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Under ambient conditions, praseodymium metal possesssatizied4 f2 electron configuration. Near 20
GPa, the lattice volume collapses 810 % into thea-uranium crystal structure, and the electrical resistivit
drops dramatically. This behavior is similar to that obserin cerium metal and has been taken as evidence
for 4f delocalization, although the precise nature of such volanilapse transitions in rare-earth metals is
still a matter of debate. Since cerium metal develops sapelctivity in the collapsed phase, we undertook a
search for superconductivity in praseodymium metal at pigissure. Using designer diamond anvils, we mea-
sured the electrical resistivity of high purity praseodymimetal to pressures above 1 megabar and millikelvin
temperatures. No evidence for superconductivity was fonrahy of the measurements. The lack of supercon-
ductivity may derive from magnetic pair-breaking effeatated to incomplete screening/delocalization of the
4f electron state.

PACS numbers: 00.00, 00.00, 00.00



To date, more than half of the elements of the periodic tahletheen found to be superconductors, either at ambient
or sufficiently high pressureThe list of pressure-induced elemental superconductas &cludes elements, which, at am-
bient pressure, are non-metallied., sulfur and iodiné€), magnetic €.g., iron*), or both non-metallic and magnetie.q.,
oxyger?). The lanthanide series contains many of the last remaimigdrouts against pressure-induced superconductivitg. T
non-magnetic lanthanides with completely empty or filgtshells, La and Lu become superconducting at ambient and high
pressure, respectively, and in the remaining lanthanides, superconductivity iailly precluded by pair breaking effects due
to the presence of strong local magnetic moments assoacidtedartially filled 4 f-electron orbitals. However, Ce and Eu,
both elements with unstable valences, have been dematsttabecome superconducting under pressure. The mostlgecen
discovered elemental superconductor, Eu, becomes suqreiing above-80 GP& following a possible pressure-induced
valence change from a strongly magneti¢ E¢J = 7/2) configuration to weak Van Vleck paramagnetism i EJ = 0).

Cerium metal undergoes an isostructural phase transition the fccy-phase, characterized by Curie-Weiss local magnetic
moment behavior, to the-phase when subjected to a pressure of approximately 0. @@®Bam temperature. The transition to
thea-phase results in a hugel6% collapse of the atomic volume, which appears to be acaarag by a valence change from
~3t0~3.7 and the development of a large Pauli-like suscepititit: Superconductivity appears in thephase aP = 2 GPa
with 7. = 20 mK. Upon further application of pressure above 4 Gir&e transforms ta’-Ce, which has the same structure
asa-U,*? andT, jumps from 50 mK to 1.9 K314

Prl®Gd 1 Tb'8 Dy, and HE® metals also exhibit volume collapse transitions undergunes although cerium is the only
case where the transition is isostructural. These phasdxetieved to derive from the increased participation ofitfielectrons
in bonding*23and result in low symmetry crystal structures that are singt identical to those of the light actinide elements
in which the5 f-electrons are thought to be itinerant. The behavior of m@wcollapse transitions in rare earth metals has
been interpreted in terms of either a Mott metallizationhef f-states (Hubbard model) or Kondo screening of fhmagnetic
moment (periodic Anderson model), although it now appdwasthe two models may be closely relafé&imilar low symmetry
structures appear in Ndland Sm®2” metals at high pressure without any significant volume psha

Studies of the these transitions in pure rare earth elencentinue to be of fundamental interest since many matesihish
exhibit heavy fermion, quantum critical, non-Fermi liquahd/or unconventional superconducting behaviors arecbas rare
earth ions with unstable valences. While the structuraperties of most of the rare-earth metals have been invéstiga
some detail into the megabar pressure range, the corresgdod temperature transport and magnetic properties fiavéo
receive the same attention. The combination of structtraasport, and magnetic data on the+ « transition of Ce provided
a crucial jumping-off point for much of the current theorgaedingf-electron delocalization. Although a technical challenge
extending such studies to the remaining rare-earth elenagsignificantly higher pressures will likely provide fuet insights.

