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A GALLIUM MULTIPHASE EQUATION OF STATE 

Scott D. Crockett and Carl W. Greeff 

Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545 

Abstract. A new SESAME multiphase Gallium equation of srate (EOS) has been developed. T he eq uation 
of state inc ludes three of the solid phases (Ga I. Ga II, Ga III) and a fluid phase (liqu id/gas). The EOS 
includes consi stent latent heat between the phases. We compare the results to the liquid Hugoniol data . We 
a lso explore the possibility of re-freezing via dynamic means such as isentropic and shock co mpression. 
Keywords: Gal lium, Multi-Phase, Equation of State 
PACS: 64.30.-t,64.60.Ej,62.50.-p 

INTRODUCTION 

Given its low melting point of 303 K, its anomalous 
melting curve (the melting temperature decreases 
with inacasing pressure) and its numerous solid 
phases, Ga appears to be a very interesting mate­
rial for stud ies ot dynamic phase transitions. Gal­
liurn has fi ve known equilibrium solid phases [1,21 
and ex hi bits strong metastability in some of its phase 
transitions[3 J. In particular, the supercooled liquid 
phase is exceptionally long-lived. Due to the com­
plexity of its phasc diagram, Ga is an excellent test 
fo r the capabilities of our multiphase models and al­
gorithms. 

In this paper, \ve discuss the development of a 
multi-phase equation of swte (EOS) for Ga. This 
E S explic it ly treats three solid phases and the fluid 
phase . Separate free energy functions are created for 
~ach phase , and a global equilibrium EOS is then 
generated by combining the phases, allowing for co­
exis tence /4J. In this way, heats of transformation 
are included, and the Clausius-Clapeyron relation is 
saLi sf ied. The resultant EOS is wide-ranging in that 
limiting behaviors for extreme high temperature and 
high co mpression are included in the models. Model 
paramelers for the individual phases have been ob­
tained empirically. The result is an EOS that is in­
ternally consistent and integrates a wide range of ex­
perimental data. Such an EOS is useful for planning 

dynamic experiments to probe phase changes . In par­
ticular, the EOS can be used to make pred ic tions 
of the path of Hugoniots and iseotropes through the 
phase diagram, and hydrodynamic anomalies . such 
as shock splitting. In this paper, we hrie ft y describe 
the development of our Ga EOS , and show illustra­
tive comparisons with data. We [hen give results for 
Hugoniots and isentropes from diffe rent initiaJ <;tates 
and their paths through the phase diagram. As a re­
sult of this work, we predict that low pressure shocks 
starting from the solid at STP will spontaneously 
spread into compression flln s as the Ga Uliquid co­
existence region is entered. 

EOSMODEL 

The Helmholtz free energy of each phase is taken 
to have a three-term decomposition. which cons ists 
of a cold curve, ion Ihem1al, and e lectron thermal 
conlribution. For all phases, the Thomas Fermi Dirac 
(TFD) model wa.s used forthe electron thermal term 
(the TFO cold energy is subtracted from the fini te 
T TFD free energy). For the solid phases , th ' Oe­
bye model is Llsed for the ion them1a.l te rm, Our liq­
uid phase ion thermal model is baseu 011 relating 
the liquid to a solid phase IS, 6J. T he liquid is as­
sumed to have a specific heat Cv = 3NkB near melt­
ing, and to have a volume-independent enLropy off-
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FIGU RE I. Phase di agram compared to the available 
daw.1 14. 2 3J . 

set Sv with respect to the solid. An energy offse t 
L'1¢ (V) = LlSvTnJe il (V) determines the melting tem­
perature. T he function T md! (V) is assumed to have 
a Lindemann form. At higher temperature, the ex­
cess. specific heat is ass umed to fall off as a power 
law in T j Tmcl!(V ). and fina lly, the liquid free energy 
merges smoothly into th at of an ideal gas at very high 
temperature [7J. In the pre ·ent case, the liquid is as­
su med to be re lated normally to the Ga II solid phase. 
T his a sumption is based on the picture that liquid 
Ga and G a II are normal metals, while Ga I is an 
ab normal metal with Jow conductivity and partially 
covalen t bonding [21. In this picture , the anomalous 
melting results from the exceptional properties of the 
Ga I solid phase. 

he phase diagram for gallium has been thor­
uu ghly summarized in the recent work of Lyapin et 
at. I? J. A first-principles study by Voloshina et aL [8J 
connects the various struc tures of Gallium to their 
electron ic properties . The Ga I ph ase is orthorhom­
bic and can be pictured as consi sting of a pe riodic 
array of Gal "quasi-molecules". Ga II was thought 
to have a bcc structure with 12 atoms per unit cell 
[91, but was recently reported to have an orthorhom­
bic structure with 104 atoms per celllI 01. The Ga III 
phase is simple body-centered tetragonal [9]. The Ga 
IV phase , which is face-centered cubic, is related to 

Ga m by a continuous change of the unit cell wit h 
nu volume change [111. and so is considered to be 

FIGURE 2. The top solid curve j~ lhe Hugoniol slarting 
at 308K from the liquid stale. The lower solid curve is the 
Hugoniot at STP condilions. 

part of the Ga III phase for this EOS . T he recently 
reported Ga V phase [10) was no t included due to a 
lack of information about it. T he cold curve for the 
Ga III phase is smoothly merged into the TFD cold 
curve at ultra high pressure. 

