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Structure of a metallic solution of lithium in ammonia

Jonathan C. Wasse, Shusaku Hayama, and Neal T. Skipper
Department of Physics and Astronomy, University College London, Gower Street, London WCIE 6BT, United Kingdom

Henry E. Fischer
Institut Laue-Langevin, Avenue des Martyrs, F-38042 Grenoble Cedex, France
(Received 6 December 1999

Neutron diffraction has been used in conjunction with isotopic substitution to measure the structure of a
saturated metallic solution of lithium in ammon{@l mole % metal This concentration of solution is of
particular interest due to its high electrical conductivity, low density, and position above a deep pseudoeutectic.
We find that the solution is highly structured over both short and intermediate length scales. The local
coordination around each Lication consists of a well defined solvation shell containing an average of 3.5
ammonia molecules. These molecules direct their dipole moments away from the cation, and are undistorted
relative to the pure solvent. The delocalized electrons are therefore fully dissociated from the cations. A strong
first diffraction peak at 0.97 Al is seen in both Lfi- and N-centered correlations, and provides evidence of
intermediate-range order in the solution.

[. INTRODUCTION tained in the total structure factoFg k) and thereby to de-
termine the structural environments around both Li and N.
Alkali metals dissolve readily in ammonia without chemi-
cal reaction. The resulting solutions have been the subject of Il. THEORETICAL BACKGROUND
numerous experimental and theoretical investigations, prima- o ) )
rily because they exhibit a fascinating variety of electronic  1heF(k) comprisingr chemical species, labeledor 5,
behaviort— and have densities lower than any other quuidsfor solution samples are derived from the measured intensi-
except for the cryogenic fluids. ties by using the relatidn
Concentrated alkali metal ammonia solutions, above 7 Y
mole % metal(MPM), are metallic and are characterized by d_‘T _ 2., 12
. . _F(k)+z Ca[ba+binca
a bronze coloration. At saturatid®1 MPM (Ref. 5] the dQ a=1 '
solutions have an electrical conductivity of 15000

J[1+Po(k)]

QO tem tmol L, and are classified as class A metaléow- _ 1 [ les(9) Ml 6)}
ever, both the concentration and temperature dependence of NsAssc(0) (| a()
the conductivity are completely different from normal liquid
) e Ac,cs0) |1c(0)
metals. For example, electrical conductivity increases as the — == —=———Mc(0)|;. 1)
cube of metaland electrop concentratiort. In addition, the Ac,c(0) | a(0)

saturated solution lies above the deep pseudoeutectic, at apre measured differential scatterin P
. : . g cross section is given by
proximately 20 MPM and 88 K. This heralds the formation (do/dQ), and the atomic fraction, bound coherent, and

OT an %xpanded metal . compqund with composition bound incoherent neutron-scattering lengths of chemical spe-
Li(NH3),. F_urther general interest in our system stems fronjcieSa are given byc,, b,, andb, ., respectively. The
the predqmmance of electron polarons and bipolarons in dIécattering vectok is related to the incident neutron wave-
lute solutions, and of the subsequent metal-nonmetal transféngth \ and scattering angle ®through the relationk

: 2

tion between 1 a_nd ! M_PM' . . =47\ 1sing. TheP (k) denote the inelasticity corrections

Metal-ammonia solutions have been studied using a Varizaiculated using a Placzeck expansfoand the number of
ety o_f ther_Tsodynamm, sSpectroscopic, and Computat'.onaiample atoms illuminated by the incident neutron beam is
technique<=® However, interpretation of these data is im- iven by Ng. The attenuation of the neutron beam by the
peded by the dearth of high-resolution structural data. In facgample is gélculated using Paalman-PHigstenuation fac-
the literature records only one relevant set of diffraction ©XYors A, (), and multiple scattering cross sectidds() are

ij )

. - . . 4 .
ipertlm(iants,é) nt|:_ Itisoriu“r?crj]?jilf? ':lp; Morr1ec|)veir, tm trr:rz?it WOI‘k\,N Galculated using the method of Soper and Egelstafgy( 6)
sotopic substittion a €rence analysis techniques we ndlc(6) represent the intensities for the samp® in its

Suctire factors. The. data are therefore. nsufficien: fo teqCtaner(C) and the empty container corrected for back-
' round scattering. The normalization factafd) is mea-

f;r;emgﬁtt::li?mﬂgstﬁég?f of recent theoretical models an ured by reference to a vanadium standard.

