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Electrical conductivity of lithium at megabar pressures
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We report measurements of the electrical conductivity of a liquid alkali metal—lithium—at pressures up to
1.8 Mbar and fourfold compression, achieved through shock compression experiments. We find that the results
are consistent with a departure of the electronic properties of lithium from the nearly free electron approxi-
mation at high pressures.
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At one atmosphere lithium is the archetype of a “simple” perature values and were monitored continuously after the
metal, i.e., one in which the electronic valence states are wethrgets were removed from the controlled environment to
separated energetically from the tightly bound core states. knsure that the sample quality did not degrade. In order to
has been known for a long time that its electronic propertieincrease the electrical resistance and better control current
at these ambient conditions are well described within thdlow, we used parallelipipedic samples with dimensions
nearly free electron picturewhich is a cornerstone of the length<Xwidth=20 mmx3 mm and thicknesses varying
theory of simple metals. While it has been generally assumelietween 0.2 and 0.3 mm. The 10:1 and bigger aspect ratios
that increased pressure would only improve the accuracy dfsed insured that lateral rarefaction effects were minimal.
this description, in recent years theoretical calculations sug- The electrical resistance of the lithium samples was mea-
gested that the opposite may be tfiEhis has culminated sured using a four probe technique, which virtually elimi-
very recently with the striking prediction that lithium, long nates the need for the contact resistance correction. The elec-
viewed as the simplest of all metals, exhibits at megabatodes were gold-plated, oxygen-free Cu wires, inserted
pressures a paired ground state with a semiconducting dhrough the back sapphire anvil, see Fig. 1. The diameter and
insulating charactet.The ensuing experimental work has Positioning of the outer electrodes were optimized in order to
provided results on the decrease of optical reflectivity uporProvide uniform current injection into the lithium sample,
compressioft;® on the increase of the electrical resistidity and to minimize the contact resistance and distortions of the
with pressure up to 0.6 Mbar, and on the existence opressure profile in the measurement region. The voltage
symmetry-breaking structural transitions around 0.5 Mbar, Probes—inner electrodes—were very thin and placed 3—6
all in broad agreement with this prediction. It is perhapsmm apart as needed to maximize the sample resistance and
worth noting that even before the nearly free electron modeihe accuracy of the voltage measurements. Special attention
was proposed, Bridgman’s high pressure experimental workvas given to the soldering process and shielding of the elec-
showed that the resistivity of lithium increases with pressure,
both in the solid and in the liquitiHere we report measure-
ments of the electrical resistivity of lithium at pressures up to
1.8 Mbar, achieved through shock compression experiments.
The results are consistent with a departure of the electronic
properties of lithium from the nearly free electron approxi-
mation at high pressures, and with ionic pairing correlations
in the megabar regimél Mbar = 100 GPa.

We measured the electrical resistance of high purity
99.995% lithium samples quasi-isentropically compressed
starting from the solid with densitgly,=0.531 g/cri at
room temperature anép=1 bar. The quasi-isentropic com-
pression was achieved through multiple reflections of a
shock wave between two sapphire single crystals which en-
capsulate the lithium sample. The initial shock wave was
generated by the impact of Al or Cu projectiles moving at 3
to 7 km/s onto the experimental céthrge} containing the
samples. The targets were specifically designed to create and g 1 schematic representation of the experimental(oetito
maintain steady state conditions at the final pressure for timgza1g. (1) Al target body:(2) single-crystal sapphire shock anvils:
durations exceeding 100 ns, during which the measurements jithium sample;(4) polyethilene filler—provides the electrical
were taken. insulation around the samplés) Al or Cu foil matching the pro-

Due to the extreme reactivity of lithium, the experimentaljectile material to provide screening of electrical discharges pro-
cells were assembled inside an Ar atmosphere glove box, anfliced upon impact between the metallic flyer and the target;
designed to be hermetically sealed after assembly. Presho@® triggering pins;(7) four Cu electrodes for the conductivity
sample resistances were within 5% of the ideal room temmeasurements.
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gstate conditions; crossed circles—data extracted from intermediate

FIG. 2. Example of a typical experimental trace. Measure
b yp P states. Note: 1 Mbar100 GPa.

