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Effect of pressure on the atomic volume of Zn, Cd, and Hg up to 75 GPa
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The elemental metals Zn, Cd, and Hg are studied under pressure in a diamond-anvil cell by energy-
dispersive x-ray diffraction. While Zn and Cd remain in the2 structure up to the highest pressures achieved,
several phase transitions are observed in Hg withPa@ structure for the high-pressueHg phase. Different
equation of statéEOS forms are fitted to these experimental data and, for comparison, also to literature data
of Be and Mg. A detailed analysis of the data shows that a simple one parameter EOS form describes the
isothermal behavior of almost all the phases. Only the intermegi&tg phase shows slight deviations from
this “simple” EOS behavior.

[. INTRODUCTION deviates at ambient pressure significantly from the value
1.633 of an ideal close packingf hard sphergs usually
Progress in pressure generation with diamond-anvil cellseferred to as hcp, it seems to be more appropriate to use the
and suitable x-ray-diffraction techniguiesesulted in the strongly recommended Pearson nomenclatui®2 for this
unique opportunity to study not only equations of statehexagonal cell with two atoms in its primitive unit. Different
(EOS’9 but also structural parameters of crystalline solids inslopes in the variations & andc with pressure, illustrated
a pressure range previously accessible only to shock-wavie Fig. 1, already indicate that/a must also vary signifi-
experiments. A comparison of EOS data with different EOScantly, as shown in Fig. 2. However, in contrast to earlier
forms allows us to discriminate between more or less suitresults from x-ray diffraction at lower pressur@spnly a
able forms when accurate low-pressure data are used toaonotonous decrease is substantiated by the present mea-
gether with data for these new extended/ regions, and surements. As pointed out previoudlydeviatoric stresses
some specific forn?s’ allow us to distinguish between ideal, could be responsible for the unusual variatiorcia in the
simple, and more complex compressional behavior by comformer experiments. The present results also support a simi-
parison with asymptotic law’:1° This type of analysis illus- lar observation in a theoretical stuthOn the other hand, a
trates with the present data of Zn, Cd, and Hg, together wittslight anomaly inc/a nearc/a=v3 has been observed very
previous data for Be and Mg, some systematic trends thaecently in an angle-dispersive x-ray-diffraction stéitipe-
give some hints for special contributions from inner filled cause of the higher precision of this method, and this
and outer unfilledd-electron shells for some of these ele- anomaly has been related to an electronic topological transi-
ments. tion also noticed in Mesbauer studies at low temperature
and high pressur&. With increasing pressure above 23 GPa,
Il. EXPERIMENTAL TECHNIQUE c/a falls below the ideal hcp valu@s shown in Fig. Pat the
compression ofV/Vy=0.74, wherebyV, stands for the
Diffraction patterns of Zn, Cd, and Hg were obtained byatomic volume at ambient conditioné/,(Zn)=0.015 22
energy-dispersive x-ray diffractiofEDXD) using either a nm®®). The change of volume with pressure is shown in
conventional x-ray tube with a W anode and the conical slit
system in the laboratoty or synchrotron radiation at the
energy dispersive scatteritgDS) station F3 at HASYLAB,

DE§4Y1.22*13 High pressure was generated by a diamond-anvil
I ,

0.45

cel with an Inconel X750 gasket, and beveled diamonds g

with culet diameters of 30um were used for pressures £ 040 1

above 50 GPa. Pressures were measured with the ruby lumi- § ;35| ]

nescence technigtfeon the basis of the nonlinear pressure &

scale*’ Liquid nitrogen or mineral oil were used as pressure § 030 1

transmitting medium with no notable differences. s 095 [0S e -2 ]
ll. EDXD RESULTS 020 0 10 20 30 40 50 60 7I0 80

A. Zinc pressure (GPa)

Powder-diffraction patterns of Zn were measured up to 74 F|G. 1. Lattice parameters of zinc to 74 GPa. Full symbols refer
GPa. No phase transition was observed in this pressung pressure increasing cycles and open symbols to pressure decreas-
range, and five lattice spacinggy, could be used up to the ing cycles, respectively. Diamonds represent the lattice parameters
highest pressures for the evaluation of the hexagonal latticet ambient conditionéRef. 18. The lines result from a polynomial
parameters and c. Since the ratioc/a=1.8561(Ref. 18 fit through the data.
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FIG. 2. c/a variation of zinc under pressure. The full line results ~ FIG. 4. Lattice parameters of cadmium to 67 GPa. The symbols
from the polynomial fit of the single lattice parameters. have the same meaning as in Fig. 1.