In this paper neutron diffraction has been used to deter- It follows thatF (k) can be expressed by
mine in detail the structure of a saturai@d MPM) metallic v
solution of Li in ND;. Isotope substitution ofLi/’Li and F(K) = ccab bS (K —1 o
NaiN/L°N allows us to separate many of the correlations con- (k) ;1 521 aCaPaPsl Sapk) ~ L1, @
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whereS, 4(k) are Faber-Ziman partial structure factéts.

We have measureBi(k) of three saturated solutions of
isotopic composition?LiNaND,, °LiN*ND,, and®Li*ND,,
in addition to the bulk solvent®ND,. The first-order lithium
and nitrogen centered difference functiaig(k) andA (k)
are extracted from combinations of the total structure factors;

64 .15

Au(k)="F(K—Fy(k) 281~ LEND; b dy 421
=cfi('bf— 0[Sy (k) —1] E
=
+2¢iicn("bri—by) by Sun(K) — 1 -
CLCN(, L L) N[ SLin(k) —1] E’ 15 L 6LiND3 |
+2cyicp('bri—by)bp[ Siip(k) —1] ) F, (k) +1b
and
An(K)="Fi(k) = Fn(k)
= (bR = "B Sw(k) 1]
+2cnCri(by—"bn) bl Spin(k) — 1]
+2¢nCp(by—"br) o[ Suo(K) — 11]. (4) ) 5 10 15

The bound coherent neutron-scattering lengths were taken
from Sear&’ where 'b;;>b; for A;(k) and by>"by for
An(K). Here,F (k) is the total structure factor for the so-
lution of isotopic composition’Li:N¥ND, with scattering
lengths:b;, by, andbp, "F;(k) for 5Li:NaND5 with "by;,
by, andbp, andFy(k) for 6Li:ND5 with "by;, 'by, and
bp.

Fourier transformation of Eq$3) and (4) yield the cor-
responding real-space distribution functiods;(r) and
AGy\(r). The average coordination number of specjgs
arounde, n,g, is obtained by integration of the peak area in
the r-space functions to the first minimum.

G(r) (barn)

IIl. EXPERIMENT

Solution samples for the neutron-diffraction experiments
were maden situ at the D4B instrument of the Institut Laue-
Langevin reactor source, Grenoble, using high-purity chemi-
cals: anhydrous'®ND; (99% D); anhydrous'®ND; (98%
15N, 98% D); “Li; 6Li (95% °Li). Preweighed lithium metal
was placed in a cylindrical, null coherent scattering, Ti/Zr
container. A measured volume of ammonia was then con-

densed onto the metal, from a stainless-steel gas rig. r QR
Neutron-diffraction data were collected at 236K using an
incident neutron wavelength of 0.70&1 A. FIG. 1. (a) The total structure factors(k) for liquid ammonia