sample resistancéescale on left vs time—continuous line; calcu-

lated pressuréscale on rightvs time—dashed line. . .
bars overlap, the electrical conductivity appears to depart

trodes in order to improve the signal-to-noise ratios. Triggerfrom the previous slow varying behavior.
ing of the data acquisition system was provided by time-of- In order to interpret the results we turn to the general
arrival shock sensors placed outside the sample space framework provided by the electron-ion pseudopotential for-
order to eliminate any interference with the measurementsnalism and the Ziman conductivity thedR/The pseudopo-
The details of the electronic circuitry used in these experitential concept takes into account the near cancellation of the
ments are similar with the ones described in Ref. 10. Coulombic interaction between the valence electrons and
The sample pressures at final, steady-state conditiorisns inside the core, due to orthogonality and exclusion ef-
were determined with 1% accuracy from the measured profects. While generally nonlocal and energy dependent, in its
jectile velocity using the shock impedance matchingmost intuitive representation it is just a local potentralin-
techniquet! The time dependence of the pressure duringder the assumption of a weak pseudopotential the linear re-
compression was calculated using a one-dimensional hydrsponse theory applied to the uniform electron gas yields the
dynamic code in which the projectile and shock anvils weretotal energy of the system and defines effective ion-ion and
modeled by Mie-Gruneisen equations of sté©9.}> The electron-ion interaction¥:’
EOS for the lithium sample was obtained by least-squares The effective ion-ion pair potential is the sum of a direct
fits of a ratio of polynomials to tabular data based on extenCoulombic interaction, and an indirect contribution due to
sive shockwave and static compression experimentahe polarization of the electrons
results™® We note that all the conductivity results reported in
this paper are in the liquid region of the phase diagram. The
densities and temperatures attained in the experiments range
approximately from 2 to 4 times the normal density, and
from 2000 to 7000 K. . ind(K) =X (K)[W(K)|?, @
In the experiment we monitored the voltage drop across
the lithium sample as the pressure increased and a known

Z%e?
®(r)=——Fvindr), 1

constant current was passed through, see Fig. 2. The accu- (k)= Xo(K) @
racy in the current and voltage measurements was higher Are? ’
than 1 and 5 %, respectively. The lithium electrical resistivity 1- % [1—G(k)]xo(k)

was determined from the sample resistance udiygp
X1/S, where the distanckbetween the VOltage prObeS Was gnd the screened electron-ion potentia| is
measured to 0.1% precision. The cross section of the sample,
S=wXth, was determined by the known widtkh and cal- w(k)
culated thickness th, with a conservatively estimated preci- v(k)= )’ (4)
sion of 10% arising mainly from density uncertainties.

The measured electrical resistivity exhibits three main re-
gimes as a function of pressure, see Fig. 3. Up to approxi- (K)=1— Ame
mately 1 Mbar and threefold compression the electrical con- € k2
ductivity of lithium decreases steeply from its>(Q cm)~*
value at normal pressure to about 880°(Qcm) ! at 1  whereZ is the number of valence electrons per ataitk) is
Mbar, which is consistent with increased scattering of thethe static response functiom(k) is the bare electron-ion
charge carriers in the compressed material. This regime igseudopotentialyy(k) is the Lindhard polarizabilitye(k) is
followed by a much slower variation of the conductivity with the static dielectric function, an@(Kk) is the local field fac-
pressure, which extends te1.6 Mbar and almost fourfold tor of the electron gas, accounting for the exchange and cor-
compression. At even higher pressures, although the erraelation effects between the electrdnis.

2

[1-G(K)Ixo(k), ®
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The electrical resistivity follows from the assumption of a 9 ,
degenerate electron gas and weak electron-ion scattering, 0000
yielding the Ziman formule~*° 7t R 12 oo"

2aph 4mw3Z (1 «§5 I ~ 11 s
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The deviations of the electronic density of states from the N
free electron values, due to the pseudopotential, are ac- , ‘ RS
counted for through the effective mass*;?°=?? S is the 2 25 3 35
liquid-structure factory =k/2kg, kg is the Fermi wave vec- s
tor:Aandearlgaifktehdeirl? oli]erfr%dltl;lsg strongly nonlocal character of FIG. 4. Electronic effective mass as a function f [r

. ' L9 L =(3/477nea8)1’3, wheren, is the valence electrons number density,
the pseudopotential generates significant deviations of th\ﬁ’/ith one electronfatomm is the electron magsOpen circles—
electronic structure from the free electron form at high den+qinated effective mass foR.=1.26 au- dashed line—
sities, reflected in part in the decrease of the occupied band; ¢ ’

