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Structural and Electronic Transitions in Ytterbium Metal to 202 GPa
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Ytterbium (Yb), a member of the rare earth group metals with a fiflesthell and a divalent electronic
character, has been studied under static high pressures in a diamond anvil cell to 202 GPa. We report a
new transformation from a face-centered-cubic structure to a hexagonal phase with Bcatb(space
groupP3,21 referred to a%iP3) at98 = 5 GPa. ThishP3 phase is similar to that observed in trivalent
neodymium and samarium at pressures near 40 GPa. Our high pressure study thus clearly demonstrates
that Yb is no longer an “irregular” member of the rare earth metals, and divalent to trivalent electronic
transition is completed at megabar pressures. [S0031-9007(99)08553-1]

PACS numbers: 62.50.+p, 64.70.Kb, 81.30.Bx

Ytterbium (Yb) and europium (Eu) metals are anoma- Yb was studied in a diamond anvil cell device at room
lous in their electronic structure among rare earth metalgemperature employing copper as an internal pressure stan-
because of their divalent character as opposed to the trivalard. Yb foil of 99.9% purity along with copper powder
lent character of most rare earth metals. In fact, becauseas loaded into a gasket hole of 28n in diameter.
of their divalent electronic structure, Yb and Eu are oftenThe gasket was located on top of a diamond central
compared to divalent alkaline earth metals like calciumflat of 65um in diameter with a bevel angle of°7
strontium, and barium. The divalent character manifestand culet size of 35Qum in diameter. Oxidation is a
itself in a higher atomic volume, and Yb has an ambi-concern in these samples; however, the x-ray diffrac-
ent volume which is 41% larger than the neighboring eletion pattern of our sample after sample loading showed
ment lutetium. This has led to extensive theoretical andg clean face-centered-cubic spectrum and diffraction lines
experimental effort to investigate valence transitions inof YbO were absent. The energy dispersive x-ray diffrac-
materials based on these metals by application of extetion spectrum was recorded both on compression as well
nal high pressures and/or low temperatures. In particulags during decompression at the X-17C station at NSLS,
early work on Yb metal demonstrated that a gradual vaBrookhaven National Laboratory. Microcollimated x-ray
lence transition with increasing pressure frafii*(spd)>  beamofl1 um X 6 um was employed for energy disper-
to 4f3(spd)? or from 2™ to 3" is observed at high pres- sive x-ray diffraction studies on a Yb sample and a copper
sures to 30 GPa [1-3]. The change in valence of Yitmarker to 202 GPa.
with increasing pressure is now well established; how- The following sequence of phase transformation is
ever, its similarity to the trivalent rare earth metals con-already well established in Yb to 90 GPa [5]:
tinues to be a matter of considerable debate (a summary
of earlier work is given in Ref. [2]). The regular trivalent
rare earth metals show hep Sm-type— double hcp—  The fcdl) — bcec transition occurs at 4 GPa, the bec
fcc — distorted fcc with increasing pressures and decreadicp transition occurs at 26 GPa, and the hegdcc(ll)
ing atomic number [4,5]. In a recent study on Yb totransition occurs at 53 GPa. The two fcc phases are
90 GPa [5], it was found that the structural sequence olabeled as | and Il to discriminate the pressure range
this metal with pressure is highly irregular and no simi-over which they occur. Otherwise, crystallographically
larities with other rare earth metals could be discernedspeaking they are the same phase. The fcc(ll) phase has
Apart from the expected divalent to trivalent electronicbeen found to be stable to 90 GPa. Our studies in the
transition in Yb, there are additional predictions of furtherpressure range below 90 GPa are consistent with earlier
electronic transition in Yb near 300 GPa [6], which may published results [1-3,5]. In our experiment when the
increase the occupancy of tifeshell. The multimegabar pressure was increased to 98 GPa, we noticed four new
pressure capability of the diamond anvil cell devices nowreflections appeared in the x-ray spectra, indicative of a
allows us to explore this region directly. phase transformation. Figure 1 shows the energy dis-

The present study is motivated by establishing a cleapersive spectrum of Yb at 82 GPa in the fcc phase,
connection between the high pressure behavior of Yb (at 154 GPa in the new phase, and at the highest pres-
pressure induced trivalent metal) with the other membersure of 202 GPa. The pressure was slowly decreased
of the trivalent rare earth series. In particular, we arefrom the highest pressure of 202 GPa, and the fcc phase
interested in phase transformation at ultra high pressuresas recovered during decompression below 98 GPa. The
near 100 GPa in Yb to identify known phases of othemew phase can be indexed very well with a hexagonal
regular trivalent rare earth metals. unit cell with 3 atomgcell [7]. The comparison of the

fce(l) — bec— hep— fec(ll) .
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TABLE I.