In evaluating the parameters for the individual 
phases, we have used ambient pressure thermophys­
ical data [12 , 13], Hugoniot data 115, 16]. the mea­
sured phase diagram [2, 14 , 3], d iamond anvi l cell 
data [1], measured volume change , and the bulk 
moduli of the Ga I, II, and Iiqu id pha~es under pres­
sure [2]. As an illustratiun of the re lation betwe n 
data and model parameters , we no te that the volume 
changes are primarily controlled by the co ld curve . 
while phase boundary slopes, together with volume 
Changes , determine the entropy changes, which de­
termine the Debye temperatures . Because the rela­
tion bet ween data and model parameters is nOl one to 
one, we adopt an iterative procedure. Initi al param­
eter es timates are made based on approximate rela­
tions, then these estimates are refined by graphical 
comparison of the EOS with data. 

Figure 1 compares the ca lculated boumlaries to 
the available data [14, 2, 3J . As illustrated ill the 
figure, the liquid model sim ultaneously reproduces 
the anomalous melting be havior between the Ga I 
and liquid phases, and the normal mdting be havior 
for the higher pressure phases. T his agreement lends 
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FIGURE 3. The dashed curve is the pnncipal Hugoniot, 
The solid curve is the liquid Hugoniot at 308K and is 
compared [0 the experiment [15. 16]. 

support to our model assumption that the liquid is 
normal in relation to the G a II phase. The excep­
tionally large e ntropy change 6.Sv = 2.37Nks [12J 
for the Ga Ill iquid transition at I atm is imposed 
through lh~ panlillc ters of the liquid EOS . The phys­
ical mechanism for this anomaly (lypical values are 
6.Sv ;::::; 0.8 ks) is unknown. C:lpturing the Ga IUGa 
III phase boundary Involved a particularly sensitive 
p:lrametcr study which resulted in a very useful con­
strain t on the Ga III bulk modulus. 

PREDICTIONS FOR DYNAMIC 
COMPRFSSIO:'II 

tudying dyn '1 mic loading of Gallium experimen­
ta lly at d iffe rent initial temperatures either by shock 
or isentropic compression should yield interesting re­
suIts . We illustrate via F igure 2 the complex path that 
the Hugoniot initia ted from the solid state follows. 
The fig ure shows the Hugoniot curves in the T, P 
plane, along with the phase diagram. for initial states 
at STP in the Ga I phase, and in the liquid at 308 K. a~ 
in the experiments of Fritz and Carter [15]. The solid 
Hugoniot quickly enter:; into the Ga IlLiquid two­
phase region and then continues along the Ga UGa II 
phase boundary. Figu re 2 shows the same two Hugo­
niot curves in the P, p plane along with data [15, 16]. 

At low prcssures. where it follows the C a Ill iquid 
phase boundary, the solid Hugo niol is concave uown­
ward in pressure-volume space. Thus, we pred ict that 
shock waves in this preo.;slIre range are unstable with 
respect to spontaneously spreading into isentropic 
compression fans. This is very unusual behavior, and 
results from the anomalous decrease in the bulk mod­
ulus with increasing density in going from Ca [ to 
liquid [2J. We predict complete melting under shock 
from STP at approximately 870 K and 25.7 G Pa. By 
cooling the to below 270 K . the Ga Ill iquid two phn~e 
region can be avoided. and the Ca I/Ca 1I transItion 
is the first one encounlered. As a result of cooling the 
sample. the EOS predicts approximately a 200 K and 
5 CPa increase in the melt tempera ture and pressure. 
We expect the Ga IIIGa III phase transit ion wtll be 
difficult to measure due to the small densi ty differ­
ence of 0.3%. Sound velocities meas ureme nts would 
be extremely useful along with the shock data cov­
ering these phase transitions. Note that the liquid 
Eugoniot enters into the Jiquid/Ca III two phase re­
gion but does not transition into pure solid. 

Figure 4 is a comparison of four different isen­
tropes. two initialized in the liquid state lind two from 
the solid. With only a 2 degree temperature dlfte r­
ences in each set. one can clearly see the sllbstan­
tial difference in the loading paths . Performing isen­
tropic experiments will playa key ro ll in validating 
the phase boundaries. It is interesting to see tha t one 
of the liquid and one of the solid i se n trope~ fo lil)lved 
the same path along the Ga III liquid phase boundary 
and then deviated at the triple poin t. 

Because the supercooled liquid . tate i, long lived, 
it is possible to shock from this sta te . To simu lated 
these conditions. we have generated an EOS with (he 
Ga I phase taken out. This a llows the liquid to be 
stable down to T ;::::; 260 K. Figure 5 shows th o phase 
diagram for this model along with the Hugonio t from 
an initial liquid state at T = 280 K. As in all cases 
we studied, the Hugoniot entcrs a mixed solldlliquid 
region. but then moves of into pure liquid. 

CONCLUSIONS 

In summary. we have generated a wide-range , em­
pirical EOS for Ga that includes three solid phases 
and a fluid phase. Using this EOS , we make prc­
dictions concerning dynamic loading paths . We find 
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FlGURE 4. The curveS represent different isenLropes 
sampling different phase space. 

FIGURE 5. Hugoniot [or intial state in supercooled liq­
uid. This is modeled here by removing the Ga J phase, 
allowing the liquid to be stable at lower temperature. 

complex behavior for these paths. For instance, the 
prin cipal Hugoniot partially melts. then enters a re­
gion of mixed solid phases . We predict that this par­
tial melti ng leads to spontaneous spreading of shock 
waves at low pressure, due to the unusual behavior 
of the bulk modulus in this region. 
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