
however, rely on the trophic transfer of 
peat carbon through the critical link of 
insect larvae and attain partial indepen- 
dence from the seasonal variation in pri- 
mary production. This "fossil fuel subsi- 
dy" is important in an environment 
where primary production is essentially 
nil for about 7 months of the year. 

DONALD M. SCHELL 
Institutes of Water Resources and 
Marine Science, University of Alaska, 
Fairbanks 99701 
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Lithium, Compression and High-Pressure Structure 

Abstract. Lithium is found to transform from a body-centered cubic (bcc) to a 
face-centered cubic (fcc) structure at 6.9 gigapascals (69 kilobars) and 296 kelvin. 
The relative volume of the bcc structured lithium at 6.9 gigapascals is 0.718, and the 
fcc structure is 0.25 percent denser. The bulk modulus and its pressure derivative for 
the bcc structure are 11.57 gigapascals and 3.4, and for the fcc structure are 13.1 
gigapascals and 2.8. Extrapolation of the bcc-fcc phase boundary and the melting 
curve indicate a triple point around 15 gigapascals and 500 kelvin. 

Lithium has three electrons per atom 
and is thus the most elementary metal 
available for study. The nature of the 
forces generated by the electrons in 
bonding lithium into a solid is partially 
revealed by studying the structure and 
density of the metal in response to tem- 
perature and pressure changes. In the 
study described here the structure and 
density of lithium were measured to 10 
GPa (100 kbar, 10 x 10" dyne/cm2) at 
an ambient temperature of 296 K. 

The technique used in this study has 
been described (1). Briefly, an annulus of 
beryllium 2.5 mm in diameter and 0.25 
mm thick with a 0.33-mm hole in the 
center is pressed between two tungsten- 
carbide Bridgman anvils. The hole is 
filled with a mixture of Li and LiF pow- 
der (pressure indicator). A CuKa x-ray 
beam is directed through the annulus, 
and the diffraction is recorded on a 
114.6-mm-diameter cylindrical film sur- 

rounding the annulus. Diamond anvils 
were not used for three experiments be- 
cause of the very low scattering power of 
Li. 

The diffraction patterns of the Li-LiF 
mixture exhibited the 110, 200, and 211 
diffraction lines of the body-centered cu- 
bic (bcc) structure of Li, the 11 1 and 220 
lines of the high-pressure face-centered 
cubic (fcc) structure of Li, and the 111 
and 220 lines of LiF. The pressure is 
deduced from the LiF  volume calculated 
from the diffraction patterns and corre- 
lated with values calculated from a shock 
compression study of LiF (2) .  

A preliminary study was made with Li 
alone to avoid confusing diffraction lines 
of new structures with those of LiF. 
Lithium was compressed to a minimum 
relative volume of V/Vo = 0.654. The 
ambient bcc structure transformed to a 
fcc structure at  V/Vo = 0.712 (bcc) as the 
pressure was being increased and trans- 

Table 1. Lithium compression data. The ambient (Vo) volume of lithium is 1.876 cm3/g; a is the 
cubic cell parameter. 

Film 
number 

a (Li) 
(A) 

bcc structure 
2-3 3.968(1)* 3.285(5)* 3.3(1)* 0.820(3)* 
4-4 3.965(-) 3.272(0) 3 .3- )  0.811(0) 
4-5 3.946(-) 3.216(2) 4.7(-) 0.770(2) 
2-4 3.945(2) 3.217(5) 4.7(1) 0.771(3) 
2-5 3.919(-) 3.161(-) 6.6(-) 0.731(-) 

fcc structure 
4-7 3.900(3) 3.900(3) 8.0(2) 0.687(1) 
2-8 3.880(-) 3.855(-) 9.6(-) 0.663(-) 
4-9 3.877(3) 3.843(3) 9.8(3) 0.657(1) 
4-10 3.876(0) 3.832(2) 9.9(0) 0.651(1) 
4-1 1 3.874(-) 3.828(1) lO.l(-) 0.649(0) 

*The standard deviations are listed after each number. They are the uncertainty of the final figure in each 
number. A dash in parentheses signifies that only one value could be determined because of diffraction line 
interference. 



formed back to the bcc structure at  Vl 
Vo = 0.723 (bcc) as  the pressure was 
being released. On exposures that exhib- 
ited both structures. the densities of both 
structures were nearly identical. The fcc 
structure is only 0.25 i 0.05 percent 
denser than the bcc structure. 

