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Bridgman (1926) 

« Bridgman's [54, 57] data were taken only to about 8 kbar 
on a sample that was "evidently somewhat impure". 
Consequently, his data have been discarded also. » J.F. 
Cannon, p. 788 

[54] Bridgman, P. W., Proc. Amer. Acad. Arts Sci., 56, 61-154 (1921). 
[57] Bridgman, P. W., Phys. Rev., 27, 68-86 (1926). 



P(GPa)  T(°C) 

« For undetermined reasons Bundy's data, even 

after pressure calibration correction, deviate 

drastically from the melting curve data of 
others. » J.F. Cannon 

0.00124 37.348 
0.42906 120.75 
0.80213 155.44 
1.0951 178.75 
1.3217 201.51 
1.5479 213.44 
2.0003 236.23 
2.3725 247.64 
2.6784 257.41 
3.3695 270.49 
4.0472 277.06 
5.1762 278.81 
5.8797 263.74 
6.2518 268.65 
7.7523 256.38 
8.6955 257.57 
10.922 117.64 
11.082 118.2 
10.894 70.546 

Phase Diagram of Rubidium to 150 000 kg/cm2 and 400°C  10.906 24.54 
F. P. Bundy, Phys. Rev. 115(2) 274 (1959)  10.786 20.737 

10.587 20.172 

“In 1959 Bundy[75], while investigating the melting curve of 
rubidium, discovered that under pressures of >40,000 kg/cm2 the 
originally positive slope of the melting curve became negative. 
Bundy's astonishment was so great that he placed a question mark on 
the plot of the melting curve of rubidium. Now that G. C. Kennedy et 
al. have published their studies we can state that the question mark 
on Bundy's plot was quite logical. As it turned out, Bundy's findings 
were erroneous, but nevertheless, as shown in [!], the melting curve 
of rubidium does have a maximum, though at much higher pressures. 
In 1959, however, Bundy's study had acted as a major stimulus to 
research.” (Stishov, 1968) 
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The Fusion Curves of the Alkali Metals up to 50 Kilobars 
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P(GPa)  T(°C) 

0.00671 37.667 
0.88591 145.73 
1.1611 159.08 
1.1544 162.74 
1.3154 171.42 
1.443 179.76 
1.5772 189.44 
1.6107 189.11 
1.7114 191.11 
1.7248 196.45 
1.7651 196.78 
1.7718 200.45 
1.8456 199.46 
1.8792 198.13 
1.9799 204.13 
2.0067 202.13 
2.1275 209.48 
2.1544 212.81 
2.2617 212.15 
2.396 213.49 
2.5235 217.17 
2.6577 221.18 
2.7718 228.85 
2.7718 226.18 
2.8121 223.52 
2.8188 229.85 
2.9463 225.86 
3.0805 231.21 
3.2013 236.21 
3.2685 241.22 
3.3221 236.89 
3.3557 243.22 
3.4698 239.56 
3.6107 244.91 
3.6644 243.91 
3.7651 247.58 
3.8792 247.26 
3.8993 249.59 
4.047 248.27 
4.1745 251.61 
4.3154 249.62 
4.4362 253.3 
4.5772 258.31 

Newton (1962) 



« Of  the three melting curves from Kennedy's laboratory  [227,  261,  
299],  the  most  recent [261]  appears  to  be  superior  in  terms  of 
sample  purity,  pressure  determination,  and method of determining 

the melting point. For these  reasons,  data  from  the  earlier  works 

[227, 299] have not been used in determining the  best  melting  

curves  for  any  of  the  alkali metals. » J.F. Cannon, p. 788 
 

Behavior of the Elements at High Pressures 
John Francis Cannon, J. Phys. Chem. Ref. Data 3, 781 (1974) 
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P (GPa) T (°C) 
0.5 111 
1 150 
1.5 182 
2 204 
2.5 224 
3 238 
3.5 250 
4 261 
4.5 268 
5 274 
5.5 278 
6 281 
6.5 282 
7 283 
7.5 284 
8 284 
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« Anderson, et al. [9] based the pressure calibration for their 
tetrahedral press on the Hg melting curve reported by Klement, 
et al [235]. The temperature of the Na melting curve lies on the 
order of 100°C above the Hg melting curve. This means that the 
pressure calibration used by Anderson, et al is probably a little 
low. » J. F. Cannon, p.788 
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Shaw (1985) 

