both at small and at large /., the enhancement reaches
values of the order §,/5,,,, whereas in the intermediate

region there is a slight decrease, reaching a minimum
near [,p=06;,Vv1+s.

We compare now our results with the data of Refs. 8
and 9. In the absence of spectral diffusion the formulas
are almost the same (we note that our Eq. (10), in con-
trast to Refs. 8 and 9, takes the influence of the nuclei
into account), At the same time the estimate proposed
in Refs. 8 and 9 for the case 6y=lgg yields E > w,/
6un, which deviates greatly with the results of the pres-
ent article and apparently does not agree with the physi-
cal arguments advanced above.

We note finally that Eqs. (10), (12) and (22), (23) are
quite similar in structure with the result obtained for the
“solid-effect” under conditions of inhomogeneous broad-
ening of EPR,”"? In particular, inboth case, with in-
creasing |A|, the quantity |E| first increases in pro-
portion to w,G’(A)/G(A), and then decreases in accord
with the decrease of the fraction of the active electron
spins (the factor « in the notation of Sec. 2). This sim-
ilarity emphasizes once more the common physical bases
of the two dynamic-polarization mechanism, which is
connected with thermal mixing in a rotating coordinate
system.”

The authors thank M. I. Rodak and G. A. Vasnev for
interest in the work and for helpful discussions.

e use the traditional abbreviation DDR—dipole-dipole
reservoir—although it can include also other spin-spin inter-
actions (sey, exchange interactions).
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Experimental dependence of the volume of solid normal
hydrogen on the pressure up to 30 kbar at a temperature

77 K

V. V. Kechin, Yu. M. Pavlyuchenko, A. I. Likhter, and A. N. Utyuzh

Institute of High Pressure Physics, USSR Academy of Sciences
(Submitted 12 January 1979)
Zh. Eksp. Teor. Fiz. 76, 2194-2197 (June 1979)

The piston-displacement method was used to measure the dependence of the molar volume of n-H, on
the pressure at liquid-nitrogen temperature in the pressure range 4-29 kbar. The results are presented in
analytic form that approximates the experimental data with accuracy 0.03 cm®/mol. The relative jump of

the volume at melting amounts to (4.740.4)%.

PACS numbers: 62.50. + p, 65.70. +y

Notwithstanding recent interest in hydrogen, both
scientific and applied, the number of experimental in-
vestigations of the equation of state of solid hydrogen at
high pressures is quite limited. There are particularly
few investigations of the P — V — T dependence at high
static pressures, i.e., studies that would permit the cal-
culation of the equation of state and of the thermodyna-
mic functions with sufficient accuracy. In fact, at 4.2 K
measurement of the P - V dependence were made up to
20 kbar! and 25 kbar.? On the other hand, at tempera-
tures higher than 4.2 K, the region in which experiment-
al research was performed does not exceed several hun-
dred bars.3+
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We present here experimental P — V data for solid
normal (75% ortho, 25% para) hydrogen (n - H,) atliquid-
nitrogen temperature. The measurements were made
with a low-temperature press by the piston-displace-
ment method. The apparatus and the experimental pro-
cedure are described in detail inthe preceding papers.5+¢
The high-pressure chambers had inside diameters 6—7
mm and were made of steels EI958 and EP637, of high-
strength manganese—nickel steel, and of beryllium
bronze. The maximum pressures were 11 kbar in
beryllium—bronze chambers and 17-29 kbar in steel
chambers. From two to five experiments were per-
formed with each of the four chambers. The volume of