We therefore undertook to extend the low temperature measamts of the electrical resistivity of Pr metal into the ialeay
pressure range.

At room temperature, following a series of crystallograpinansformations at lower pressures, dhcp(RrIfcc(Pr-11) —
d-fcc(Pr-111) — (Pr-VII), Pr transforms to the:-U structure (Pr-1V) with a~10% collapse of the volume per atom near 20
GPal>17.28-31after Ce, Pr exhibits the second largest volume collapseraribe rare earth elements. Early searches for
superconductivity in the collapsed phase of Pr were camigdby Wittig 3> who found no evidence for superconductivity down
to ~1.2 K at pressures as high&23 GPa. At ambient pressure, the electrical resistivityrahBtal displays negative curvature
over a broad range of temperatures, due either to crystadliectric field effects or te-d scattering as described by Mott and
Jones® As pressure is increased towards the volume collapse tiemghe resistivity becomes nearly temperature independ
above~50 K, and drops rapidly at lower temperatures. This sugdeatpressure strengthens the hybridization betweelfithe
states and conduction electrons, resulting in increasaitesmg at higher temperatures and the formation of a estigyround
state as temperature is lowered. The ambient pressuréviggiand a sample of the data of Wittig are plotted in the epp
panel of Figure 1. Upon increasing the pressure through theme collapse transition, the resistance drops over tkieeen
temperature range from room temperature down, and becoppesxamately linear with temperatuf@ The disappearance of
the nearly temperature independent part of the high teryreraesistivity is consistent with the picture that thelectrons
delocalize, removing a source of scattering and addinggehearriers to the system. A recent investigation of thetetad
resistivity of Pr metal at higher pressuré3 € 32 GPa) and temperatures as low as 130 mK was carried out byveegeal .34
showing no evidence for superconductivity. Room tempeeatesistivity measurements to pressures as high as 179 €aRa u
designer diamond anvils were carried out by Velisavljetial 2> These measurements confirmed ##80% drop in resistance
upon transforming to the:-U structure and found that the resistance remained rougdmgtant to much higher pressures,
passingﬁthrough a peak near 150 GPa. This peak in resistaimmdes with a transition to a distortedU crystal structure
(Pr-V).

The diamond anvil cell employed was a mechanically loadedmercial model based on the design by Kyowa Seisakusho
Ltd. One of the anvils was a “designer diamond arWitontaining four symmetrically arranged, deposited tusgsticroprobes
encapsulated in high-quality homo-epitaxial diamond. désigner anvil was beveled with a flat diameter of L@®and a culet
diameter of~300 um. The distance between two opposite leads wa20um. The gasket was made from a 206 thick
hardened MP35N foil pre-indented to 30n with a 60um diameter hole electro-spark drilled through the centahefpre-
indented region. High purity praseodymium metal obtainechfAmes Laboratory was removed from storage in an evacuated
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guartz ampoule. A thin sliver of shiny praseodymium metad wat from the center of the rod with a razor blade and loadted in
the sample chamber along with several pieces of either firsyéxperiment) or Srg07:Sn?+ (second experiment) manometer.
The Pr was exposed to air for only several minutes and rerdaimay with no visible oxidation at the time of sealing thengpde
chamber. No pressure medium was utilized and the samplenndiseict contact with the gasket. Pressures were determined
at room temperature from the fluorescence spectrum of ruioyg tise calibration of Chijiokest al.®® or from SrB,0;:Sn?+
using the calibration of Datchet al.>® Pressure gradients in the sample are estimated to be asaa@§26 from the full width

at half maximum of the ruby line. The diamond cell was equébpéth a Delrin spacer which serves to limit changes in the
pressure upon cooling from room temperature. Pressuregekarefore and after cooling were minimal. The resistiviyad
were obtained using a Linear Research LR-700 AC resistarmidgdy Low temperatures down to 1.1 K were obtained with a
home built pumpedHe dewar while temperatures as low-a50 mK were generated with an Oxford Kelvindide-*He dilution
refrigerator.

