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The light rare-earth metal, neodymium, has been studied up to 155 GPa in a diamond-anvil cell using energy
dispersive x-ray diffraction with a synchrotron source. The pressures were calibrated using copper as an
internal x-ray pressure standard. A phase transformation from a monoclinic gb2&mg, (4 atoms/cejlto an
orthorhombica-U phase(Cmcm 4 atoms/ce)l was observed at 1136 GPa without any observable volume
collapse. The observation afU phase in Nd and, previously, in cerium and praseodymium clearly establishes
this phase in light rare-earth metals. Our equation of state measurements suggest that delocalizatibn of the
shell in Nd occurs without any volume collapse unlike Ce and Pr.

In the periodic table, lanthanide elements, cerium throughn diamond cell technology coupled with synchrotron-
lutetium, are characterized by unfilléd shells. Actinide el- radiation sources have added a new impetus to this field.
ements, thorium to lawrencium, are characterized by unfilled Neodymium, a member of the lanthanide series, or more
5f shells. However, there is a major difference in the bondingspecifically the light rare-earth metals, has an electronic con-
behavior in the solid state between these two series of eldiguration of 43(spd)® and crystallizes in the double hcp
ments,5f elements(light actinide$ have delocalized elec-  (dhcp structure at ambient conditions. Previous work in the
trons, which contribute to bonding in the solid state. On thdow-pressure range to 40 GPa on Nd has documented the
other hand4f electrons are localized in the lanthanide ele-well-known rare-earth crystal structure sequetfcehis se-
ments and do not participate in bonding or in influencing theduence, dhcp-fcc—distorted fcc, is a common structural
stability of a particular crystal structure. Pressure plays #equence among rare-earth metals. In addition, a recent
pivotal role in lanthanide and actinide elements at room temslm'y1 on Nd to 153 GPa reported a transformation from a
perature. First, it can delocalize thehell, and second it can distorted fcc to a monoclini€2/m phase at 75 GPa. The

cause electron transfer between various subbands in the coft2/M Phase in Nd was reported to be stable between 75 GPa
duction electrons such ap—d andspd— f electrons under anq 153 GPa. Our present study is motivated by the expec-
high pressure. Pressure has a very dramatic effect on thtgtmn of the appearance éihonded crystal structure like

volume in lanthanide and actinide metals, as is demonstrate%i'U at megabar pressures in Nd.

by a recent study on ytterbi Iwhere a compression by a Nd was studied in a diamond-anvil cell device at room
o temperature employing copper as in internal pressure stan-
factor of 4 (V/Vy=0.25) was observed at 2 million atmo- b ploying copp b

, dard. Two different experiments were carried out using en-
sphereg200 GPa. Pressure is also known to cause delocalg gy gispersive x-ray diffraction with a synchrotron source to
ization or Mott transition of thelf shell in light lanthanide  confirm the repeatability of all the observed phase transfor-
metalgz. It should be added thtsh'ell delocalization 0CCuUrs  mations. We employed diamond coated rhenium gasket in
in a discontinuous manner in cerium and praseodymium. Iihoth experiments to increase the sample thickness at high
Ce, a volume COIIapse of 16% is observed at a pressure of Oﬁressures and to improve the qua“w of X-ray-diffraction pat-
GPa? and in Pr a volume collapse of 9¢Ref. 4 is observed  terns. In the first experiment, we employed diamonds with a
at 22 GP&for a recent summary of volume collapse transi-central flat of 65um and 7.5° bevel angle to a culet size of
tions in rare-earth metals see McMahairal®). 300 um in diameter, and a sample hole of gt in diameter
a-uranium phase is associated with the delocalizgloell  was filled with a polycrystalline sample of neodymium and
as evidenced by the element uranium amongst the light acopper. In the second experiment, diamonds with a central
tinides. Ce, with an electronic configurationf4spd)?, flat of 35 um and a 7.5° bevel angle to a culet size of 350
shows a transition to the-U phase at pressures above 5 um in diameter were employed and a sample hole of&b
GPa. However, the total free energy of thairanium struc-  in diameter was filled with Nd and copper marker. For both
ture and the monoclini€2/m structure in Ce are close. The experiments no pressure medium was considered necessary
equilibrium phase, between 5 and 13 GB&2/m or «-U, is  since neodymium is an extremely soft material and sample
not established in Ce at the present tifrighe microstructure  oxidation is also a concern with wet pressure media. Energy
of the starting sample can cause a preference of one phasedispersive x-ray-diffraction spectrums were recorded at the
the other in cerium in the pressure range of 5-13 GPa. Theuperconducting wiggler beam-line X-17C station at NSLS,
next rare-earth metal in the periodic table, praseodymiumBrookhaven National Laboratory. The experiments were per-
with an electronic configurationf4(spd)®, exhibits thea-U  formed with a microcollimated x-ray beam of8nx10 um.
structure at 22 GPa with a volume collapse of $8%° It has Neodymium crystallizes in the dhcp structure at ambient
not been possible to observeU phase in rare-earth metals conditions and the measured lattice parameters are
with higherf-shell occupancies greater than 2 because of the=3.657 A andc=11.799 A. The measured lattice parameter
multimegabar pressure required. However, recent advancésr copper pressure standard was 3.614 A for the fcc
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s = T (k) - Nd TABLE I. The comparison of the observed and calculated inter-
=g ] (hkly* -- Cu planar spacingsl,,,; and the observed and calculted intensities for
the x-ray-diffraction data for neodymium at 155 GPa. The calcu-
lated dy, are based ona=2.421A, b=4.788A, andc
=4.340 A for thea-uranium phase. The calculated intensities for
the a-U phase are based gn=0.097+0.005.
o~ hki dobs (A) dcalc (A) Iobs Icalc
g 020 2.389 2.394 1 5
£ 110/002 2.162 2.160 100 100
= 021 2.097 2.096 67 72
E 111 1.932 1.934 42 46
g 112 1.532 1.531 16 52
131 1.271 1.274 12 36
200 1.213 1.210 1 8
113 1.204 1.202 5 10
040 1.192 1.197 1 4
132 1.134 1.135 1 1
004 1.088 1.085 1 4
202 1.058 1.057 4 8
221 1.047 1.048 15 14

