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We report the experimental determination of the wave-function mixture and composition for hybri-
dized Zeeman states of P in Si and give a related theoretical discussion. The intensity evolution of the
Zeeman transitions near the anticrossing region for the isolated P donors in highly pure Si has been mea-
sured quantitatively by means of high-sensitivity and high-resolution photothermal ionization spectros-
copy. The wave-function compositions and their evolutions with magnetic field for the hybridized Zee-
man states of bounded electrons of impurities have been deduced from the measurement. A variational
calculation in the framework of the effective-mass approach has been performed to estimate theoretically
the wave-function compositions, and a comparison has been made between the theoretical results and ex-

perimental ones.

I. INTRODUCTION

The hybridization between microscopic states, which
interact strongly with each other in condensed matter, is
a general phenomenon of interest, and has long attracted
attention.! 3 Taking electronic states in semiconductors,
for example, there is hybridization and mixture between
d states of magnetic ions and p states of anions in sem-
imagnetic semiconductors,> > those between heavy and
light holes as well as between conduction band electrons
of T and X states in quantum well structures, *~® those
between Zeeman levels with the same parity and different
main quantum numbers of donors in the semiconductors
Si and Ge,’ !? and hybridization of electron states with
phonons or other microscopic states.*!* When hybridi-
zation between two electronic states occurs, they repulse
each other in energy, which lifts the degeneracy of the
states. If the energies of two strongly interacting states
change with certain parameters, such as the wave vec-
tors, the width of the quantum well, the magnetic field in-
tensity, and the configuration of the measurement, adjust-
ing these parameters can change the energy relation be-
tween the two states. Thus the hybridization between
states and its evolution can be investigated experimental-
ly. Again taking the hybridization of Zeeman levels of
donors in Si as an example, since the rates at which
different Zeeman levels shift with magnetic field are
different, the transitions with the same parity and
different main quantum numbers, which should cross un-
der certain magnetic fields due to the different shifts with
magnetic field, repulse each other, or ‘““anticross,” if the
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experimental configuration is selected such that it makes
the perturbative Hamiltonian term causing the hybridiza-
tion and wave-function mixture nonzero. The energy dis-
placement between two hybridized states caused or added
by the repulsion is determined by the strength of interac-
tion which is related with the original energy difference
between the two states. Thus the hybridization and an-
ticrossing between Zeeman levels with the same parity
and different quantum numbers occurs in certain regions
of energy and magnetic fields.

Many theoretical methods and models' ~%°~!2 have
been developed up to now, to investigate and calculate
the energy dispersion or its relation with the perturbation
(magnetic field, well width of the quantum well, etc.) for
various hybridized states. At the same time, many of the
experimental investigations have also been made which
have revealed the anticrossing between two hybridized
levels and proved the theoretical expectation as well as
the dispersion relation given by theoretical calcula-
tion.»*+%13=17  However, there is to our knowledge no
report up to now on experimental results for the wave-
function composition and its evolution along with a wave
vector or extra perturbation for the hybridized states,
though it might be deduced from the measured energy re-
lation of hybridized states. The wave function of hybri-
dized states can be a linear combination of the original
states, based on a comparison with the linear combina-
tion of atomic orbits used in the calculation of the energy
band for bulk materials or quantum wells or based on
consideration of perturbation theory. Thus the wave
function of a hybridized state can generally be written as
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where the C; are the expansion coefficients. It has been
mentioned that we have not seen any report on the exper-
imental investigation for the direct demonstration of the
wave-function composition of a hybridized states shown
as Eq. (1), which is not surprising if one realizes the
difficulty in such an investigation.

We report in this paper the direct experimental deter-
mination of the wave-function mixture and composition
for the hybridized Zeeman states of a phosphorus donor
in Si and a theoretical discussion of the results. For some
of the “anticrossing points” caused by hybridization be-
tween Zeeman levels of P in Si, there are only two levels
(states) which hybridize with each other, and, further-
more, their oscillator intensities for dipole transitions are
quite different, which makes it possible to measure the
systematic evolution of the intensities of Zeeman transi-
tions in the anticrossing region of the magnetic field by
means of the high-sensitivity and high-resolution photo-
thermal ionization spectroscopy.'® "% Thus, the expan-
sion coefficients C; and their evolution, i.e., the wave-
function compositions of hybridized Zeeman states and
their change with the strength of interaction can be
directly measured from the systematical evolution of
transition intensities. A variational calculation in the
framework of the effective-mass approach has been also
made in this paper to theoretically estimate the wave
function of the hybridized states and to compare it with
the experimental results.