Fig. 3 together with data from the literature. In this represen-

! . - C. Mercury
tation, only minor differences are seen between the results
from volumetric high pressure experimeft£® shock wave Diffraction patterns of mercury were measured up to 67
experimentg! and x-ray diffractior?® GPa. As reported recentf§,several phase transitions already
occur in the lower part of this pressure rangég. 7). Be-
B. Cadmium sides the well-known rhombohedi@R3, a-Hg) and tetrag-

onal body-centeredtl2, B-Hg) phases, an orthorhombic

Cadmium shows similar properties like Zn, also at high oP4. +Ha) and a hexagonal-close-packédP?. &H
pressure. Th&P2 structure remains stable up to the presen( hasé zv_erg) recently disxcog\ller@cf.g packe ’ 9

maximum pressure of 67 GPa, and, as in the case of Zn, the £, ¢|arity, the present representation of the phase dia-

axiaclj.r_atio decLea%es flron|1a=11;81855(Ref. })8 at ambignt gram for Hg does not include the regions of metastability as
conditions to the ideal value of 1.633 at about 50 GPa andis.ssed in a previous paper, but shows instead best esti-

lfinally to c/a=1.604 alt 6f8 GITa._For the _evaluatiolr:j(g the mates of the triple points and the corresponding equilibrium
attice parameters, only four lattice spacinig, could be o nqjtion lines. Best values for the slopes of the different
used over the whole pressure range because of the OVerlaﬁéundaries are given in Ref. 28

ping of diffraction and fluorescence lines. This effect was ™ 1o observed lattice spaéingé up todi2, values in the
partly avoided by additional EDS spectra taken at different, ,qhomnic phase, result in the variations of the lattice

diﬁraﬁtion a.”gF'?S-Ihe (é?ta_ forlthe gaF“Cg_ pagamﬁseest;dc parameters under pressure as shown in Fig. 8. The variations
are shown in Fig. 4, and/a is plotted in Fig. 5, wherebY, ¢ yhe axial ratios are given in Fig. 9. It can be noticed that

stands for the volume at ambient conditions :
B .~ cla for &Hg starts with a value of 1.7 at the-6 phase
(Vo(Cd)=0.021 58 nm(Refs. 3 and 1B Whereas the earlier . qition and shows a similar decrease as discussed before

x-ray studie&’ resulted in an unusual decreasecia, only a or Zn and Cd. A rough estimate indicates that the ide2

monotonous decrease is seen in the present data, and the e forc/a may be reached at a pressure of around 90 GPa

crossover to values below the value of ideal close packing iﬁorresponding t8//V,=0.693. Also this value is similar to

smlnlar th trgj vqr;]atlon In Zr). Tﬁe varlaltzlpn gf the ﬁtom!chthe corresponding crossover values for Zn and Cd. The varia-
volume for Cd with pressure Is shown in Fig. 6 together Withyj,, of the atomic volume for mercury under pressure is plot-

data from the literature. Again, only mingrdiﬂ‘erences can beteol in Fig. 10. The volume difference for the 3 phase
noticed between the volumetric ddfe® the shock-wave - cition at ambient pressure and low temperat(#@éx) is

27 H :
data,” the early x-ray diffraction daté and the present re- 2%8 which compares favorably also with the very small
sults in this type of representation.
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FIG. 3. Pressure-volume data of zinc. FIG. 5. c/a variation of cadmium under pressure.
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FIG. 6. Pressure-volume data of cadmium. FIG. 8. Lattice parameters of the different high-pressure phases
of mercury. The solid lines result from polynomial fits through the
change observed in the present measurements at room tefifta; the dotted lines represent the estimated transition pressures at

perature and higher pressures of about 1%. ambient temperature.

The first-order expansion corresponds in this case to
K¢=4, which is a good average value for all kinds of sofids.
The use of an effective Rydberg-type potential has been

. . . . romoted more recentfy, leading to another second-order
On the basis of different assumptions, various second- anﬁ)rm labeled in the Iatei?discussgion just

higher-order forms have been derived over the years to rep-
resent EOS data for solids under strong compression, as dis-
cussed in detail in Ref. 2. For instance, Murnagfarsed
the assumptioK (p) =K+ pK{ with all higher-order pres-
sure derivativeX(, Kg', ... equal to 0, which results upon
integration in the second-order form

) "]

Birch,*! on the other hand, expanded the Gibb’s free en
ergy F in terms of Eulerian strain

IV. THE EQUATIONS OF STATE

A. Theoretical background

3
MV2: p=3K0X_2(1—X)exp{§ (K(’,—S)(l—X)}

Since all these forms diverge at very strong compression
with respect to the well-established Thomas-Fermi limiting
behavior?*>* more reasonable forms were introduced in re-
K cent years #®3%=3'in the form
0

MU2: p:F
0

HO2: p=3KoX >(1—X)exfg col1l—X)]

with cg,=(3/2)(K;—3), which deviates at ultimate com-
‘pression only by a constant factor from the Fermi-gas limit

Pre=ara(Z/V) 3P,

whereZ represents the nuclear charyethe atomic volume,
with X= (V/V,)¥3andn=2, which results in second order in and arg=23.37 MPa nriis a universal constant. With the
the form additional  condition cgy—Co=—IN(BKy/pegy  USING
Prco=Prc(Vo), HO2 retains only, as a free parameter with
K{=3+2c,/3 fixed by Ky, Vo, andZ. The corresponding
first-order form is therefore labeled H11 since it is also re-
lated to another second-order form,

e=X""-1

3 -7_y-5 3 Iy -2
BE2: p=35 Ko[X 7=X"®]} 1~ 7 (4-Kp[X 2-1];.
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FIG. 7. Pressure-temperature phase diagram of mercury. Details FIG. 9. c/a andb/a variations for the different phases of mer-
of the diagram are explained in the text.

cury up to 68 GPa.
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H12: p=3KX 3(1—X)exg co(1l—X)+c X(1—X)], 25.0 . . . . . .