Two separate sets of high pressure runs were performed.elfirgt set (“Run 1), pressures of 41, 73, and 26 GPa were
applied in that order. At each pressure, the cell was cooledt.1 K and at 41 and 73 GPa measurements were also performed
down to~ 50 mK. In the second set of experiments (“Run 2"), we performedsurements down to 140 mK at 22 GPa and
~50 mK 104 GPa, followed by a measurementtd.1 K at 120 GPa. After the measurement at 120 GPa, we began taser
the pressure towards 160 GPa in order to perform a measuténika Pr-V phase, but unfortunately the diamonds fail€fdtee
reaching this pressure.

Figure 1 (left panel) presents the electrical resistivitgrothe entire temperature range and Figure 1 (inset) lggtdithe
low temperature data. An estimate of the resistiyitis obtained from the resistanée using the equatiop = (7tR/1n2),
wheret is the thickness of the sampi®@ The sample thickness is determined from the previously oredssquation of state for
Pr*! assuming that all of the volume change occurs in the thickoéthe sample, since the diameter of the sample chamber
is observed to remain almost constant above 20 GPa. Acaptdithis estimate, the sample thickness varies frobb pum
near 20 GPa te-9 um at 120 GPa. Because the sample thickness is comparable sepheation of the probes, the above
equation provides an inexact estimate of the conversion fesistance to resistivity. On the basis of comparison piitvious
three-dimensional current flow simulations of the type desd in Nelliset al.,*? the error in our estimated resistivity could
could be as large as50%. However, this uncertainty does not effect our conclusansthe above equation results in resistivity
values that are consistent with the previously publishedlts at lower pressures. For comparison, we have ploteednibient
pressure resistivity of Pr (Jamesal.*3) and the resistivity at 16 GPa as measured by WAtivittig’'s data were originally
reported as resistance, so we have scaled the data acctordirgmeasured equation of state and the known ambientpeess
resistivity.

The noise for the data at the lowest temperatures is soméudiedr due to the lower excitation current required to eashat
no spurious heating effects were present. The measureate22sand 26 GPa show behavior characteristic of the prejuseid
phase, while all of the measurements at higher pressures tgfpical metallic behavior all the way to the lowest measure
temperatures. We note that other authors have also fourtéicellapsed phase persistingt@5 GPa** The measurement at
41 GPa shows a residual resistivity ratio (RRR)}~80; a value quite close to that observed by Wittig near 23 &Hhese
somewhat large RRR values under non-hydrostatic pressutd be related to a rather low shear strength of Pr. At the&iw
temperatures, the resistivity becomes flat and exhibitsawetof superconductivity.

The right panel of Figure 1 presents the pressure dependdrtbe resistivity at 1 K (triangles) and 200 K (circles) for
both Run 1 (filled symbols) and Run 2 (open symbols). The srars correspond to ti®% error in the conversion from
resistance to resistivity described above. The initiabpuee dependence of the resistivity in the precollapsedgsh@< 25)
GPa is difficult to resolve given the sparsity of data poimtd enagnitude of the uncertainty. However our data are ctardis
with earlier report®-3® that found an initial increase in the resistivity withingHow pressure region. This initial increase in
resistivity may be attributed to enhanced scattering damtiocrease in hybridization between the conductiondgfrdlectrons.
The precipitous drop in resistivity over the entire tempeminterval at the Pr Ili» Pr IV transition (P~ 25 GPa) is discussed
in the introduction. At still higher pressures, the resisfiat 200 K becomes only weakly pressure dependent. Howeve
the resistivity at 1 K exhibits a strong increase with pressieginning at 41 GPa. While some caution must be exeraised i
comparing data from Run 1 and Run 2, the increase in the ragidsistivity above 41 GPa is substantial enough that ihoain
be accounted for by measurement uncertainty. A simple agfitan for this increase is growing defect scattering astmple
is cold-worked under non-hydrostatic pressure conditidmmigh a more profound explanation, such as scatteringodaistill
increasing hybridization between the conduction elestiamd incompletely delocalizeld’-electrons, can not be ruled out.

