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9Passage of a boojum on the surface or a 4w vortex
(for definition, see Ref. 8) in the bulk across L means
that an area 47 has been swept though by the line 2(L)
in S,z.

This configuration in the bulk, apart from some
twisting along zZ, corresponds to the 0-m-0 soliton in
Ref. 3. Note that when the rectangles abcda and adefa
in Fig. 1(a) cover the lower hemisphere of S,2 [Fig. 1(b)]
once but with + and — orientation, they can be viewed
as a pair of +2r7 vortices. The whole configuration in
adefa is then deformable into an uniform one (see Ref. 8).

Iy our discussions, we have only talked about the tex-
tures but not the order parameters ¢. The reason is
that in simply connected containers, deformations of
¢ subject to the usual boundary condition are character-
ized by the deformations of their textures. Suppose the
textures ia and fb of order parameters @a and ¢, are
connected by a deformation f, :R(t)fa, 0 st <1, which
satisfies the boundary condition for all ¢, where R({t) is
a rotational matrix satisfying R(0)=1, R(l)fa=ib. Using
the VX9, equation [N, D. Mermin and T, L. Ho, Phys.
Rev. Lett. 36, 594 (1976)], it is easy to see that @’
= R(1)¢, differs from &, only by a phase factor eX,

The family §f =e#X R(t)$, hence carries @, continuously
into @,.

20ur conclusions, however, do not depend on this
particular choice of boundary texture.

BIn case we change the boundary texture in  and put
a boojum on the curved surface (the line dc¢ in Fig. 2),
the texture between the contour A, and the boundary
sibcd in Fig. 2 will then be time dependent because the
boojum will move on the surface. However, the bulk
texture (that enclosed by Ay) is still decoupled from
that near the surface.
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The thermal conductivity of germanium doped with lithium in the isolated impurity range
has been measured between 0.4 and 20 K. The analysis of the electron-phonon scattering
leads, for the first time, to a determination of the valley-orbit splitting (0.12 meV) of the

ground state of the interstitial Li donor in Ge.

It is well known that in semiconductors phonon
scattering by electrons bound to shallow impuri-
ties depends strongly on the electronic structure!
of the latter. This was particularly emphasized
in recent works on Li and other donors in sili-
con.?”® Therefore phonon scattering is useful in
the study of unknown impurity states. Among
shallow donors in Ge and Si, only the ground
state of a Li donor in Ge is still not known. The
electronic structure of the ground state of Li in
Si, which was suggested theoretically® to be of
the D,, symmetry, was found™?® to correspond to
the 7, site with an “inverted” Group-V-like
ground state and a valley-orbit splitting of 1.8
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meV. The ground state of Li in Ge, which is
fourfold degenerate in the effective-mass approx-
imation, involves a singlet A, and a triplet 7, in
case of the T, symmetry, and two singlets 4,
and a doublet E, for the D,, site. No convincing
experimental evidence for a splitting of the ground
state is so far available. However, the calcula-
tions of Nara and Yamazaki® indicate that the
ground state is expected, in the case of the T,
site, to exhibit an “inverted” structure (the trip-
let lying below the singlet) with a singlet-triplet
interval of 0.15 meV, and to be nearly degenerate
in the case of the D,;, symmetry. In this Letter,
we present for the first time a determination of
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the valley-orbit splitting of the ground state of Li
in Ge, obtained from low-temperature thermal
conductivity results.

Thermal conductivity measurements were per-
formed between 0.4 and 20 K on Ge samples doped
with Li in the concentration range of isolated im-
purities. The Ge samples used were initially p
type with an acceptor concentration of 1 x 10!*
cm™® The doping with Li was carried out using
the diffusion technique previously adopted for
silicon.?® The lithium concentrations were deter-
mined from Hall-coefficient measurements (Ta-
ble I). The homogeneity in the samples was
checked electrically to be better than +5%. The
experimental data for starting and Li-doped Ge
samples are shown separately in Figs. 1(a) and
1(b) for clarity. In the low-temperature interval,
the thermal conductivity K decreases with in-
creasing Li doping, as a result of phonon scatter-
ing by electrons bound to Li donors.

The experimental results were analyzed on the
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TABLE I. Doping and the Casimir length (L =2~ /2
x s1/2) for a selection of Ge samples measured.

Sample Doping (cm™9) L (cm)
Ge(Ga) I 1% 10! (Ga) 0.26
Ge(Li) I 1.5 % 1015 (L) 0.26
Ge(Li) I 3.5x 1015 (Li) 0.255
Ge(Li) III 4,8 X 1015 (Li) 0.26

basis of the standard conductivity integral, using
the Holland model'® with the two polarization
modes. For the low-temperature interval con-
sidered, the contribution of the umklapp trans-
verse term, K,,, to K is negligible. Thus the
phonon relaxation rates used for scattering by
boundaries (757!), isotopes (7,!), and phonons
(T "") were, respectively, v,/L, Aw?, and BwT*
for transverse phonons, and v, /L, Aw? and

B, w?T? for longitudinal phonons. The following
numerical values of the parameters were used,

lIIl T

K (W/cmK)

10

10°L1 | 1

10

III L ]
T (K)