R

mg 22.5 \Btl';g ]
which approaches the correct Fermi-gas limit at ultimate & by
compression and retains one more free parametgr T'.E-j soo | : |
=(3/2)(Ky—3)—c, to represent EOS data as well, which 2 N 6-Hg
deviate significantly from the simpler H11 form. o : A hP2

In fact, it has been notic@d'%*" that ¢,,=0 is a very g 17sp o
good approximation for many “simple” solids. The addi- ° ‘ Sy
tional conditiod cy=B0, with B=5.67 nm® and 15.0 . . . . . .
0 10 20 30 40 50 60 70

00=(3ZVy/4m'2 is related to the universal Thomas-Fermi
scaling at ultimate compression and represents very reason-
ably the average or “ideal” behavior of all kinds of solids
even at moderate pressures. Therefore, it is considered as a
good zeroth-order approximation with the label H10. B. Equation of state of Zn
Due to the strong correlations between the paramétgrs
andKj in least-squares-fitting procedures generally used t%n
represent the experimentadV data by one of these second-
order forms, more accurate values g are commonly de-

duced from ultrasonic measurements taking into account thﬁpper and lower bounds according to the Voigt and Reuss
small correctiorKg/Ky=1+ ayT between adiabatic) and  |int4142 ghows much smaller uncertainties than the experi-
isothermal ) values, wherey, y, andT stand for the cubic | ,ental EOS data extrapolated Xo=1.

thermal expansion coefficient, the thermodynamicr@isen (Il) Bridgman's dat® deviate systematically at higher
parameter, and the temperature, respectively. For noncubiGmpression from all the other data.
aggregated (polycrystalling materials special deviatoric (Ill) The reduced shock-wave d&tagree perfectly with
stresses are produced undegr pressure at the grain boundarigs, resent data at the upper end of the present experimental
and only L_‘lolo‘:*'af8 and _Iowei’ limits, known as Voigt and  5nge however, near ambient pressure, significant deviations
Reuss limits, respectively, can be derived from ultrasonigyom the ultrasonic results can be noticed. The smooth varia-
single-crystal data in these cases & of the aggregated o of these data comes from the mathematical procedures
material. , , , used in the evaluation of the original shock-wave data and
Thus, a comparison of ultrasonic values with the valuegoes not represent the true uncertainty of these results.
for Ko andK obtained by least-squares fits of any second- (1) The first-order EOS form H11 with the best ultra-
order EOS form to experimentgl-V data gives usually spnic value foiK, is represented in this plot by the solid line,

more rigorous constraints in the attempt to determine the tru@hich appears to give the best average representation of all
thermodynamic values of these parameters. In the comparihe data, including the present results.

son of ultrasonic values fdk, with experimentalp-V data

from various sources covering very d|ﬁerqma_:v regions, it Least-squares fits of the different EOS forms to the indi-
is very convenient to “linearize” the-V data in such a way vidual data sets lead to the values for the paramétgrand
that high accuracies at low pressures and strong variations &Y shown in Table | with standard deviations, which corre-

high pressures are represented on an equal footing. spond to the condition that the other parameter is fixed at its
For the interpolation of experimental EOS data towards

the Fermi-gas limit at ultimate compression, a special linear-

pressure (GPa)

FIG. 10. Pressure-volume data of mercury.

An 7—X representation of all the previous EOS data for
20.25-2Ttggether with the present results, is shown in Fig.
11 to illustrate some obvious facts.

() The ultrasonic value foK 1, (Ref. 40 together with its

ization scheme had been introducedahich uses the scaled 23 ' '
pressure coefficient +
T+
.30 -
n=In 1—In(l—X)
Prc n -35} | v ref.25(vo)
= ref. 20 (XD)
4 ref. 26 (VO) Ty TYTeTYY
in 7»—X representations of the experimental data with a0 | ;[(‘*Of'jg (oW 1
X=(VIVy)¥. In this representation of the experimental o this work
data, the approach to the asymptotic Fermi-gas behavior at — Hit : . .
ultimate compressiotX—0) implies p— pgg and —0, and 80 085 090 095 100
the use of the previously introduced Thomas-Fermi length X

scaleoy results witho=Xo in one common straight line for

different slopes represent thereby the simple sdlifisere-  sentation. The vertical size of the diamond represents the scatter of
fore, »—X and »—o plots will be used in the following K, values from different ultrasonic measureme(®efs. 40—42
discussion of the present experimental data to gain somgO=volumetric data, XD-x-ray-diffraction data, SWshock-
deeper insight into the significance of specific EOS forms. wave data, and USultrasonic data.
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TABLE |. Parameters for different EOS forms and different EOS data sets of zinc together with values
derived from ultrasonic measuremeiitsS).