; X . i xtrapolation of the lower pressures regime; triangle—effective
width, i.e., increase of the effective mass. We note that, undef,ass reported in Ref. 3. Inset shows the variation of the effective

suitable assumptions, E(f) allows us to estimate the effec- core radius withr ; along the dashed line. The units B andr,
tive massan*, by comparing with the measured experimentalgre a.4.
results. For the sake of simplicity and to gain additional in-

sight (see below, we use the local empty core potential of . . .
ght( W Py P evidenced by changes in the effective mass. In the next re-

Ashcroft® w(r)=0 forr <R, and— Ze*/r aboveR,. How- _ he g Ston of th S ) .
ever, we do not expect that the use of a nonlocal potential fofiMe the slow variation of the conductivity, see Fig. 3, is

the calculation of the scattering integral will qualitatively @ccompanied by a decrease of the Ziman estimated effective

alter the result$: Values ofR; typical for lithium range from ~ Mass, Fig. 4. Itis very likely in fact that the actual effective
1.06 a.u(Ref. 18 to 1.44 a.u? depending on the local field Mas$” increases monotonically under compression past the
correction emp|oyed_ We use the homogeneous electron g@éedlcted pairing |nStab|l|t§Th|S is the behavior observed
local field factorG(k) determined by diffusion Monte Carlo in LDA calculations of a dense lithium monolayer, which is
simulations?* and find thalR,=1.26 a.u. reproduces the ex- believed to behave similarly with bulk lithiuAY. We note
perimental values of the conductivity of liquid lithium close therefore that the slow variation of the conductivity, along
to its triple poinf® with an effective mass only slightly big- with the decrease of the Ziman estimated effective mass,
ger than unity?* We also note that the normal pressure effec-point to a shrinking ionic core, which balances the increase
tive ion-ion potential so obtained compares favorably within scattering due to increased density. In the final regime, as
other potentials that have been used to model liquidhe conductivity appears to drop, the effective mass increases
lithium.? The liquid-structure factoS(k) of liquid metals  again. In the framework of an empty core model this sug-
has been usually assumed to be well reproduced by the hardests that the exclusionary effects of the ions on the scatter-
sphere model with some appropriate packing fractfardere ing of the valence electrons become dominant over the den-
we determineS(k) numerically based on the effective ion- sity driven core decrease. To make these observations more
ion interaction®(r), using the perturbative hypernetted- quantitative, we extrapolate the lower density effective mass
chain equation(PHNC).?® PHNC has been successfully ap- to the high density value reported in Ref. 3, and determine
plied to various model systems, including liquid metdls, the core radiusR, that reproduces this trend—see inset to
and should be particularly appropriate at high densities. Wéig. 4.
note here that the temperature dependence of the scattering As discussed in Refs. 3,30 in connection to several alkali
integral is embedded iB8(k). We calculate for example that metals, the importance of the core electronic states increases
a 20% increase in temperature yields a 4% decrease in the high pressures, and along with it the magnitude of the
scattering integral at twofold compression, and only aboupseudopotential. As a result, in the solid, symmetry-breaking
2% at fourfold compression. This is due to the fact that atistortions leading to ionic pairing may become energetically
high densities the liquid structure is determined mainly byfavorable® In the liquid, a rising pseudopotential, i.e., a de-
the ion-ion repulsioné® whose role only increases with in- creasing effective ionic core, see Fig. 4, should also mediate
creased compression. a strengthening of pairing correlations. Due to the strong
The results of the effective mass calculations based on thexclusionary effects of the ions on the valence electrons at
Ziman theory withR.=1.26 a.u. are summarized in Fig. 4. high densities, such correlations maximize in turn the spaces
We note that the initial steep decrease in conductivity withavailable for the electrons in the interstitial regions, away
pressure corresponds to an increasendfto values similar  from the areas of strong core overlap in between the ions,
with the ones found in Ref. 3, as lithium becomes less freewith beneficial effects on the energy. This exclusion of the
electron-like upon compression. In this pressure range thealence electrons by the ions seems to be consistent with the
reduction in conductivity is driven mostly by increased scat-behavior of the conductivity at high compressions. Given the
tering due to decreased interatomic spacing, although thexpected small effect of the temperature on the conductivity
core electronic states appear to already come into play e high densities, the apparent conductivity drop and the be-
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havior of the ionic core at the highest pressures could be We thank N. Ashcroft, J. Neaton, G. Galli and R. Cauble
interpreted as a decrease of the overall volume available fdor useful discussions, and D. Young for the lithium EOS

the electrons.
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