From Table III, p. 7940 
T(°C) P (GPa) 
60.1 0.120 
78.8 0.225 
108.3 0.450 
130.9 0.600 
150.1 0.700 
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Tm=312.12*(1+P/0.4287)^(0.3064)*exp(-0.04258*P)                 (in K) 
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« The known phase transition sequence is bcc Rb-I to fcc Rb-II at 7 Gpa [1], to 
unknown Rb-III at 13 GPa [1], to incommensurate Rb-IV at 17 GPa [4], to 
body-centered tetragonal Rb-V at 20 GPa [5] and finally to orthorhombic Rb-
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Comparison with other alkali metals 
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Tc =2017 K 
Pc=1245 MPa 
C=290 kg/m3 
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B B Alchagirov, B S Karamurzov, Kh Kh Kalazhokov, Z A Kokov and O Kh Kyasova  
Journal of Physics: Conference Series, 1147 (1) 012004 (2019) 



Elastic constants 
back to the table 
of contents 



C.A. Roberts and R. Meister, The elastic 

constants of rubidium, J. Phys. Chem. Solids. 
27 1401 (1966) 

Roberts (1966) 



Gutman (1966) 

E.J. Gutman, J. Trivisonno, Temperature dependence of the 
elastic constants of rubidium, Journal of Physics and 
Chemistry of Solids 28(5) 805 (1967) 



Suzuki, T., Granato, A. V., & Thomas Jr, J. F., Second-and 
third-order elastic constants of alkali metals, Physical 
Review, 175, 766 (1968) 

Suzuki (1968) 



J.N. Shapiro, Lindemann law and lattice dynamics,  
Physical Review B, 1(10) 3982 (1970) 

Rb : C11 = 2.69 GPa ; C12 = 2.30 GPa ; C44 = 1.30 GPa ;  = 1530 kg/m3 



• Kim (1971)  liquid, v(T), up to 250°C 
• Rosenbaum (1971) (published in Shaw’85) 
• Copley (1974)  dispersion curve  
• Shaw (1985)  liquid, several isotherms 
• Loa (2007)  solid (Rb-IV), longitudinal sound velocity 
• Blairs (2007)  review at ambient P 
• Bryk (2013)  exp. + simu. 
• Belashchenko (2016) simu. 
• Ayrinhac (2020)  exp. + simu, 573 K 
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Ultrasonic Measurement in Liquid Alkali Metals 
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78.8°C 



From Shaw (1985) 
Fig. 5 

T (°C) P( GPa) v(m/s) 
78.8 0.02565 1252.5 
78.8 0.05109 1269.8 
78.8 0.07587 1287.2 
78.8 0.10065 1302.8 
78.8 0.12609 1319 
78.8 0.15087 1333.5 
78.8 0.17565 1348 
78.8 0.20043 1362.6 
78.8 0.22522 1374.3 
108.3 0.025 1243.6 
108.3 0.04978 1260.3 
108.3 0.07587 1280.4 
108.3 0.1013 1297.2 
108.3 0.12543 1312.3 
108.3 0.15087 1326.8 
108.3 0.1763 1341.3 
108.3 0.20043 1356.4 
108.3 0.22587 1368.2 
108.3 0.2513 1381 
108.3 0.27478 1392.7 
108.3 0.30087 1404.5 
108.3 0.325 1416.2 
108.3 0.35043 1426.8 
108.3 0.37457 1437.4 
108.3 0.39935 1448 
108.3 0.42348 1457 
108.3 0.44891 1466.5 
 