Ko (GPa K, Py, (GPa oy (%) e EOS Ref.
57(4) 3(1) 10 0.05 0.98 25
68(3) 4.87) 25 0.03 0.98 20
60(2) 5(1) 5 0.01 0.97 H12 26
56(1) 6.3(1) 250 0.02 0.99 27
63(2) 5.27) 74 0.68 0.52 This work
63(7) 4.6(5) 0.79 0.95 MU2
57(6) 5.99) 0.69 0.89 BE2
56(6) 6.38) 0.67 0.89 MV2
56(7) 6.1(8) 250 0.68 0.99 HO2 All data
56(2) 6.2(8) 0.68 0.53 H12
61(8) 5.51) 0.73 H11
71 41,V
59 us 42R
68.3 40

best value. Strong anticorrelation of these parameters are imes forK; than MV2, and both H02 and H12 give values
dicated by the values for the correlation parameter—1.  that fall just in between. This observation is typical for EOS
This anticorrelation is usually much reduced for data covergata withK ;>4 and has been noted previouSly.

ing larger ranges in pressur@y) as seen for the present  The gne parameter fit with the form H11 results in the
data; however, for the smooth shock-wave results, a larggesent case in a slight increaseagfand in numerical val-
anticorrelation together with small standard deviations IiHes fork, andK}, closer to the values of MU2 but still in a

typical, and, in this case, the standard deviations are mu ; . . .
synF:aIIer than any reasonable uncertainty of the individual paperfect agreement with the other sets if one considers just the

rameters as discussed with the more reasonable error e"isg_atistical u_ncertainties. This situa_t lon is also iﬂg_sﬂated in

soids presented in Fig. 12. The standard deviations of th&lg' 12, \.Nh'Ch shows the gltrasonlc values fog, to-

volume data with respéct tc'> the fitted curve are represente§emer with the 'results of fits for the AIP défaqnd fpr the .
resent data using the form H12. The error ellipsoids, which

g%ggﬁ:ﬁéﬁiﬁgﬁg&?IO\;aélJr,eSsifgvdg%e r;loet:(ézirforf;?e represent more realisticorrelated error estimates than the
Y av v standard deviations, show a common region of overlap for

the preser_1t results represents the rue experimental PrECISIQly, ata sets, and it is interesting to note that the correlation
In the first block of Table | only the form H12 was used , . ;L
nl&etween Ko and Ky given by the form Ki=3

together with the different sets of data, whereas the seco 4 2/3)In(3o/pocg) implied by H11 intersects this common

block of Table Il shows a comparison of fits with different gegion close to the value indicated by the circle, which rep-
EOS forms using all the available data. Thereby, MU2 show resents the best fitting result of H11 with respect to the

the largest value fow,, the largest anticorrelation, and a + dat
rather poor agreement in the parameter valueskiprand pre_?ﬁg co?ng;arison with the ultrasonic values, given by hori
Kp in comparison with all the other two parameter fits. BE2,Zontal lines in Fig. 12, indicates that the average value

typically, gives slightly larger values fd¢, and smaller val- (Ref. 40 appears to be rather large compared with the
present and previous EOS data; however, if one takes into
80 : : B account that polycrystalline bulk materials may show in their
P H11 - correlation EOS behavior any value between the \Voiyt) (and Reuss
70 : Vet (R) limits, depending on the amount of deviatoric stresses at
_\_\ A ref. 40 the grain boundaries, it is only somewhat surprising that the
SN EOS data for strong compression do not approach the hydro-

60k 4 \ R verao | static Voigt limit of stress continuity () but seem to fall

K, (GPa)

R G closer to the Reuss limit, which corresponds to the strain
50 | . \ P 1 continuity at the grain boundaries.

this work ; The differences between the individual EOS forms are

. poo ek most clearly illustrated in an extendeg-X plot, as shown

9 5 6 7 8 in Fig. 13, where the best-fitting parameters from Takelll
Ky data were used for the individual extrapolations. Obviously,

MU2 diverges most rapidly to very large values gf and
FIG. 12. Error ellipsoids for the parameters obtained by fittingBE2 diverges more slowly in the same direction, whereas
the EOS form H12 to differerp-V data sets of zinc. For details see MV2 diverges in the opposite direction. The differences be-
text. tween H1l and H12 are marginal, and all the differences
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TABLE II. Parameters for different EOS forms and different EOS data sets of cadmium together with
values derived from ultrasonic measuremehts).

Ko (GPa K{ pm (GPA oy (%) —€ EOS Ref.
3902 5.7(9) 10 0.06 0.98 25
46(3) 7.27) 24 0.21 0.96 20
45(3) 7.38) 24 0.19 0.95 Hio 207
45(2) 8.009) 5 0.03 0.96 26
49(2) 6.02) 120 0.08 0.94 27
46(4) 6.0(7) 68 0.86 0.98 This work
48(6) 5.05) 0.99 0.98 MU2
44(5) 6.009) 0.86 0.89 BE2
43(5) 6.609) 120 0.84 0.94 MV2 All data
44(6) 6.409) 0.85 0.95 HO2
43(5) 7.009) 0.84 0.93 H12
48(8) 5.7(1) 0.87 H11
54.4 43,V
44.4 43,R
62.2 us a5V
44.5 45,R
52.9 44

8Rescaled data, as discussed in the text.

between HO2, H12, and H11 just give a measure for thénstead of the tru&/,, one obtains the results shown in Fig.
uncertainties in the intermediate region. Finally, it can bel4 as solid squares, which agree more reasonably with all the
noticed also for later discussion that Zn is softer than theother more recent data.
ideal solid behavior, which is represented by the dotted Table Il first presents the results of fitting the form H12 to
straight line in Fig. 13. the individual data sets. The differences in the valueKfpr
andK, remain within the statistical errors for all the data sets
except for the data of Bridgman.