A significant advantage of performing the neutron- and saturated lithium ammonia solutions obtained a({238. The
diffraction experiments using a fixed incident neutron wavemeasured data_1 points are given b)_/ the error bars_ and the solid Iir_1e is
length at a reactor source is seen in the context of the daffjé back-Fourier transform, obtained after setting the unphysical
analysis. The neutron absorption cross section for most eld@W- oscillations in the correspondinG(r) to their calculated
ments is wavelength dependent and typically increase$WL imit (b)lsThe real-space distribution functiorB(r) for
with the Wavelengtﬁf) e.g., 054 0.7041 A) Li->ND4 a_nd ND; obtained by Fourier tra_nsformatlon of the
~0.3%,,{1.798 A) for our®Li'®ND; sample. The sample corresponding=(k) denoted by the error bars {@).
attenuation factoAgs sc( ) will therefore vary with scatter-
ing angle alone and will have no wavelength dependence, dor sample attenuation could be all the more problematic.
for example on a time-of flighfTOF) neutron source using a The use of a fixed incident neutron wavelength is particularly
range of incident neutron wavelengths. Hence, if the experivaluable here, due to the presence of highly absorfiingn
ments were to be conducted using a TOF source, correctioone of our samples.
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FIG. 2. (a) The first-order difference functions;(k) andA (k) for the metallic lithium-ammonia solutions. The measured data points

are given by the error bars and the solid line is the back-Fourier transform, obtained after setting the unphysical oscillatiangadtidw-

in AG;(r) and AGy(r) to their respective calculated lowlimits, shown by the solid lines itb) and (c). (b) AG;(r) for the metallic

lithium-ammonia solutions. The position and arrangement of the nearest-neighbor ammonia molecule to the lithium ion are shown pictori-

ally. (c) AGy(r) for the metallic lithium-ammonia solutions. From the mismatch in the isotopic enrichment of deuterium foundINDyr

and M¥ND; chemicals, a small contribution from D-D and D-Li correlations will be presem k) and AGy(r), i.e., in mb,AGy(r)

=64.2(4 1 gnp(r) —1]1+25.2(9) gnn(r) — 1]+ 21.5(2Y gnii(r) — 11+ 6.7(8)Y gpp(r) — 1]+ 0.2(7) gpi(r) —1]. Hence the small peak at

1.61(3) A in AGy(r) is identified with intramolecular D-D correlations.

IV. RESULTS AND DISCUSSION In the lithium-ammonia solutions the principal peak is
, . . . shifted to a lowerk value, 1.902) A~! compared with
The measured (k)'s for the lithium-ammonia solutions - 5 557y & =1 for the pure solvent. This reflects the reduction
are shown together with thespace data for the pure solvent, j, yerall solvent density, due to the presence of solvated
“NDj, in Fig. 1(a). The efficacy of these data after correc- g|ectrons. In addition, a first sharp diffraction peak evolves at
tions for background, absorption, and inelastic scattering 19.972) A%, signifying intermediate-range order within our
tested by their approach to the correct highimit, which  concentrated metallic solutioRéBoth the solvent and solu-
satisfies the usual sum-rule relatinThey therefore give tions exhibit similar damped oscillations at highvalues,
good overall agreement with their back-Fourier transformsextending out to 15 A?, suggesting that the intramolecular
The latter is obtained once the unphysical Iowscillations  correlations of ammonia are unchanged by the presence of
are set to the calculated lowkimit in the real-space func- Li.*
tions. The total real-space distribution functio@{r) for both
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liquid ammonia and the lithium-ammonia solutions show anammonia, using the method of isotopic substitution in neu-
intense and well defined peak at O(®PA, followed by a tron diffraction. The local coordination around each Idat-
peak at 1.58) A, see Fig. 1b). These peaks are assigned toion consists of a well defined solvation shell containing an
intramolecular N-D and D-D correlatio$.In the G(r) for average of 3.5 ammonia molecules. These molecules direct
6Li-15NDs, at 1.993) A a shoulder is observed on the high- their dipolg moments away from the cation, and are undis-
side of the second peak, but is absent in@f{e) for °ND,.  torted relative to the pure solvent. The delocalized electrons

We will shortly identify this feature with nearest-neighbor e therefore fully dissociated from the cations. At this high
Li-N correlations. Beyond 2 A, th&(r) for both 6Li-5NDs, metal concentration, contacts between solvent separated cat-

and ®ND; show a broad feature covering the range<3.0 lons give rise to intermediate-range order. . .
(A)=<4.5. This contains the contribution from N-N correla- The picture that emerges from our experiments is that the

tions between neighboring ammonia molecdes solution is highly structured, over both short and intermedi-
; 9 9 : ate length scales. Given the very low density of the solution