(hkl) --Cu

The comparison of the observed and calculated
interplanar spacingsi,,; and the observed and calculated

intensities for the x-ray diffraction data for ytterbium at
154 GPa. The calculated,, are based om = 2.588 A and

¢ = 6.092 A for the hP3 phase. The calculated intensities are
based on the parameter equal to 0.47.

2000 - feell . hkl

dobs (A)

Icalc

dcalc (A) Iobs

100
101
003
103
110
111
104
112

Intensity (arb. units)

hP3

2.241
2.103
2.033
1.499
1.295
1.266
1.258
1.189

2.241 11 11
2.103 100 100
2.031 26 26
1.505 2 5
1.294 5 4
1.266 8 9
1.260 10 12
1.191 7 7

154 GPa |

20 40 60
Energy (KeV)

202 GPa.

It is to be noted that the average value of
u = 0.46 is far removed from thej value for an fcc
phase and hence represents substantial distortion in the
(111) planes of the fcc phase. Also, the observed values
for ¢/a and u parameters for Yb are very similar to
c¢/a = 2.35, andu = 0.45 observed for therP3 phase
of Sm [7].
In Fig. 3 we show the measured equation of state data
of Yb to 202 GPa at room temperature.

Yb shows a

FIG. 1. Energy dispersive x-ray diffraction spectrum of the maximum compression of 73.7% at 202 GPa (measured

ytterbium sample mixed with a copper pressure standar(i(
at various pressures: at 82 GPa in the fcc(ll) phase befor

/Vo = 0.263). We have also included in Fig. 3 low

transformation, at 154 GPa in te3 phase, and at the highest Pressure data to 70 GPa from Refs. [2,3] and [5]. The
pressure of 202 GPa before decompression. The product sheasured equation of state data can be fitted to the

energy and interplanar spacingd = 56.951 keV A; peak
marked e is an escape peak; Yb sample fluorescence peaks
ka andkB are also indicated.

observed and calculated interplanar spacings and inten-
sities is given in Table I. The calculated intensities are
based on space grout8,21 referred to asiP3 structure
(Table I). It should be noted that theP3 structure can

be thought of as being derived from the fcc structure,
where atoms are displaced in the (111) plane of the fcc
lattice. In the case of the axial ratie/a of 2.45 (/6)

and theu parameter of}, the #P3 structure reduces to
the fcc phase. The measured lattice parameters for the
hP3 phase at 202 GPa awe= 2.522 A, ¢ = 5.908 A,

and c/a = 2.343. The axial ratio ofaP3 is plotted in

Fig. 2 to illustrate the deviation of this structure from the
fcc phase. There is a definite trend of the axial ratio de-
viating more from the fcc phase as pressure increases. In
fact, c/a of the hP3 phase can be fitted by the following
linear equation:

c/a =12399 — (2.9 X 1074P,
(202 = P = 98 GPa.

cla
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: FIG. 2. The measured value of the axial ratio for the3
The structural parameter can be determined from the phase of Yb in the pressure range of 100—200 GPa. The

measured intensities and is found to be between 0.4gashed line is the ideal fcc value af6, and the solid line
and 0.50 over the entire pressure range between 98 arlthe fit described in the text.
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L0 . . are no large volume discontinuities of magnitude greater
1 Yb.EOS than 3%. The continuous valence transition fram to
{ fec (D) i 3* is also documented in the monochalcogenides of Yb

[14]. To illustrate the unusually high compressibility of
Yb, we compare its compression with the recently pub-
lished data on the neighboring trivalent element lutetium
[15]. The measured compression for Yb at 202 GPa is
V/Vy = 0.26, and the extrapolated value for lutetium at
the same pressure 16/Vy, = 0.37. Therefore, it is clear

7 that Yb is much more compressible than the neighboring
rare earth metals. It is likely that Yb ions undergo rapid
interconfiguration fluctuatiot4 f'4 — 4£13) in the pres-
sure range below 100 GPa, and the unusually high com-
pressibility is related to these fluctuations [12,13].