The error ellipsoids of these fits are illustrated in Fig. 15

The 7—X plot of the different literature data for forthe different data sets from the literatthé>2’and for the
Cd*?*~*"together with the present data in Fig. 14 showspresent data. It can be noticed that the data for smaller pres-
slightly lower values for the present results in comparisonsyre ranges result in larger valuesidf. The error ellipsoids
with the shock-wave dafd. Bridgman's dat¥ are signifi-  of the different data sets overlap significantly only in the
cantly lower, but with the correct slope, and the data fromyegion that is also intersected by the correlation of the H11
Lynch and Drickamé?P display an unusual change in slope form.
together with an apparent divergenceXat1. This variation The middle part of Table Il compiles the results of fits
is typical forV/V, data, which were reduced by an inconsis-with different EOS forms using all the-V data of cadmium.
tantly small value forVy in comparison with other data. If,
therefore, one rescales these data withza=0.021 45 nm

C. Equation of state of Cd

-3.0 T T T
0 . \. . .
NN -\ BE2
NGO N MU2 Zn -3.5 .
T N A ] (vO)
. . v ref. 25 (VO
ideal solids n O ref. 20 (XD)
-2 i m ref. 20+ (XD)
-40 F A ref. 26 (VO)
n + ref. 27 (SW)
-3 - ¢ K, US
| ® this work a
p — H11 v
4 F 4 B 45 I ! ! [l
/ 0.80 0.85 0.90 0.95 1.00
!
-5 A L 1 L ) X
0.0 0.2 0.4 0.6 0.8 1.0
X FIG. 14. Comparison of the EOS data of cadmium im-aX

representation. The vertical size of the diamond represents the scat-
ter of theK, values from different ultrasonic measuremefRefs.
43-45. The star denotes rescaled data as discussed in the text and
footnote of Table II.

FIG. 13. »—X representation of different EOS forms for zinc.
The diamond gives the best value I§f derived from ultrasonic
measurementRef. 40. The bars indicate only the present data.



EFFECT OF PRESSURE ON THE ATOMIC VOLUME ORZ .. 575

0.80 0.85

80 . — . . .
Hi1-correlation - > tret. 27 471 E
70 | Do iref.20s i h
\ Pl E retzs V ret. 45 w
6o | P : 18t By
E : Vref. 43 - L -'++++
N
O so} A ret. 4471 n - L
(=]
Rret 45 ol ret.48 (vO)
< ok ~ R 19T« ref. 51+ (XD)
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FIG. 17. Comparison of EOS data of magnesiunyinX rep-
resentation. The diamond represents kggvalue from ultrasonic
%asurementERef. 52. The star denotes rescaled data as discussed
in the text.

FIG. 15. Error ellipsoids for the parameters obtained by fitting
the EOS form H12 to differenp-V data sets of cadmium. For
details see the text. The star on Ref. 20 denotes rescaled data
discussed in the text and footnote of Table Il.

differences are observed for both these more strongly aniso-

Obviously, the forms BE2, MV2, HO2, and H12 give almost tropic elements, as illustrated by the data in Figs. 11 and 14,
the same results; however, the form MU2 leads to a signifias well as by the corresponding parameter vaftiesTable |
cant difference for the value &, and also to a larger value for Zn in comparison with the “best” values derived with
of oy, . Afit of the one parameter form H11 to the data showsH11.
no significant deviation, as illustrated also in Fig. 15 by the For comparison with the elements zinc and cadmium, lit-
circle, which fits very close to the region of overlap for the erature data for magnesium and beryllium are evaluated in
different EOS data right in the middle between the mosthe same way in the next sections. Both these metals show
recent values foK, derived from ultrasoni¢US) data®***  the samenP2 structure and strong similarities in their elec-

The differences in the individual best-fit EOS curves aretronic configuration in comparison with Zn, Cd, and Hgp-
shown in then—X plots of Fig. 16. Again, the divergence of der high pressupe Therefore, these five elements are often
the forms MU2, BE2, and MV2 at very strong compressionconsidered together as group-II eleméfits.
is obvious. In comparison with the curve of an ideal solid, a
softer behavior of Cd can be noticed, represented by its

lower values ofz.
In summary, the high-pressure behavior of both zinc an

cadmium is well described with the one parameter form H11;

ok

The use of two parameter forms H12 or HO2 does not lead t
a significant improvement of the fit. The more commonly
used forms MU2, BE2, and MV2 show no advantage bu
only their common divergences at strong compression. Bo
elements show thus the behavior of simple solids within th
accuracy of all the available results. However, in contrast t
the good agreement between shock-wave data and sta
measurements found for indidnand aluminun?, marginal

1.0

FIG. 16. »—X representation of different EOS forms for cad-
mium. The diamond gives the best valuelkaf derived from ultra-
sonic measuremeni{Ref. 44. The bars indicate only the present
data.