II. EXPERIMENT

The samples used are highly pure silicon cut along the
(111) direction and with a phosphorus concentration of
10'2 cm ™ as the main residual impurity. The reason for
the selection of highly pure samples is to make sure that
all donors in the samples can be treated as isolated
centers and the overlapping of their wave functions can
be neglected even though they are in excited states with
not too high quantum numbers (n =4, for example). Fur-
thermore, high purity is also important to avoid the
nonintrinsic broadening of spectral lines of transitions so
as to observe the evolution of the transition intensities
without obscurity. The reason for cutting samples along
the (111) direction is to make it easy to observe the an-
ticrossing phenomenon between Zeeman levels since
Hamiltonian terms, which cause the hybridization of the
states, have maximal values while the magnetic field is
oriented along the (111) crystal axis. Moreover, all el-
lipsoidal valleys of the conduction band of Si are
equivalent to the orientation of the magnetic field so as to
simplify the theoretical treatment and the comparison be-
tween theoretical and experimental results.

The Zeeman splits and shifts are measured by means of
the photothermal ionization spectroscopy under the mag-
netic field. The integrated intensities of various Zeeman
transitions and their evolution during the hybridization
are recorded at a high ratio of signal to noise in the re-
gion of the magnetic field from O to 10 T. It should be
mentioned that one cannot see any transition line for
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such highly pure samples by the use of a conventional in-
frared absorption measurement. The magnet used in this
experiment is a superconducting magnet of Oxford with
the highest magnetic field of 11 T at 4.2 K. The samples
are mounted on the cold finger of the inner Dewar of the
magnet and the infrared radiation coming from a Fourier
transform spectrometer is transferred onto the sample via
a light pipe system with a transmission efficiency of 40%.
The configuration of the measurement is selected to be
B||k||{111) axis—here k is the wave vector of incident
infrared radiation—and thus the electrical field of the in-
cident light is perpendicular to the static magnetic field.
The temperature of the samples during the measurement
is 15 K.

III. EXPERIMENTAL RESULTS

Figure 1 shows the photothermal ionization spectros-
copies of P in highly pure Si in the wave-number region
of 300-350 cm™! and under different magnetic fields
from O to 10 T with the configuration of B||k||{111).
The abscissa of the figure is the wave number of incident
light and the vertical coordinates are the responses of
photothermal ionization 2P, 3P, 4P, 3P, etc., which
shows the donor transitions from the ground state
1S(A4,) of phosphorus. There are altogether 33 spectra
recorded under different magnetic fields and we show
part of them in Fig. 1, where from the bottom to the top
of the figure the spectra are recorded at every 0.5 T for
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FIG. 1. Photothermal ionization spectroscopies of P in high-
ly pure Si in the wave-number region of 300-350 cm ™! and un-
der different magnetic fields from O to 10 T with the
configuration of B||K|[(111).
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the magnetic fields from O to 10 T. There are more spec-
tral lines as well as their Zeeman splits and shifts above
the wave number of 350 cm ™. We will identify and dis-
cuss them elsewhere due to their complication. It is seen
clearly from the figure that there is not any evidence of
additional spectral lines between splitting transition lines
1S —2P_ and 1S—2P ., which indicates the high accu-
racy of the sample orientation. Thus one can neglect the
experimental error related with orientation while the data
are treated and discussed. The most attractive results
shown in Fig. 1 are the repulsion with each other (an-
ticrossing) for the transition lines of 1S—2P_, and
1S —3P, as well as the systematic evolution of their in-
tensity under the magnetic field around 5 T. Another an-
ticrossing phenomenon occurs at B =10 T and even more
rapid intensity exchange is observed at this anticrossing.
Here two hybridized states are original 3P, and 4P, un-
der low magnetic fields ( <4 T). The highest magnetic
field used in this measurement is 10 T and it can be ex-
pected from the figure that the transition intensities for
the two spectral lines will evolve similarly to the an-
ticrossing occurring at B =5 T.

Figure 2 summarizes the experimental results of Zee-
man splits and shifts as the functions of magnetic fields
for several transition lines with lower quantum numbers
of phosphorus donors in highly pure Si under the experi-
mental configuration of B||k|[{111). These spectral
lines can be identified as transitions from 1S(A4,) to 2P _,
2P, 3Py, 4P,, 3P_, and 3P, respectively, from the
bottom to the top of the figure at a lower magnetic field
(<1 T, for example). It will be seen later that the
identification of the transitions will no longer follow the
above order; that is, some of them may change the
characteristics of the transition at a higher magnetic
field, though they have been assigned to the same pro-
cesses in some literatures, whether at lower or higher
fields. Figure 2 clearly illustrates the results implied in
Fig. 1 that the transitions 1S —2P, and 1S—3P,,
which should be crossed with each other if there were no
interaction between them, repulse each other due to the
hybridization under magnetic fields around 5 T. The en-
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FIG. 2. The experimental results of Zeeman splits and shifts
as the functions of magnetic fields for several transition lines
with lower quantum numbers of phosphor donors in highly pure
Si under the experimental configuration of B||K||(111).
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ergy difference between them is AE~=4.1 cm~ ! =0.5
meV under this magnetic field. The two transitions that
are assigned as 1S —3P; and 1S —4P, under lower fields
also hybridize and repulse each other under a magnetic
field of about 10 T with AE=0.5 meV. It can also be
seen from Fig. 2 that there are also hybridization and
repulsion between transitions 1S —4P; and 1S—3P_
under magnetic fields of B =~0.8 T though the interaction
is weaker and the minimum energy difference between
them is only A= 1.5 cm ™!, as the magnetic field when the
hybridization occurs is also lower.