T (°C) P( GPa) v(m/s) 
150.1 0.025 1230.2 
150.1 0.05044 1250.3 
150.1 0.07587 1268.7 
150.1 0.1013 1286.6 
150.1 0.12543 1303.4 
150.1 0.15152 1319.6 
150.1 0.17565 1333 
150.1 0.20109 1348 
150.1 0.22587 1360.9 
150.1 0.25065 1373.7 
150.1 0.27609 1385.5 
150.1 0.30022 1398.9 
150.1 0.32435 1409.5 
150.1 0.34978 1419.6 
150.1 0.37522 1430.2 
150.1 0.4 1441.3 
150.1 0.42478 1452.5 
150.1 0.44891 1461.5 
150.1 0.475 1472.1 
150.1 0.49978 1481.6 
150.1 0.52391 1489.9 
150.1 0.54935 1498.3 
150.1 0.57413 1506.7 
150.1 0.60022 1515.6 
150.1 0.6237 1522.3 
150.1 0.64913 1530.7 
150.1 0.67391 1538.5 
150.1 0.7 1546.4 



vS=v0+aT+bP+cT2+dP2+eP3+fTP (m/s) 
v0 1255.59297 0.99393 m/s  
a -0.28673 0.00825 m/s.°C 
b 729.24498 6.39166 m/s.GPa  
c 0 0 m/s.°C-2 

d -662.85003 19.08553 m/s.GPa-2 

e 310.08802 17.90442 m/s.GPa-3 
f 0.40441 0.03674 m/s.°C.GPa 



Sound-wave velocities in liquid alkali metals studied at temperatures up to 150 °C and pressures up to 0.7 GPa 
George H. Shaw and D. A. Caldwell, Phys. Rev. B, 32 7937 (1985) 
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dvS/dT = -0.40  0.01 km/s.K 
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[156] G. H. Shaw and D. A. Caldwell: Phys. Rev. B, 
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High Temp., 1970, 8, 423. 
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c(TMP=39.3°C)=1241.91 m/s 
c(T=300°C)=1157.21 m/s 
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M. S. Anderson and C. A. Swenson, Experimental compressions 

for sodium, potassium, and rubidium metals to 20 kbar from 4.2 

to 300 K, Phys. Rev. B 28. 5395 (1983) 

Solid Rb 

Thermal expansion coefficient 
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J. Jarzynski,  
Equation of state of liquid rubidium,  
Philosophical Magazine, 31(6) 1253-1261 (1975) 

Jarzynski (1975) 

Liquid Rb 



M. S. Anderson and C. A. Swenson,  
Experimental compressions for sodium, potassium, and rubidium metals to 20 kbar from 4.2 to 300 K,  
Phys. Rev. B 28 5395 (1983) 



M. G. Kim, K. A. Kemp, and S. V. Letcher,  
Ultrasonic Measurement in Liquid Alkali Metals 
J. Acoust. Soc. Am. 49, 706 (1971) 



Density (EOS) 

• Bardeen (1938)  solid, calculations 
• Grover (1969) 
• Kim (1971)  liquid, (T), up to 1000°C  
• Vaidya (1971)  solid, up to 4.5 GPa 
• Copley (1974)  solid, neutron-scattering 
• Jarzynski (1975)  liquid, up to 0.138 GPa and 178°C 
• Vargaftik (1978)  liquid, 500-1000 K, up to 750 atm 
• Takemura (1982)  solid, X-ray difraction, up to 13 GPa 
• Anderson (1983)  V/V0, solid, up to 2.3 GPa, low T, 0-295 K 
• Shaw (1985)  liquid, calculated from sound velocities, T=150.1°C  
• Winzenick (1994)  solid, up to 50 GPa 
• Nelmes (2002)  solid, 10 to 20 Gpa, exp. : X-ray diff.  
• Xie (2008)  solid, up to 10 GPa, simulations 
• Bryk (2013)  liquid, up to 30 GPa, T=300°C, simulations & exp. 
• Fabbris (2015)  solid, up to 25 GPa, T=10 K 
• Santoro (2018)  simulations 
• Gorelli (2018)  liquid, up to 25 GPa, T=573 K 
• Ayrinhac (2020)  liquid, T=573 K 
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Bardeen (1938) 



Grover (1969) 

Grover, R., Keeler, R. N., Rogers, F. J., & Kennedy, 
G.C., On the compressibility of the alkali metals. 
Journal of Physics and Chemistry of Solids, 30(8), 
2091-2103 (1969) 