D. Equation of state of Mg

High-pressure studies on Mg have been performed up to
8 GPa by x-ray diffractiod’ up to 10 GPa by volumetric
easurement§® and up to 55 GPa by shock-wave
experiment$/ At 50 GPa, a phase transition from thé2

tructure to thecl2 structure was observ&dand attributed

tio s-d transfer. The possible volume discontinuity at the

ransition is smaller than the scatter in the data and can there-
ore be neglected in the following discussion. Pseudopoten-
-iél| calculations confirmed the transitifhand also its con-
nection withs-d transfer.

The »—X plot of the different data sets for magnesium is
given in Fig. 17, which shows large differences between the
data. While good agreement is observed between the shock-
wave dat&/ the later x-ray dat&’ and some of the volumet-
ric data?® significant discrepancies are noticed with respect
to the earlier volumetric datdand less drastically with re-
spect to the earlier x-ray-diffraction dataywhich also show
some low-pressure anomalies similar to the data of
cadmiunt® because of the use of an erroneous valuevigr
Rescaling of the data with a smaller vaMg=0.022 75 nm
insteadV,=0.023 24 nm minimizes these deviations. Fur-
thermore, it can be seen from Fig. 17 that the calculated
curve using the H11 form and the best valuekyf from
ultrasonic dat¥¥~>° agrees only with these earlier x-ray
data® while the shock-wave dafd,the more recent x-ray
data?’ and some of the volumetric d4fashow much smaller
slopes.

These differences can also be seen in the results of fitting
the form H12 to these differemi-V data sets, as shown in
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TABLE lll. Parameters for different EOS forms and different EOS data sets of magnesium together with
values derived from ultrasonic measuremets).

Ko (GPa Ky Pm (GPa oy (%) —€ EOS Ref.
35(2) 6.309) 10 0.08 0.97 48
28(2) 5.97) 26 0.42 0.94 51
36(2) 4.605) 26 0.18 0.96 H12 512
34(1) 5.009) 5 0.04 0.96 49
35.1(7) 3.811) 55 0.06 0.96 27
36(2) 3.63) 59 1.00 0.89 47
37(2) 3.12) 0.58 0.92 MU2
35(2) 3.82) 0.44 0.96 BE2
35(2) 4.1(3) 0.40 0.96 MV2
35(2) 3.83) 55 0.44 0.94 HO2 27, 47, 49
36(2) 3.7(3) 0.47 0.95 H12
32(2) 4.394) 0.75 H11
32.3 41
35.3 53
35.6 55,V
355 us 55,R
34.4 54
354 3.9 52

3Rescaled data, as discussed in the text.

the upper block of Table III. While reasonable agreement of/olumetric datd® were less accurate than the later measure-
the values forkK, is found in all the cases except for the ments, only the later data*”*°were used in the fits of the
uncorrected earliest x-ray datapnly the first set of volu-  different EOS forms, which resulted in the data represented
metric dat&® results in a significantly larger value faty, in the middle block of Table IIl. Again, the largest deviations
whereas the differences for the corrected earliest x-ray datdom the best average values g andK are obtained with
denoted by the footnote in Table Ill, and for the later volu-the form MUZ2, which also gives the largest valuewf for
metric dat4°® with respect to the shock-wat/eand later x-ray ~ any of the two-parameter forms. On the other hand, the fit of
results are marginal. In the plot of the error ellipsoids showrthe one-parameter form H11 results in this case in a much
in Fig. 18, only these later data are therefore used. Obvismaller value forK, and significantly larger values fdf}
ously, these ellipsoids overlap near the best valueKigr andoy,.
from ultrasonic measuremerts,and larger deviations of These differences in the parameters of the form H11 can
K are related to the larger uncertainties for all the data fromalso be seen in Fig. 18, where the circle for its best-fitting
limited ranges in pressufé>? values falls outside the region of overlap of the H12 fits for
Since there are good reasons to admit that the earlieghe different data sets. This observation must be considered
x-ray-diffraction measurement$, as well as the earliest as a strong hint that thp-V data of magnesium cannot be

45 T ™ T T T 0 T T T Y
- H11- correlation Ty \
: = - MU2 Mg

40

35 F

K, (GPa)

30

ideal solids
! !

0.6 0.8 1.0

25 L L L L L

FIG. 18. Error ellipsoids for the parameters obtained by fitting  FIG. 19. »—X representation of different EOS forms for mag-
the EOS form H12 to differenp-V data sets of magnesium. For nesium. The diamond gives the best valuekgf from ultrasonic
details see the text. The star denotes rescaled data as discussednieasurementéRef. 52. The bars indicate the data of magnesium
the text and footnote of Table . from shock-wave experimentRef. 27.
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FIG. 20. Comparison of EOS data of beryllium ip-X repre- FIG. 21. Error ellipsoids for the parameters obtained by fitting

sentation. The vertical size of the diamond represents the scatter ¢ie EOS form H12 to differenp-V data sets of beryllium. For
the K values from ultrasonic measuremeffRefs. 42 and 59-61  details see the text.

