6f1000 K. There is no
mid-1970s, however, the x-ray technique was thought supesignificant change in the bulk modulus. Interestingly, the
rior and a number of experiments gave vallégher than  pressure dependence of the lattice paramedeesd b is
those reported earlier. changed so thab changes more slowly thaa at low pres-

The bulk modulus was then accepted-a$40 GPa, and sure, which is in better qualitative agreement with our ex-
this was reinforced when theory also obtained a similaperimental results than the zero-temperature results. On in-
value. However, it is now clear that these higher experimenereasing pressure, howevér,again increases more rapidly
tal values are incorrect, for the reasons discussed in this pghana; b/b, crossesa/a, at approximately 40 GPa. We find
per. In the last three years, thremlependentnvestigations this result interesting, but hardly conclusive.
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Uranium has additional complexity in that this material is

subject to charge density wa€DW) instabilities at low
temperature$. This instability is also present in our elec-
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