Energy (keV)

_FIG. 1. Energy dispersive x-ray-diffraction spectrum of neody- cence lines and131) and(200) overlap with thekb fluores-
mium sample mixed with copper pressure standard at various pres-

sures.(a) At 60 GPa in thehP3 phase (b) at 95 GPa in thac2/m cence lines. In regions where there is no overlap such as
phase, andc) at the highest pressure of 155 GPa in tharanium (110, (021, and(111), the agreement between the observed

phase. The product of energy and interplanar spakig54.795 and calculated intensities is very good. Image plate x-ray-
keV A. The peaks labeled are escape peaks from the germanium diffraction experiments on cerium metal at high pressures
detector, andke and kg lines are fluorescence emission from the have shown large grain®r spotty diffraction rings at the
neodymium sample. formation of a-U phase at 5 GP¥. Similar image plate
x-ray-diffraction studies at pressures above 113 GPa on
phase at ambient pressure. The pressure was increaseeodymium may provide further insight in to preferred ori-
gradually in the diamond-anvil cell and the dhefcc trans-  entation and large grain size effects in terranium phase.
formation was observed at 9 GPa, and the—fclfcc trans- a-U is an orthorhombic distortion of an hcp structure with
formation was observed at 17 GPa. The transformation froneell parameters, b, andc. The four atoms occup#c posi-
dfcc—~hP3 was observed around 35 GPa and frétR3  tions with coordinates (9,%), (0,~v,2), (:,y+1,}), and

—monoclinic C2/m phase was observed at 75 GPa. These; ; 3 . . 2 .
data are in good agreement with previous whri® 2,2~ Y,2). They parameter ix-U phase in most materials

In our experiment another phase transformation occurrelf close t0 0.1 W? dete'rr.nmed thy pgrameter by comput-
at 113-6 GPa from the monoclinic2/m phase with 4 Ing the observed intensities and minimizing the sum of the

atoms/cell to the orthorhombie-U (Cmcm)structure with 4 squares of .the dif_ference_bet\_/veen the (_)bserved and calcu-
atoms/cell. Figure 1 shows the energy dispersive x-raylat(Ed intensities withy varying in a step size of O.'OOS' Our
diffraction spectrum of Nd at 60 GPa in thé3 phase, 95 value ofy=Q.097t 0.005 is in good agreement with data on
GPa in theC2/m phase and 155 GPa in theU phase. The othler lg_]atezrlals. h h ial ratiok/ dc/a for th
transformation fromC2/m phase toa-U phase is fairly dra- h n 'é; ' er S %W the a.X'?h ratios/a and c/a %r :E € 50
matic with the appearance of a diffraction peak correspond- ree phases of neodymium in th€ pressure range between
ing to (111) and(112) reflections of the orthorhombic phase and 150 GPa. ThaP3 and monoclinicC2/m phases can be

: . treated as a distortion of an fcc structure. The unit-cell di-
and disappearance dfl1l) and (202 reflections of the :
monoclinic phase. It should be mentioned that this transforNENsIons of thehP3 and C2/m phases are related to the

Ipttice parametera, of the fcc phase.