Kim (1971) 

M. G. Kim, K. A. Kemp, and S. V. Letcher 
Ultrasonic Measurement in Liquid Alkali Metals 
J. Acoust. Soc. Am. 49, 706 (1971)  
doi: 10.1121/1.1912406 

Liquid Rb 

Liquid Rb 
(25°C[298.15 K])=1483.04 kg/m3 

(39.4°C[312.55 K,M.P.])=1477.28 kg/m3 
(300°C[573 K])=1369.41 kg/m3 



Vaidya (1971) 

P(GPa) V/V0 

0.0 1.000 
0.5 0.862 
1.0 0.781 
1.5 0.725 
2.0 0.682 
2.5 0.649 
3.0 0.622 
3.5 0.598 
4.0 0.578 
4.5 0.560 

S.N. Vaidya, I.C. Getting, G.C. Kennedy,  
The compression of the alkali metals to 45 kbar,  
Journal of Physics and Chemistry of Solids, 32(11) 2545-2556 (1971) 

(@ room T) 

« Final values of V/V0 
calculated from the 
Murnaghan parameters » 



Vaidya (1971) 



Copley (1974) 

J.R.D. Copley, C.A. Rotter, H.G. Smith, W.A. Kamitakahara, Measurement 
of selected phonons in rubidium as a function of temperature and 
volume, Physical Review Letters, 33(6) 365 (1974) 



Jarzynski (1975) 

Liquid Rb 

51.5°C < T < 178°C 
Amb < P < 0.138 GPa   

J. Jarzynski,  
Equation of state of liquid rubidium,  
Philosophical Magazine, 31(6) 1253-1261 (1975) 

V=(12.594+4.347e-3*T-8.714e-7*T^2)+(-5.981e-4-1.052e-
6*T)*P+(6.542e-8+2.454e-10*T)*P^2+(-7.436e-12-2.707e-14*T)*P^3 



Vargaftik (1978) 

N.B. Vargaftik, V.P. Kozhevnikov, V.A. Alekseev, An experimental study 
of the equations of state of liquid alkali metals. II, Journal of 
Engineering Physics and Thermophysics, 35(6) 1415-1419 (1978) 



K. Takemura & K. Syassen, Solid State 

Communications, 44 1161 (1982) 

Takemura (1982) 

Shock-wave : R. Grover, R. N. Keeler, F. 
J. Rogers, and G. C. Kennedy, J. Phys. 
Chem. Sol. 30, 2091 (1969)  

Piston-cylinder : S. N. Vaidya, I. C. Getting 
and G. C. Kennedy, J. Phys. Chem. Solids 
3_22, 2545 (1971) 

P(GPa) V/V0 

0 1 
2.2 0.669 
3.2 0.605 
4.6 0.546 
6.6 0.486 
7 0.47 
7.3 0.464 
9 0.432 
9.1 0.428 
10.7 0.398 
10.8 0.396 

(@ room T) 
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M. S. Anderson and C. A. Swenson,  
Experimental compressions for sodium, potassium, and rubidium metals to 
20 kbar from 4.2 to 300 K,  
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Solid Rb 

Anderson (1983) 

T (K) V/V0 density (kg/m3) 
4 0.9436 1621.44977 
21 0.9444 1620.07624 
40 0.9475 1614.77573 
77 0.9528 1605.79345 
123 0.9623 1589.94077 
160 0.9685 1579.76252 
175 0.9726 1573.10302 
200 0.9778 1564.73717 
250 0.9894 1546.39175 
295 1 1530 