© 1979 American Institute of Physics 1108



the solid-hydrogen sample was 0.5~1 cm?®,

In each experiment we measured the pressure in the
cylinder of the press and the displacement of the piston
in the high-pressure chamber with increasing (forward
travel) and decreasing (backward travel) load. The for-
ward and backward travel did not coincide because of the
friction in the piston pairs of the chamber and the press,
the value of which in the different experiments was 5-
10% of the maximum load. The pressure in the cham-
ber, for each displacement, was assumed tobe the aver-
age value of the forward and backward travel.! The
length of the hydrogen sample was determined as the
difference between the readings of the displacements of
the piston in the experiments with and without the hydro-
gen sample.* The error in the determination of the pres-
sure in the chamber consisted of the error in the mea-
surement of the pressure in the press cylinder by a
loaded-piston manometer (0.1%), the error in the mea-
surement of the diameters of the cylinder of the press
and of the channel chamber at zero pressure (0.1%), and
the uncertainty in the value of the coefficient of the ther-
mal expansion of the steel (0.05%). Neglect of the change
in the cross section area of the chamber channel under
pressure is the cause of the main error in the determin-
ation of the pressure in the chamber, amounting to 0.7%
at pressures lower than 15 kbar and to 1.5% at higher
pressures. As a result, the total error in the determin-
ation of the pressure is 1% for P < 15 kbar and ~2% for
P >15 kbar. The error in the determination of the hydro-
gen sample volume is the sum of the error in the mea-
surement in the length of the sample by the catheto-
meter (0.1%) and the error in the determination of the
cross section area of the chamber channel with changing
pressure, from an experiment on the compression of
indium (0.7%) whose equation of state is known.!*” Thus,
the error of the V does not exceed 0.8%. Allowance for
the pressure error due to the functional connection be-
tween the pressure and the volume leads to a final maxi-
mum volume error ~1%.

In all, 16 measurements were made of the P— V de-
pendence. In five experiments we measured the volume
of not only the solid but also of the fluid phase (starting
with 4 kbar), as well as the jump of the volume in the
melting—crystalization phase transition. The relative
volume jump determined from these experiments is

AV/Vsor=(4.7%0.4) %, 1)
where AV =V, =V, is the difference between the vol-
umes of the fluid and solid phases at the melting pres-
sure P, =4.98 kbar.®

To represent the obtained P - V data in analytic form,
we tried various equations, including the equations of
Birch,’ Murnaghan,'® Bohlin,!* Tait,!? and others. The
calculations have shown that the experimental data are

 TABLE I Values of the parameters Py, V;, a4, a,, and a; and
of the mean squared error 6 for Eqs. (2)—(4).

P,, kbar | v,, cm3/mol a ay ' ay o, cmalmol k:r:ll)ex
10 12,1322 3.49458 0.10753 0.065 0.031 (2),
10 12.1091 0.05675 0.10785 0.25 0.033 (3):
10 12,1230 143534 | -0.60286 0.16752 0,036 (4)
1109 Sov. Phys. JETP 49(6), June 1979

TABLE II. Smoothed values of molar volume V and of the iso-
thermal modulus of hydrostatic compressure K 5 for the fluid
and solid phases of n-H, at T=77 K and different values of P.

P, kbar v, cm3/mol K, kbar || p kbar | v, cm/mol \ K kbar
Fluid phase Solid phase

11 11.85 45,05
4 15.98 - 12 11.60 49.12
45 15.48 - 13 11.37 53.18
5 15.06 - 14 1147 57.21
. 15 1098 61.22
Solid phase 16 | 1081 65.21
© 18 10.50 7345
5 14.38 19.90 20 10.23 81.03
6 13.74 24.20 22 9.99 88.85
7 13.23 28.45 24 9.78 96.63
8 12.80 32.65 26 9.59 104,37
9 12.44 36.81 28 9.41 112.06
10 12.12 40.94 30 923 115.90

best described by the following empirical equations

V=V, exp {a,[1— (1+a,(P—P.))*]}, (2)
V=Vi{1—a, In [1+a,(P—P,) ]} /=, (3)
V=V,Z an(P/P)™, 4)

Rt

where V is in cm®/mol and P is in kbar. The param-
eters a,, a,, and g, in these equations were obtained by
least squares from a joint reduction of the results of all
the experiments. The values of the parameters V, were
determined in such a way that the molar volume of the
solid phase coincided at the melting pressure with the
value Vs =14.4 cm3/mol obtained by us previously,® on
the basis of the data of Tsiklis et ql.,'* from the pres-
sure dependence of the molar volume of hydrogen gas.
Table I lists the values of P,, V,, a,, @, and a; and of
the mean squared error § for Eqs. (2)-(4). It should be
noted that the maximum deviation of the calculated data
from the experimental ones in the entire investigated
pressure interval does not exceed £0.06 cm®/mole

(0.5%).