IV. WAVE-FUNCTION MIXTURE AND
COMPOSITION FOR HYBRIDIZED ZEEMAN STATES

Figure 3 summarizes the observed results of integrated
intensities for three spectral lines of Zeeman transition,
which are assigned as 2P, 3P, and 4P, under a weak
magnetic field as a function of the magnetic field for one
sample. In comparison with Fig. 2, it can be seen that
optical transition intensities of the spectral lines, which
are identified as 1S—2P, and 1S —3P;, under a weak
magnetic field, evolve in opposite direction in the region
of a magnetic field where 2P, and 3P, energy levels hy-
bridize with each other; thus under a stronger magnetic
field, for example, B =8 T, the relation of their intensities
is opposite to that under a weak magnetic field. A similar
behavior can also be observed from transitions 1S — 3P,
and 1S —4P;, (3P_) identified under a weak magnetic
field. In the region of B=6-9 T, 1S —4P, transition is
so weak that it falls into the background noise and can no
longer be observed. However, under B >9 T its transi-
tion intensity greatly increases with a strong decrease in
the transition intensity of 1S-—3P; hybridized with
1S —4P,. Therefore, from Fig. 3 it can be predicted that
their transition intensities would be equal to each other,
then would evolve in opposite direction as shown by the
dashed line. The change of the transition intensity of
1S —4P, in the region of magnetic field 0-4 T is very
complicated, but it can be concluded from a detailed in-
vestigation of Figs. 1-3 that it is related to hybridization
among 4P,, 3P _,and 3P, oreven4P _.

PTI RESPONSE

Magnetic Field (T)

FIG. 3. Observed results of integrated intensities of three
Zeeman transition spectra as functions of magnetic field under
the experimental configuration of B||K|[{111).
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The hybridized state model can explain the evolution
of transition intensities of Zeeman spectral lines with
magnetic fields shown in Fig. 3. On the other hand, one
can say that the evolution of Zeeman transitions intensi-
ties shown in Fig. 3 gives direct evidence that electronic
states can hybridize and their wave functions can be real-
ly mixed under certain conditions. In the following, we
shall discuss in detail the hybridization of 2P and 3P,
states. Our experimental configuration is definitely
B||k||{111) and donor states related to six elliptical val-
leys of the conduction band for Si are equivalent for the
orientation of the magnetic field. At the same times, Fig.
2 also shows that the energy differences between them
and other transitions are large enough in the hybridized
region. Hence, their hybridization can be described sim-
ply by a two-level interaction model. In the spirit of Eq.
(1), wave functions of interacting up and down states can
be written as

¢, = 4,630 tB,2p, >

é=A4,6:p, TBi$3p, »

)

where the subscript u indicates the wave function and ex-
pansion coefficient related to the up energy level and / in-
dicates the wave function and expansion coefficient relat-
ed to the down energy level. We assume that the
difference of thermal ionization rates for different excited
states of donor electron can be neglected in the narrow
region of energy studied in this paper, thus the intensity
of photothermal ionization spectra is determined by di-
pole absorption intensity. We also assume that matrix
elements of optical transition (1S|H,z|2P,) and
(1S|H,z|3Py) change very slowly with magnetic field,
i.e., we neglect the change of the matrix elements with
magnetic field. Thus the expansion coefficients 4,, B,,
Ay, and B, as functions of the magnetic field can be ob-
tained uniquely by fitting Eq. (2) to the experimental re-
sults in Fig. 3 and are shown in Fig. 4. The similar re-
sults can be obtained for hybridization between two ener-
gy levels near B=10 T and stronger change can be pre-
dicted, that is, the evolutions of expansion coefficients in
the region of the hybridization are much quicker. Thus
Figs. 3 and 4 indicate that the wave functions of 2P, and
3P, are certainly mixed in their hybridized zone. At
B=4.75T, the up and down states consist of the original
wave functions in equal percentage (50% to 50%), i.e.,
they have been hybridized completely. Figures 3 and 4
also give the regions of magnetic field and energy where
the wave-function mixture occurs. For 2P, and 3P,
states, the region of magnetic field is about AB=7 T
—3 T = 4T, and that of energy is about AE =7.2 cm™!
=0.9 meV, i.e., hybridization and wave-function mixture
between the two states can be neglected while their ener-
gy difference is larger than about 0.9 meV. Hence, Figs.
3 and 4 clearly show that, although the two hybridized
states repulse each other in energy position, their wave
functions mix fully. Moreover, the expansion coefficients
A,f, ; and B,i ;> which indicate wave-function composition
of hybridized states, cross each other at B ~4.75 T, thus
the physical characteristics related to transitions ex-