E. Equation of state of Be

described with the one-parameter form H11. N . .
The extrapolations of the different fitted EOS forms in the Investigations of t_he structural behavior of beryllium un-
: : der strong compression are rather sparse. For EOS data, there
n—X representation of Fig. 19 shows even more clearly they.a some volumetric measureméhtsp to 10 GPa, x-ray-
large difference between the first-order form H11 on the ongjiffraction measuremeritéup to about 28 GPa, and shock-
hand and all the other second-order EOS forms on the othggave result¥’ for the higher-pressure region. Th@2 struc-
hand. Obviously, all these other curves approach the idealre at ambient pressure has been reported to transform into a
solid behavior rather rapidly; however, the large overshootdistorted hexagonal structuren8) at around 11 GP¥.
ing of the forms MV2, H02, and finally also BE2 mark the From theoretical total-energy calculations, a further transfor-
limits for unreasonable extrapolations. The comparison withmation to the high-temperaturel2 structure is only ex-
the ideal solid shows, in the case of magnesium, a positiveected above 100 GPA.
deviation at low pressures in contrast to the opposite behav- Thep-V data for beryllium are represented in the form of
ior of zinc and cadmium. This means that Mg shows a spean n—X plot in Fig. 20, which shows large deviations be-
cial hardness at low pressures in comparison with the behawween the volumetric datd and the shock-wave resufts,
ior of an ideal solid. especially in the upper range of the volumetric data, while
In summary one can notice that the behavior of Mg undethe x-ray dat&’ are primarily effected by a large scattering.
high pressure is very well described by the second-orde€lose agreement is observed, however, between the ultra-
form H12. The use of the first-order form H11 leads to sig-sonic dat&°%-5! with their first-order extrapolation with
nificant deviations, which may be attributed to the speciaH11 on the one hand and the shock-wave Haia the other
s-p-type character of this element at lower pressures beforband.
somes-d transfer starts to contribute just in the upper range Results of unbiased fitting of the form H12 to the data are
of the available experimental studies. shown in the upper block of Table I\K{ for the volumetric

TABLE IV. Parameters for different EOS forms and different EOS data sets of beryllium together with
values derived from ultrasonic measuremehits).

Ko (GPa K} P, (GPa oy (%) —€ EOS Ref.
89(13) 21(7) 10 0.07 0.99 H12 56
91(8) 9(2) 28 0.56 0.50 H12 57
121(3) 3.42) 80 0.04 0.96 H12 27
1233) 3.12) 0.07 0.95 MU2
120(2) 3.51) 0.03 0.94 BE2
120(2) 3.602) 80 0.03 0.95 MV2 o7
121(3) 3.42) 0.03 0.95 HO2
121(3) 3.42) 0.03 0.96 H12
120(3) 3.472) 0.04 H11
134 42,V
120 42,R
111 4.6 us 60
110 59

121 61
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FIG. 22. »—X representation of different EOS forms for beryl- FIG. 23. EOS data of mercury in—o representation. The dif-
lium. The diamond gives the best valuekf from ultrasonic mea- ferent symbols refer to the different phases of mercury; the curves
surementgRef. 61). The bars indicate the data of beryllium from represent the corresponding fits to the forms H11 and H12, respec-
shock-wave experiment&Ref. 27 and the circles represent theo- tively. Diamond: estimated value &, (Ref. 63.
retical data(Ref. 6.

tal data may be attributed to a different value Ygyused in
data® is unusually large, but thi&, value for the shock-wave the theoretical calculations. Furthermore, no x-ray data are
result$’ compares very well with the best value I6f from  available for the region of extremely high pressures to con-
ultrasonic measuremerfts. firm an expected|2 phase. From this point of view, it may

The error ellipsoids in Fig. 21 for these fits show almostbe possible that Be in this phase behaves as indicated by the
no common region of overlap. The shock-wave results showheoretical data, and theV data indeed approach the curve
excellent agreement with the best valuek from ultra-  of an ideal solid after the predicted phase transition into the
sonic measuremen‘ié,represented as horizontal heavier line ¢c|2 structure. In contrast to magnesium, the available high-
in Fig. 21. The shock-wave ellipsditlis also intersected by pressure data of Be are therefore very well described by the
the correlation of the H11 form, which is represented by thefirst-order form H11 with no advantage of any second-order
dotted line. Because of the large uncertainties of the otheform.
data, only the shock-wave results are used in the later dis-
cussion.

The fit of the different EOS forms to the data results in the
values, which are presented in the second block of Table IV The behavior of mercury under pressure is dominated by
where large deviations of the parameter values for the fornthe phase transitions mentioned in Sec. Il C of this paper.
MU2 are noticed with respect to the other data. The onélhese phase transitions are all accompanied by special dis-
parameter form H11 gives the same results as all the oth@ontinuities of thep-V behavior, as illustrated in Fig. 23,
two parameter forms with a value for the bulk modulus verywhich shows thep-V data of Hg in any—o representation.
close to the best value derived from the ultrasonic data. Because of the small regions of stability for the low-

Extrapolations of the different best-fit EOS forms arepressure phasés2 andoP4, and because of the rather large
shown in Fig. 22, again in the form of ap—X plot together ~ scatter of the experimental data for these regions, Fig. 23
with theoretical datd? which cover an extremely wide range shows immediately that it is difficult to determine precise
in pressure. While all the forms, H02, H11, and H12, showvalues for the parameteks,, Ky, andK{, which are com-
only minor differences, the forms BE2, MU2, and MV2 di- monly used to fit a given EOS form to the experimental data.
verge rather rapidly into regions of unreasonable valuesThe strong correlations between these parameters in the
Compared with an ideal solid, Be shows even larger specialsual fitting procedures thus call for a reduction of the num-
hardness than Mg. However, the theoretical data of Be shower of free parameters by some reasonable assumption.
no special offset and only small variations around theTherefore, it is tempting to try at first a fit with the first-order
straight line representing the behavior of an ideal solid. Thdorm H11, which implies for a high-pressure phase, in addi-
large differences between the theoretical and the experimertion to the free parametdt,, alsoV, as free parameter and

F. Equation of state of Hg

TABLE V. EOS Parameter for the different phases of mercury.