FIG. 1. The thermal conductivity K of starting and Li-doped germanium samples. (a), (b) Experimental points:
starting, closed circles; Li doped, closed triangles (1.5%10'% cm™3), squares (3.5%10!% cm™3), closed diamonds
(4.8 x10'% em™%). Dotted line, calculated K for starting sample. Full lines, calculated curves for Li-doped sam-
ples, assuming a symmetry 7, and an inverted structure for the Li donor. The fits were obtained for a value A
=0.12 meV of the singlet-triplet interval, considered as an adjustable parameter. (Practically, equivalent fits
were obtained, assuming a T; symmetry and a normal structure, with A=0.11 meV.)
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which give a very satisfactory fit to the data for
the starting germanium (Fig. 1): v,=3.28Xx10°
cm s™tand v;=5.37X10° cm s™! (Ref. 11); A=2.4
X107 8% B,=1Xx10"" K™% and B;=6.9X107* s
K3 (Ref. 10). It is known that the low-tempera-
ture lattice thermal conductivity is essentially
due to transverse phonons,

In addition to the above usual phonon-scattering
mechanisms, three types of second-order proc-
esses were considered for the electron-phonon
interaction'?'3: the elastic (7,™") and inelastic
(7,°!) scatterings, and the thermally assisted
phonon absorption (7,!). The corresponding
angular average of the relaxation rates were cal-
culated by Suzuki and Mikoshiba'? for the T, sym-
metry and a normal structure. For an inverted
structure, the occupation rates of the singlet
(Ng) and the triplet (N ;) levels in the expressions
of the relaxation rates 7,”' and 7,”! must be per-
muted, and replaced by the following relations
(with inclusion of 7, ™'):

NN N
S71+3exp(a/kT)’ T 3+exp(- A/RT)’

where N is the impurity concentration. For the
electron-phonon interactions considered in the
present Letter, the deformation potential =, was
taken equal’® to 16 eV, and the effective Bohr ra-
dius adopted (a* =44 A), for Li in Ge was deter-
mined in the effective-mass approximation. The
behavior of the relaxation rates 7,7, 7,7', 7,7},
7,7!, and 7,”! as a function of the angular frequen-
cy w is shown in Fig. 2. This was calculated for

7=0.6 K, a donor concentration N=3.5X10" cm ™3,

and a singlet-triplet separation A=0.12 meV for
both normal and inverted structures. It is to be
noticed that 7, and 7,”! are always masked by
Tg ' or T,”'. Similar conclusions were obtained
for donors in Si.2”° Thus the influence of 7, ! in
the calculation of K is very small. In addition it
can be seen that the 7,7 of the normal structure
is slightly higher to the 7,°! of the inverted struc-
ture for w>2X10'" s°! and lower to it for w<2
x10'" 71, This leads for 7>0.4 K to a thermal
conductivity slightly higher for an inverted struc-
ture than for a normal one, and to an opposite
behavior for 7'<0.4 K.

The fit to the experimental data was carried out,
with the singlet-triplet interval A as an adjustable
parameter. Good fits for the Li-doped samples
with different concentrations were obtained!* for
A=0.12 meV in the case of an inverted structure
(a slightly lower value, A=0.11 meV, for a nor-
mal structure). This corresponds to the first
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FIG. 2. Variation of different phonon relaxation rates
as function of the angular frequency w, assuming a Ty
symmetry. (This was calculated for T =0.6 K, donor
concentration=3.5 % 10'% em™3, and A=0.12 meV).
Dashed and full lines correspond, respectively, to nor-
mal and inverted structures.

experimental determination of the chemical split-
ting, a value which is close to the theoretical one
(A=0.15 meV) estimated by Nara and Yamazaki.®
Small or acceptable modifications (up to about
+20%) of the values adopted for the deformation
potential and the Bohr radius do not lead to a var-
iation of more than about £10% of the deduced
value of A. The difference between the calculated
K for normal and inverted structures is not sig-
nificant enough to distinguish between the two
structures. For Li concentrations higher than
approximately 6 X 10'°* cm ™3, no acceptable fit to
the experimental data could be obtained on the
basis of the above analysis. This is in agreement
with the fact that Li impurities can no more be
considered as isolated.

As the site of Li in Ge is presently not estab-
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lished, it was of interest to investigate the effect
of the D,, symmetry on the phonon scattering,
and to compare it to that observed for the T, site.
The expressions of the relaxation rates calculat-
ed for D,, symmetry,'® using the Nara and Yama-
zaki wave functions,'® are similar to the corre-
sponding ones for the T, site. They become zero
for a completely degenerate ground state. There-
fore, since the theory of Nara and Yamazaki®
predicts a nearly degenerate ground state for the
D,, symmetry, the present experiment is in favor
of the T, symmetry as long as we accept the
above theory. However, if we consider the value
of the splitting in the D,, site as an adjustable pa-
rameter, the analyses of the experimental data'®*'?
give practically the same value of the splitting as
for the T, symmetry, for both normal and invert-
ed structures
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Note that the two A, states for the Dj; symmetry
given in Ref. 9 are not such as to diagonalize the valley-
orbit interaction.

"Using Nara and Yamazaki’s approximation, the anal-
yses of the experimental data for the D g, site were car-
ried out using the deduced relaxation rates, and assum-
ing the value of the splitting as an adjustable parame-
ter. The allowed transitions were found to take place
between the doublet E, and the singlet A,,2. However
the position of the A,,! state has an effect on the elec-
tronic populations. Satisfactory fits were again ob-
tained for an energy separation A= 0.12 meV between
E, and A,,%, for both normal and inverted structures.
The singlet A,,! was found to lie between E, and 4,2,
with an energy separation A’ fromAZU2 of about 0.07
and 0.05 meV for the normal and inverted structures,
respectively. The calculated thermal conductivity K
is much less sensitive to A’ than to A. The equivalent
result (A=0.12 meV) obtained for both symmetries
arises from the fact that the relaxation rates for elec-
tron-phonon interaction are similar for both 7; and D,.