(d/dT)Pamb,T=300K = -0.365 kg/m3.K 

M. S. Anderson and C. A. Swenson,  
Experimental compressions for sodium, potassium, and rubidium metals to 20 kbar from 4.2 to 300 K,  
Phys. Rev. B 28 5395 (1983) 
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Experimental compressions for sodium, potassium, and rubidium metals to 
20 kbar from 4.2 to 300 K,  
Phys. Rev. B 28 5395 (1983) 
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Rb T=150.1°C 
P (GPa) V/V0 
0.00137 0.99993 
0.01233 0.99334 
0.02055 0.98895 
0.0274 0.98528 
0.0411 0.97869 
0.04932 0.97503 
0.06027 0.9699 
0.06849 0.96623 
0.08356 0.95818 
0.09863 0.95305 
0.11918 0.94499 
0.1411 0.9362 
0.16438 0.92741 
0.18493 0.91935 
0.20548 0.91275 
0.22603 0.90543 
0.25616 0.8959 
0.28356 0.88785 
0.30685 0.88052 
0.33151 0.87393 
0.36027 0.86587 
0.38493 0.85927 
0.40959 0.85268 
0.43151 0.84755 
0.46438 0.83949 
0.48904 0.83363 
0.5137 0.82851 
0.54795 0.81971 
0.58082 0.81239 
0.61644 0.80579 
0.64795 0.7992 
0.6726 0.79481 
0.69863 0.79041 
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P (GPa) V (nm3/atome) 
0 0.09274 
5.1853 0.05285 
5.728 0.05065 
6.3795 0.04791 
9.9503 0.03967 
11.141 0.03665 
12.76 0.035 
20.965 0.02646 
22.691 0.0259 
24.416 0.02507 
25.601 0.02534 
28.514 0.02368 
31.21 0.02229 
34.337 0.02118 
37.248 0.02034 
38.647 0.02143 
41.126 0.02115 
42.422 0.01922 
44.791 0.02058 
48.457 0.01919 
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Nelmes (2002) 

P (GPa) V/V0 
8.1015 0.44963 
8.9845 0.43766 
10.287 0.41372 
12.185 0.38192 
12.892 0.37406 
13.289 0.34938 
14.305 0.3389 
14.503 0.33703 
14.989 0.32993 
15.497 0.32618 
15.894 0.32282 
16.049 0.31459 
16.291 0.31309 
16.512 0.3116 
16.865 0.30973 
17.219 0.30599 
17.77 0.30187 
18.543 0.29701 
19.426 0.28915 
20.044 0.28766 



Xie (2008) 

« Analysis of the calculated 
results suggested that the 
elastic instabilities associated 
with the softening phonon 
modes are the driving force of 
the phase transition in the 
bcc alkali metals. » 

Y. Xie, Y.M. Ma, T. Cui, Y. Li, J. Qiu, G.T. Zou, 
Origin of bcc to fcc phase transition under pressure in alkali metals,   
New Journal of Physics, 10(6) 063022 (2008) 
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P (GPa) V (Å3) 
1.3491 73.029 
1.5373 71.583 
1.8199 69.518 
2.0083 68.141 
2.2908 66.007 
2.383 64.492 
2.6662 62.702 
2.7594 61.601 
3.3272 58.571 
3.5161 57.401 
3.9914 55.749 
4.4668 54.165 
4.8464 52.582 
5.7016 49.484 
6.6522 46.179 
8.083 43.287 
9.2268 40.671 
10.946 37.986 
12.474 35.645 
15.342 32.685 
16.967 31.033 
18.403 30.069 
20.412 28.692 
21.848 27.728 
22.996 26.833 
25.198 25.869 
27.4 24.836 

)/(

)/(
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3
3
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Liquid Rb, simulations 
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Electronic and structural ground state of heavy alkali metals at high pressure 
Phys. Rev. B  91 085111 (2015) 

Fabbris (2015) 

T=10 K 

V0 = 
K: 71.507 Å3,  
Rb: 87.338 Å3,  
Cs:110.617 Å3. 

« The DAC was kept at 10 K throughout the 
experiment using a He flow cryostat and pressure 
was applied in situ using a gearbox.” 