In the subsequent studies LiF was 
mixed with Li. The data calculated from 
the high-pressure x-ray diffraction pat- 
terns are listed in Table 1. Using an 
equation of state as  described in (3), the 
isothermal bulk rnodulus (B,) and its 
pressure derivative (B',) for the P-VIV, 
data in Table 1 are B, = 10.9 t 0.5 GPa 
and B', = 3.84 i 0.32. Recently, single- 
crystal elastic constants for 7 ~ i  have 
been determined, as well as the tempera- 
ture and pressure dependences of these 
constants (to 0.2 GPa) (4). Those mea- 
surements yield B, = 11.57 GPa and 
B', = 3.55. Because small errors in P 
and V yield large errors in the values of 
the moduli near P = 0, the value from 
the elastic constant measurements will 
be used for B,. The P-VIVo values at high 
pressure can now be used for determin- 
ing B',. The values thus selected to best 
represent the compression of bcc Li 
are B, = 11.57 GPa and B', = 3.39 + 
0.02. 

The isothermal bulk modulus and its 
vressure derivative have been measured 
for Li in the bcc structure by various 
techniques. The pressure-volume mea- 
surements of Bridgman (5) to 4.0 GPa 
(corrected pressure values) have a bulk 
modulus and pressure derivative of 11.18 
GPa and 3.64. Another set of Bridgman 
measurements (6) to 10 GPa give 11.58 
GPa and 3.74. Bridgman failed to detect 
the transformation from bcc to  fcc, so 
these values include compression data 
for the fcc structure. From piston dis- 
placement measurements of Swenson (7) 
to 2.0 GPa, the modulus and its pressure 
derivative are 11.2 GPa and 3.60. Final- 
ly, from a shock compression study by 
Rice (a), the values are 11.2 GPa and 
3.60. Although the shock data go to 27 
GPa, temperature calculations for the 
state of lithium along the Hugoniot show 
that the data above 5 GPa are for liquid 
Li. [The melting curve for Li has been 
measured to 8.0 GPa (91.1 The value for 
B, was again taken from Felice et al.  (4) 
and then the value of B', was adjusted to 
fit the data of Rice (8). The values for the 
isothermal bulk modules and its pressure 
derivative are in excellent agreement 
among all studies. 

With the compression of the bcc struc- 
ture well defined, the pressure for the 
transition from the bcc to the fcc struc- 
ture can be calculated. The data collect- 
ed on unmixed Li showed that the trans- 
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Fig. 1. Suggested phase diagram for lithium. 

formation occurs at  some pressure corre- 
sponding to relative volumes between VI 
Vo = 0.712 and 0.723. In the absence of 
evidence to the contrary, the relative 
volume at transformation is estimated to 
be the average, or 0.718 t 0.008. From 
the B, and B', and the equation of state in 
(3), the pressure for the transition at  296 
K is 6.9 t 0.4 GPa. This value is in 
excellent agreement with the resistance 
discontinuity observed at 7.0 GPa and 
296 K (10). 

From the data on the volume in Table 
1 and the correlated pressures estab- 
lished for the bcc structure mixed with 
the fcc structure we can estimate the 
bulk modulus and its derivative for the 
fcc structure. Numerous studies by Bar- 
rett (11, 12) on the structures of Li 
showed that at or below 78 K cold- 
worked bcc Li partially transforms to an 
fcc structure whose density is the same, 
within the error of the measurement, as 
the density of the bcc structure. This is 
compatible with our results a t  high pres- 
sure. If we assume that the densities of 
the bcc and fcc structures are the same at 
296 K and P = 0, then B, = 13.1 GPa 
and B', = 2.8 for the fcc structure. 'There 
are larger uncertainties in these values 
than for the bcc structure because the 
data span only 3 GPa. 