There has been a considerable debate about the high
pressure behavior of Yb from the standpoint of irregu-
larity in crystal structures observed under high pressures.
This was, in part, due to the fact that the rare earth crys-

0-20 o 100 150 200 2% tal structure sequence hep Sm-type— double hcp—
Prossure (GPa) fcc — distorted fcc was never observed in Yb under hlgh
pressure [5]. Therefore, it was argued that Yb behavior is
FIG. 3. The measured equation of state of ytterbium to“irregular” compared to other members of the rare earth
202 GPa at room temperature. Five stable phases are indicatedries. Our results clearly demonstrate that at megabar
by various symbols. The open symbols represent data t%ressures(>98 GP3, Yb is stable in thenP3 structure

70 GPa from Refs. [2,3] and [5], respectively. The solid; ™ - . .
symbols represent data from the present series of experimentéPical of light rare earth metals like samarium (Sm) and

to 202 GPa. The solid curve is the global fit to the modifiedneodymium (Nd). It is observed in the light rare earth
universal equation of state described in the text. metals like Sm and Nd that the “distorted” fcc structure

transforms to thé&:P3 phase above 40 GPa [7]. Itis use-
ful to note that theé:P3 phase has four short bonds charac-

0.8

0.6

VIV,

04 fec(I)

modified universal equation of state [8,9], teristic of so manyf-bonded materials so we cannot rule
InH =1nBy + n(l —x) + B(1 — x)% out the possibility of significantpd and f* hybridization
5 ; at megabar pressures. Theoretical first principle calcula-
H = Px"/[3(1 = x)] and x” =V/V,. tions on therP3 phase of Yb at megabar pressures are

The copper shock equation of state [10] can be fittecdheeded to ascertaifi band width and the occupancies of
to By = 143.7 GPa, n = 4.356, and B8 = 13.77. We various bands.
do a global fit to all the observed phases of Yb and We offer the following conclusions:
ignore the small volume discontinuities of 1%—-3% at (1) Ytterbium metal shows the following sequence of
the phase boundaries. The fitted parameters for Ylphase transformation with increasing pressure:
are By = 14.6 GPa,n = 0.307, and 8 = 11.92 for the
entire pressure range to 202 GPay = (3) (B} — 1), fee(l) — bec— hep— fec(ll) — AP3,
whereBj, is the pressure derivative of the bulk modulus.with the fcqll) — AP3 transition at 98 GPa. ThéP3
The low value of Bj = 1.205 for Yb is indicative of phase of Yb has a wide range of stability between 98 and
the unusual compressibility associated with the gradua?02 GPa.
divalent to trivalent electronic transition at high pressures. (2) Our results show that the gradual divalent to
In addition, in the trivalent phase, transfer of electronstrivalent electronic transition in Yb is completed at
from an extendeds band to a more compaef band megabar pressure. Yb thus becomes a member of the
under pressure usually results in a low value of pressureegular trivalent rare earth series and is isostructural with
derivative of bulk modulus; [11]. trivalent samarium and neodymium under high pressures.
The issue of valence change at high pressures and its (3) Yb shows an unusually high compression of 74%
effect on the compressibility warrants further discussionat 202 GPa(V/V, = 0.26), and we attribute this to
It is a general trend in divaledt materials that the appli- interconfiguration valence fluctuatioféf '+ — 4£13) and
cation of pressures will cause a configurational crossover — d electronic rearrangements in the compressed state.
from an initial4f" configuration to af”~! configuration We acknowledge support from the Metals Program,
at high pressures [12,13]. Itis clear from the experimentaDivision of Materials Research, National Science Foun-
data presented in Fig. 3 that tHg'* — 4f13 transition  dation (NSF) under Grant No. DMR-9704428. Research
in Yb proceeds in a rather continuous manner, and ther@as carried out (in part) at the National Synchrotron Light
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