T=10 K 
P (GPa) V/V0 density (kg/m3) 
0 1 1625.01933 
1.0851 0.84668 1919.28394 
1.9729 0.75976 2138.85876 
3.2552 0.68008 2389.4532 
3.9457 0.64145 2533.35307 
5.1295 0.59557 2728.51106 
5.7707 0.56901 2855.8713 
6.9051 0.534 3043.10736 
7.9901 0.50744 3202.38714 
8.8779 0.49779 3264.46761 
8.8779 0.48934 3320.83895 
9.815 0.46881 3466.26422 
10.506 0.4507 3605.54544 
11.837 0.42414 3831.3277 
12.33 0.42294 3842.19825 
12.873 0.41569 3909.20958 
13.662 0.40362 4026.11201 
15.339 0.38793 4188.94989 
15.684 0.38793 4188.94989 
15.684 0.36137 4496.82965 
16.967 0.3505 4636.2891 
17.756 0.34809 4668.38843 
19.433 0.33602 4836.07919 
21.356 0.32032 5073.11229 
23.477 0.30101 5398.55596 
24.513 0.29376 5531.79238 

=(85.467810-3 kg/mole)/(6.0221023 mol-1  87.33810-30 m-3   V/V0) 
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Continuous line: AIMD density.  
Blue cross: density at ambient 
pressure and 573 K. 

F.A. Gorelli et al, Simple-to-Complex Transformation in 
Liquid Rubidium, J. Phys. Chem. Lett., 9 2909 (2018) 

Liquid (T=573 K) 



Ayrinhac (2020) 

Solid (T=5-560 K) Liquid (T=573 K) 

S. Ayrinhac, V.N. Robinson, F. Decremps, M. Gauthier, D. Antonangeli, 
S. Scandolo, and M.Morand, Phys. Rev. Materials 4, 113611 (2020) 



Overview, part I 



(M.P.,solid)=1522.94 kg/m3 
(M.P.,liquid)=1477.28 kg/m3 

Solid 
(bcc) 

liquid 

312.45 K 

Overview, part II 



Bulk modulus 
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T (K) Isothermal 
 Bulk modulus (GPa) 
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611.98 1.32503 
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723.87 1.13344 
748.16 1.091 
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850.21 0.94886 
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Heat capacity 

http://webbook.nist.gov/cgi/inchi?ID=C7440177&Units=CAL&Mask=2#Thermo-Condensed 

Liquid Rb 
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Data from NIST 

39.5 -  697.235 °C 



http://webbook.nist.gov/cgi/inchi?ID=C7440177&Units=CAL&Mask=2#Thermo-Condensed 

Solid Rb 

Data from NIST 

Very small range 

http://webbook.nist.gov/cgi/inchi?ID=C7440177&Units=CAL&Mask=2
http://webbook.nist.gov/cgi/inchi?ID=C7440177&Units=CAL&Mask=2
http://webbook.nist.gov/cgi/inchi?ID=C7440177&Units=CAL&Mask=2
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T (K) CP (J/mole.K) CV (J/mole.K) 
20 16.19208 16.15024 
25 18.70248 18.6188 
30 20.41792 20.25056 
35 21.58944 21.38024 
40 22.3844 22.13336 
45 23.012 22.71912 
50 23.47224 23.13752 
55 23.8488 23.47224 
60 24.14168 23.72328 
65 24.39272 23.93248 
70 24.60192 24.09984 
75 24.81112 24.2672 
80 24.97848 24.39272 
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90 25.27136 24.43456 
95 25.39688 24.64376 
100 25.48056 24.72744 
110 25.68976 24.85296 
120 25.89896 24.93664 
130 26.10816 25.06216 
140 26.31736 25.18768 
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160 26.69392 25.39688 
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180 27.07048 25.56424 
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300 31.1708 27.99096 
310 32.13312 28.6604 
312.64 32.38416 28.82776 
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CP 

Solid Rb : CP Fit 

Eq.(4) from : L.E. Fried, W.M. Howard, 
Phys. Rev. B 61(13) 8734 (2000) 

• One Einstein oscillator and a linear term : 

• Extra specific heat due to defects (formation 
of vacant lattice sites) : 

Model 
Carpenter, L. G., Some Properties of Sodium and 
Potassium Near Their Melting Points, The Journal of 
Chemical Physics, 21(12), 2244 (1953). 

Comparison with Na, K 

Eq.(3) from : R.W. Christy, A.W. Lawson, 
The Journal of Chemical Physics, 19(4), 
517-517 (1951) 

Einstein oscillator 

Cp  
(J/mol.K) 

T (K) 

Linear term 
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