From the data available, an estimate 
can be made of the pressure-temperature 
phase boundary between the fcc and bcc 
structures. Barrett (11, 12) found that on 
cold-working Li the fcc structure would 
form, and on heating the fcc structure 
would transform back to the bcc struc- 
ture. The narrowest temperature limits 
between which the fcc structure forms 
and converts back to the bcc structure 
are 110 and 135 K, respectively, at zero 
pressure. 

Much of the thermodynamic data col- 
lected at low temperatures on the phases 
of Li is complicated by the appearance of 
a third phase having a hexagonal close- 
packed (hcp) structure. The bcc struc- 
ture transforms spontaneously to the hcp 

structure below 71 K .  Barrett (11, 12) 
argues that the hcp structure is metasta- 
ble and that cold-working at  low tem- 
peratures, like thermal agitation at high 
temperatures, promotes the formation of 
the stable phase, the fcc structure. 

The slope of the phase boundary be- 
tween the bcc and fcc structures is 25.5 
KIGPa, if the boundary is assumed to be 
linear and the temperature of transfor- 
mation is estimated to be 120 K at zero 
pressure. From the Clausius-Clapeyron 
relation, the heat of transformation at 
296 K and 6.9 GPa is 40 Jig. 

If the phase boundary between the two 
structures is linear, then it should inter- 
sect with the melting curve of Li that was 
measured by Luedemann and Kennedy 
(9). Fitting their pressure-temperature 
data to 8 GPa with a quadratic least- 
squares fit, the triple point is calculated 
to be at 13.6 GPa and 466 K.  If the 
melting temperature remains constant to 
pressures above 8 GPa, as  it does be- 
tween 6.5 and 8.0 GPa, then the triple 
point is 15.9 GPa and 526 K (see Fig. 1). 
The existence of a triple point was sug- 
gested by Luedemann and Kennedy (9) 
based on their melting curve and the 
transformation observed by Stager and 
Drickamer (10). However the data are 
extrapolated, we suggest that a triple 
point should be within reach of static 
high-pressure equipment. 

We have shown that high pressures 
stabilize an fcc phase of Li, with very 
little density difference from the bcc 
phase. The existence of this high-pres- 
sure phase suggests that a triple point is 
responsible for the very flat melting line 
observed for Li. In this respect the situa- 
tion is very similar to  that for Cs and 
perhaps Rb,  as well. 

BART OLINGER 
J.  W. SHANER 

Los Alamos National Laboratory, 
Los Alamos, New Mexico 87545 

References and Notes 

1. P. M. Halleck and B.  Olinger, Rev. Sci. In- 
strum. 45, 1408 (1974). 

2. W. J .  Carter, High Temp. High Press. 5 ,  313 
11971). 

3. B: diinger and P. M. Halleck. J .  Chpm. Phvs. 
62, 94 (i975). 

4. R. A. Felice, J .  Trivisonno, D. E. Schuele, 
Phvs. Rev.  B 16, 5173 (1977). 

5. P. .W. Bridgman, Proc. A m .  A t n d .  Arts Sci. 76, 
71 (1948). 

6 .  . ,  ib id . ,p .  55. 
7. C .  A. Swenson. J .  Pitys. Chem. Solids 27, 33 

(1966). 
8. M .  H .  Rice. ibid. 26, 483 (1965). 
9. H.  D. Luedemann and G. C. Kennedy, J .  

Geophys. Res.  73, 2795 (1968). 
10. R. A. Stager and H. G. Drickamer. Phys. Rev.  

132, 124 (1963). 
11. C. S .  Barrett, ibid. 72, 245 (1947); Phuse Truns- 

formation in Solids (Wiley, New York, 1950); 
Actn Metall. 4,  528 (1956); Acts Ciystallogr. 9. 
671 (1956). - \ - -  - -,. 

12. C. S .  Barrett and D. R. Trantz. Trnns. AIME 
175, 579 (1948). 

25 February 1982; revised 10 May 1982 

SCIENCE, VOL. 219 