The experimental data for the fluid phase were also
reduced by Eqs. (2)-(4). However, since the interval
of the experimental data on the pressure was only 1
kbar, we do not present the values of the parameters
of the equations for this phase. We note only that our
data on the volume of the fluid phase agree within 0.3%
with the measurements of Mills et al.!* in the region
where the measurements overlap.

v, cm3/mol
T T T T
unf B
iy
ALY g
as , E
2
L 1 1 | L
7y w 20 0
#, kbar
FIG. 1. Molar volume of n-H, vs. pressure. 1—T=77K,

present data; 2—T=4.2 K (Ref. 2); 3—T=77 K (Ref. 14), fluid
phase. The volume jump at P~ 5 kbar on curve 1 corresponds
to crystallization.

Kechin et al., 1109



Ay, kbar
’zﬂ 1 T T T T

74
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1 1 1 1 1

; 20 e
t A kbar

FIG. 2. Dependence of the isothermal modulus of hydrostatic
compression of n-H, on pressure. 1—77 K, present data;
2—T=4.2K (Ref. 1); 3—T=4.2 K Ref. 2); 4—T=177 K (Ref.
14), fluid phase.

Table II gives the values of the molar volume and of
the isothermal modulus of hydrostatic compression K ,,
=(-VaP/aV),, calculated from Eq. (2). The same val-
ues are shown in Figs. 1 and 2 together with the data
obtained by others.

On the basis of the P — V dependence at 77 K and of the
data of Anderson and Swenson? at 4.2 K we can estimate
the average isobaric coefficient of volume expansion
a,=(AV/VAT)p. The coefficient @, decreases rapidly
(ap ~1/P) with increasing pressure: a@,=7.5-107* deg™*
at 5 kbar and a,=~1.4-107* deg™' at 25 kbar. The contri-
bution made to the pressure by the lattice thermal vi-
brations (the Mie-Griineisen thermal pressure), defined
as APR(V)=Pn(V) - Py(V), amounts to ~1.1 kbar and is
practically independent of volume (it decreases slightly

with decreasing volume).

In conclusion, the authors thank L. Z. Ponizovskii for
help with the experiment, and O. K. Revyakin and V. M.
Blinov for supplying the steels with optimal structure.
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Positive-muon depolarization in weakly doped silicon single

crystals
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G. G. Myasishcheva, Yu. V. Obukhov, G. |. Savel’ev, V. G. Firsov, and G. V. Shcherbakov
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Results are reported of experiments devoted to a study of the depolarization of positive muons in silicon
single crystals of both types of conductivity. The existence in silicon of two paramagnetic states and one
diamagnetic state that include muons is confirmed. The dependence of the relative fraction of the

diamagnetic state on the temperature is investigated. The results are discussed under the assumption that
a chemical bond exists between the muon and the crystal lattice of the semiconductor.

PACS numbers: 75.20.Ck

1. INTRODUCTION

The investigation of the interactions of positive muons
with the crystal lattice of a semiconductor (the most
thoroughly investigated were silicon and germanium) has
led to the observation of many phenomeno hitherto not
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revealed by the method of observing the muon spin pre-
cession (rotation) (uSR) for other media. These include
the noticeable decrease of the frequency of the hyperfine
splitting of muonium atoms imbedded in the crystal lat-
tice of a semiconductor, compared with the vacuum val-
ue,'"? as well as the presence in silicon, simultaneously
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