It is interesting to directly compare the behavior of Ce,dfrd U, all of which adopt the same low symmetryJ crystal
structure at high pressure. Within theCe structure, the room temperature magnetic susceptitslknown to drop steadily
with pressuré? while the superconductiri. exhibits a modest increase with presstir& An extrapolation of the susceptibility
to the pressure at which Ce completes its transition't€e (-U structure) results in a value nearly the same as that vbder
for the tetravalent elements Hf and Th. Thus, by the time @asitions toa’-Ce, the4f magnetic moment appears to be
mostly destroyed. Upon transformingdé-Ce, T, jumps from 50 mK to 1.9 K, so the-U structure seems to be comparatively
favorable for superconductivity. However, within this geafurther pressure increases only lead to a gradual denlifi.. The
T, of a-U metal itself is either low or vanishing at ambient pressand passes through a broad dome, reaching about 2.4 K at
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FIG. 1. €ft: Electrical resistivityp versus temperatufE at several pressures for pure Pr metal. The dotted and diisksdndicate data taken
from Wittig®? and Jamest al.*® respectively. The resistance data of Wittig have been ddatean arbitrary constant to facilitate comparison
with our resistivity valuesinset: Electrical resistivity in the low temperature region. Thweves marked without (Run 1) and with asterisks

(Run 2) indicate data from two different experimentght: Pressure dependence of the resistivity at 200 K (circled)1aK (triangles). The
dashed lines are guides to the eye.

1.2 GP&®46 The increase in th&, of U appears to be connected to the suppression of severgectiansity wave transitions
which lead to a partial gapping of the Fermi surface. WithBilaro-McMillan*’ type interpretation, as the charge density wave
transitions are suppressed, the fraction of the Fermi saidaailable to the superconducting state grows, leadititetoncrease
in T,.. The maximum inl, appears to roughly coincide with the pressure at which tte fiharge density wave transition has
been destroyed. Further pressure increase then Ideichus, for both Ce and U in the-U structure, in the absence of other
factors, pressure seems to depress superconductivity.

One possible explanation for the lack of pressure-indugpdreonductivity in Pr is that sufficiently strong magnetisersists
throughout the region where superconductivity might otlige develop. To date, little information about the magngtoperties
of Pr at high pressure is available. X-ray emission spectiog (XES) measurements under pressures up to 42 GPa show no
evidence for any change in the spectral parameters acre$x il — Pr IV transition?® Similar XES results are found for the
v — « transition of Ce, as well as for Nd which does not show a volaiiseontinuity*® These results are consistent with a
Kondo-like scenario, in which théf moments become screened by conduction electrons. Witlsrstienario, there can be
a continuum of behavior spanning the range from magnetiotemagnetic. As mentioned in the introduction, this bebavi
can also be viewed as a delocalization of fhelectrons. Although the volume collapse transition semepresent an abrupt
increase in screening, thfestate may continue to strongly impact the magnetic progeiti the collapsed phase. Ce is a prime
example of this behavior, where the susceptibility exkibitarge exchange enhancement indfphase that probably contributes
to the very lowT,.1° A similar situation may occur in Pr under pressure, so thitr aransforming to thex-U structure, the
screening (or delocalization) of thestate is still incomplete. The appearance of supercondiycin Pr would, therefore,
hinge on whether thg moments become sufficiently screened before supercondydsiprecluded by the “intrinsic” negative
pressure dependencefif in the a-U structure discussed in the preceding paragraph.

In summary, we have carried out electrical resistivity nueasients on Pr metal under high pressures and temperatures
down to ~50 mK using designer diamond anvils. Unlike Ce metal, Pr dugsappear to exhibit superconductivity in the
collapsed phase up to at least 120 GPa. A possible explanatibat superconductivity is precluded by incomplete sgre
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ing/delocalization of thef state. Direct measurements of the magnetic susceptihititier pressure could help to clarify the
situation.
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