Vg (1073 nnd) Ko (GP3 Ko ay (%) EOS Phase
24.05) 36(5) 6.4(1) 1.80 B-Hg
23.95) 45(6) 6.2(1) 2.40 H11 y-Hg
22.55) 61(7) 6.1(1) 0.87 5-Hg
24.05) 35(2) 7.002) 1.80 B-Hg
23.95) 22(3) 13.53) 1.47 H12 y-Hg
22.55) 78(3) 4.2(6) 0.83 5-Hg




53 EFFECT OF PRESSURE ON THE ATOMIC VOLUME ORZ .. 579

K¢ only as a correlated parameter due to the implicit condi- 0 ‘ , , .
tion Ky=3—(2/3)In(3Ko/prge) for H11. o~ Be

The results for the fits of the form H11 to the data for the T ' ]
different phases of mercury are given in the upper block of s Mg _
Table V. From this table one can see that the fitted values for <0 ideal solids

V, decrease from one phase to the other, whereas the valuesn -3 ]
for Ky increase. A relatively small value fer, is obtained in '

this case for thes-Hg phase; however, the corresponding i an cd ]
values for the other two phases are rather large. The next 5h Hg(®P2) ~ . |
attempt using the second-order form H12 results in the val- ~
ues forVy, K.O, grde(’, given in the Iower. block of Table V. 00 02 0a 06 Y o
The most significant changes are noticed thereby for the & (nm)

orthorhombicy-Hg phase. The value of the bulk modulus

decreases from 45 to 22 GPa, and the anticorrelated pressurerI|G. 24. EOS data represented by the corresponding fitted EOS
derivative K, increases to 13.5. The standard deviatign  curves of the group-Il elements in—o representation. The length
shows a significant decrease by nearly a factor of 2 for thi©f the thick drawn curves corresponds to the observed compression
(oP4) y-Hg phase, but all the values for thel2) 8-Hg and  range.

(hP2) &-Hg phases are not much affected.

Figure 23 includes as best-fitting curves for the low pres
sure t12) B-Hg phase and high pressudeR2) 5Hg phase
just straight solid lines corresponding to the form H11
whereas the slightly curve@ashed line represents the best fully occupied lowerd bands reduce the-d hybridization in

fit of the f°“.”” H12 for the in.termed_iata)P4). V'Hg phase. the corresponding conduction bands at least within the
For comparison, the behavior of ideal solids is illustrated

. i : resent experimental region. The simple EOS behavior cor-
again by a dotted I|r_1e, which shows that all the data_ for}r:)esponding to the H11 form and expressed in Fig. 24 by the
mercury fall below this curve, as noted before for cadmium

. . _ - straight lines appears thus as another fingerprint for a stable
and zinc, however, in contrast to the behavior of magnesium, . ton configuration, where the unuswh ratio of Zn

gnd berylllum, which show much stiffer behavior than themay also be correlated with the special softness of zinc with
ideal solids. respect to the ideal behavior, and with correspondingly
weaker deviations for Cd andhP2) &-Hg.
V. DISCUSSION The structural similarity of the H metals, especially un-

The p-V data for these five elements are most reasonablé€l Pressure, has already been discussed in earlier
compared with each other in ap—o plot, as illustrated in publications;”**and it may be sufficient to point out that the
Fig. 24, where the dotted line again represents the behavigitructural phase transitions for Be and Mg under pressure are
of ideal solids, the heavily drawn sections of the continuoudYPical for their special band structure as discussed above
curves mark the experimental ranges for each element, arfith respec_t to their special EOS behavior. The special struc-
only the data for thel{P2) &Hg phase of mercury are in- tura}l behavior of both Be and Mg under pressure can then be
cluded for clarity. In this representation, one can notice tha@ttributed to the lack of cord electrons affecting the con-
Be, with its pure outes-p electron configuration, shows a duction band in the H cases.
special stiffnesglarger valueswith respect to the ideal be-
havior. This special stiffness is already smaller for Mg at
ambient pressure, and the special curvature corresponding to This work was supported by the Bundesministerium fu
the form H12 with a smaller value &€, for Mg in compari-  Wissenschaft und Forschun@MFT) under Contract No.
son with the ideal behavior points to a special change in th@5 5P PA XB. One of the authof®. S) would like to thank
electronic structure, which can be attributed to the broadenthe HASYLAB staff for technical help during the stays at
ing of the “empty” 3d band and its partial occupation under HASYLAB.

increasing pressure. Due to this increase in the mixing of the
3s, 3p, and 3 electrons in the conduction band of Mg the
ideal behavior is obviously approached much more rapidly
'than either in Be, or in théheaviey Ilb metals, where the
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