: 1 ; g . t(~O.6 g/c?),® this conclusion is, at first sight, rather surpris-
approximately 1 A* the prepeak is still present in both o4 "However, our measured structure is in agreement with
Ari(k) andAy(k), as shown in Fig. @). This tells us im-  he model suggested by Maybury and Codftder concen-
mediately that the intermediate-range order in the metalligrated solutions comprising solvated cations, ammonia mol-
solutions arises from both L and N-centered correlations, ecules, and free electrons. This model was later supported by
consistent with contact of solvated lithium ions. self-diffusion coefficient measurements of Garroway and

Figure 2b) shows thatAG,;(r) is characterized by two Cotts?® The results from the study by Garroway and Cotts
intense overlapping peaks, with maxima at 226and  show lithium ions to be solvated by four ammonia molecules
2.642) A. We assign these to nearest-neighbor Li-N andin saturated solutions. At saturation no free ammonia mol-
Li-D correlations, respectivefy.**Integration of the peaks ecules will be present. In this limit our findings strongly
yields coordination numbersn;y=3.5(2) and nyp  support the model used by Schroeder and Thomp$®hey
=10.32). This compares with the results of quantum- successfully predicted many electrical properties of our sys-
mechanical simulations of albeit, dilute solutions, which pre-tem, by assuming the saturated lithium-ammonia solutions to
dict a tetrahedral coordination of lithium but with a nearest-be a “single-component” system of solvated cations, i.e.,
neighbor Li-N distance of 2.15 A: Computer simulations with no free ammonia. Interestingly, their model could also
using empirical models tend to predict octahedral coordinabe applied below saturation to predict the decrease in elec-
tion of lithium by ammonia, in both dilute and concentratedtrical conductivity with decreasing metal concentration. This
solutions? An exception, which gaveny=4 and ryy  dependence is assumed to arise from the increase in the frac-
=2.05A, usedad hocparameters based upon’tH,O in-  tion of free ammonia molecules present to scatter the delo-
teraction potentialS. calized electrons.

Interestingly, there is evidence of a well defined second |n order to further understand the microscopic mecha-
solvation shell, at 3.8@) A in AG;(r). This has been pre- nisms for the metal-nonmetal transition, which occurs be-
dicted by quantum simulatior’$,and is here attributed to tween 1 and 7 MPM, detailed structure of solutions about the
ammonia molecules shared between two cations. These satansition needs to be measured. These experiments on less
vent separated LiLi™ pairs contribute to the maximum in concentrated solutions would be more demanding and are to
AGy(r) occurring at 6.18) A. be the subject of our future studies. However, the well de-

Figure 2c) shows thah Gy(r) is dominated by the char- fined short- and intermediate-range order of our current so-
acteristic nearest-neighbor N-D peak of the ammonia moltution supports Mott’s suggestion that strong structure, based
ecule, at 0.9®) A with nyp=3.3(2). A broad peak at on solvated ions, would lead to a metal-nonmetal transition
3.403) A is due to adjacent nitrogen atoms. This N-N dis- dominated by electron-electron interactiofi#ott” type ),
tance is slightly greater than the 3.28 A that would be obrather than disordef‘Anderson” type).'?
served for undistorted tetrahedra, and therefore confirms that

the cation solvation is based on distorted tetrahedral geom- We gratefully acknowledge the assistance of Pierre Pal-
etry. leau of the Institut Laue-Langevin, France, and John Dreyer,

Robin Humphreys, Rob Done, and Brian Boland of the Ru-
therford Appleton Laboratory, UK. The authors are thankful
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In summary, first-order difference functions have beenthe financial support provided by the UK Engineering and
successfully measured for a saturated solution of lithium irPhysical Sciences Research Council.
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