mation to the orthorhombic phase was missed in an earlie —a/\2 -3 )
study™! Our reexamination of the x-ray data obtained in this OF hexagonahP3 phasea=a./y2 andc=y3a., with

earlier study to 153 GP&Ref. 11 does indicate the presence (¢/@)idgea™ V6. We show this ideal value as a solid line for
of the key(111) and (112 reflections of ther-U phase. The ~thehP3phase in Fig. 2.

observed and calculated interplanar spacing and intensities FOr monoclinic C2/m phase,a= V6ay/2, b=a./2, ¢

are in overall good agreement for theU structure as shown =v6a,/2, and f=109.5°, €/a)igea=1.0 and b/a)igea

in Table 1. It should be added that the intensity fits fbt2), =0.577 are the values shown by the solid lines shown for the
(131), and (200 are poor and we attribute that to overlap C2/m phase in Fig. 2.

with the fluorescence lines, preferred orientation, and large For orthorhombica-U phase, the unit cell is related to an
grain-size effects in the energy dispersive diffraction spechcp phase,a=ane,, b=1\3apg, and c=Chep, (C/a)igeal
trum. The diffraction peak112) overlaps withka fluores- =1.633 and /a)4e.=+3 are the values shown by the
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FIG. 3. The measured equation of state of neodymium to 155
GPa at room temperature. The filled symbols represent data ob-
tained from the first experiment while the open symbols represent
data obtained from the second experiment. The solid curves are the
tﬁtg to the modified universal equation of state described in the text.

FIG. 2. The axial ratiox/a and b/a for the three crystalline
phases in Nd in the pressure range 40—155 GPa. Hexap&3al
phase withc/a shown, monoclinicC2/m, and orthorhombica-U
phases are shown with botfa andb/a. The solid lines are the ideal
values based on an undistorted face-centered-cubic structure and
dashed lines are the ideal values based on the hcp structure.

GPa, andiii) (a-U phase B;=6.141 GPaB;=7.351, and

dashed lines in Fig. 2. It can be seen from Fig. 2 that the=0 for 119<P<155 GPa.

experimental values are higher than these ideal values and !t IS intéresting to point out that the monoclin{e2/m
«-U is considerably distorted from an hcp lattice. phase and orthorhombie-U phase are quite distinct in Nd

Figure 3 shows the measured equation of state of neod;}’-”der pressure. _Ogr experiments suggest that as pressure in-
mium to 155 GPa at room temperature. The volume changed€ases, monoclini€2/mphase has the lowest free energy

associated with these structures do not show any discontindf€tween 75 and 113 GPa. As pressure increases beyond 113
ties or collapse at the transition pressures. GPa, orthorhombica-U phase becomes the lowest free-

The equation of state employed in this analysis was th&N€rdy phase and is stable to at least 155 GPa. First-

modified universal equation of stalUEOS) (Refs. 16 and principles total-energy calculations at high pressure are
17) as described below needed for Nd to confirm these suggestions from our experi-

ments. This behavior of Nd is to be contrasted with Ce where
monoclinicC2/m phase and orthorhombie-U are too close
INH=1InBy+ 7(1—x)+ B(1—x)?, in energy. The equilibrium phase between 5 and 13 GPa in
Ce is yet to be establishé&d.

We offer the following conclusiongi) A phase transfor-
where x3=V/V, is the volume compressiony=1.5B, mation in Nd from a monoclinic phas€@/m 4 atoms/cell
—1), and H=Px*/[3(1-X)]. Vo, By, and B, are the toan orthorhombica-U (Cmcmwith 4 atoms/cell is ob-
atomic volume, isothermal bulk modulus, and the first presserved at 1136 GPa.(ii) The observation of a-U phase
sure derivative of the bulk modulus at ambient pressure. Thélearly establishes a trend in light rare-earth metals. Ce tran-
shock data for copp¥twhen fitted to the MUEOS givg, Sition toa-Uis at 5 GPa, Pr transition is at 22 GPa, and Nd
—143.7 GPaB)=3.904, and3=13.77. We employed these is at 113 GPa(iii) The measured equation of state of Nd to

parameters in our pressure calculations based on copper st 05 GPa(vqu'me co.mpr'essmk{/VOZO.SG) does not revea'l
dard any volume discontinuities or collapse. We present equation-

The following MUEQOS fits for Nd were obtained using of-_sta_te parameters for aI_I kn_owr_n phases of Nd to 155 GPa.
. 2 This implies thatf delocalization in Nd proceeds in a con-
ambient pressure volumes & (dhcp=34.165 K/atom: tinuous manner unlike Ce and Pr
(i) (Low-pressure phasg8,=25.38 GPaB;=3.119, and '

B=4.075 for 0<P<80 GPa,(ii) (monoclinic phaske B, We acknowledge support from the Metals Program, Divi-
=24.05 GPa,B(=3.225, andB=3.975 for 86<P<119 sion of Materials Research, National Science Foundation un-
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