change with each other. The Zeeman transition
1S —2P_ assigned under a weak magnetic field evolves
into a transition in which 3P, plays an important role at
B >4.75T, and it completely becomes a 1S — 3P, transi-
tion at B =7 T. The evolution of the 1§ — 3P, transition
is opposite, which becomes the 1S —2P . transition at
B >4.75 T and again changes its physical characteristics
of optical transition due to another hybridization with a
higher-energy level. Therefore, at 5 T<B <10 T, spec-
tral lines observed in Fig. 2 can be assigned as the transi-
tions from 1S(A4,) to 2P_, 3Py, 2P, 3P_, and 4Py, re-
spectively, from low- to high-energy levels.

Figures 2 and 3 also show that Zeeman level hybridiza-
tion and a wave-function mixture of P in Si can only
occur between energy states with the same parity but
different main quantum numbers.

V. THEORETICAL INTERPRETATION

In order to interpret the experimental results discussed
in the above sections and estimate energy dispersion and
intensity evolution of optical transitions related to hybri-
dized states, we have extended Faulkner’s effective mass
theory'??! by taking into account the effects of a magnet-
ic field on the shallow donor states. The Zeeman energy
levels and their hybridization as functions of magnetic

1.0 — T —
(a) Al
. 08}
=
2
2
&
S 06} B
o]
g
‘g
§ 04} 1
B
»”
[+3]
02} ]
B,
0.0 . L . . ,
3.0 35 40 45 5.0 55 6.0
Magnetic Field (T)
1.0 T — T
®)
All
. 08} g
s
)
]
&
8 06
o]
§
‘g
§ 04 g
[
o
02} ]
B,
0.0 - . L A .
3.0 35 40 45 5.0 55 6.0
Magnetic Field (T)

FIG. 4. Expansion coefficients of hybridized states at the re-
gion where 2P, and 3P, hybridize each other. (a) For down
state and (b) for up state.
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field are calculated by using the variational method.
Our variational wave functions ¢,;,, consist of normal-
ized hydrogenic wave functions

Ynim (%,9,2)=R (e}, 7)Y}, (6,9)
and take the following form:
8 1/4 8 172
Puim = [_ ¢n1m X,V | Z] ) (3)
Y Y
R )= 20} [ (n—1—1) 20,7
a; st —_—
nhm n? | [(n+IN]P n
a; . r 20,7
Xexp |——2— (L2002 | @)

where y=m,/m, a,,, and B are variational parameters.
The number N of orthonormal wave functions ¢,,,, is
determined by the biggest principal quantum number

N for the calculation. For example, if we consider the
largest principal quantum number n,, =35, N is equal to
29 for even-parity states. The advantage of using hydro-
genic variational wave functions is that the matrix ele-
ments of the effective-mass Hamiltonian including all
magnetic-field terms can be expressed analytically.

The linear and quadratic magnetic field terms H; and
H, in the Hamiltonian can be written as'?

H,=y* Npm LBy +nmeyBy +L,B,
. d
+znpm(l—ﬂ)(yBx—xBy)$ , (5)

Hz=(7/*/2)Z[nf,mzz(sz+By2)—-27]mez(xBx+yBy)
+(x2+y?)B2+y(yB,—xB,)*], (6)

where y*=#eB/2Rm ,C, R is Rydberg energy, and
M »=(y/B)/2. For the experimental configuration of

Bf |k{[{111), the H, and H, can be written in the spheri-
cal coordinates as

e
Hyy =57 Blnpm (L +L,)+L,] (7)
H,=— ‘/3 *B 1, (B—1)sinf(cosp —sing)
X |r cosega; —smﬁa—?9 (8)
1 *B ’
r .
Hy=3 —% [((1+7y)sin’0+n2,cos’0] , (9
1 *B :
Hoy == 72—’ sin(26)(sing+cosgp) ,  (10)
1 *B ’
Hy=—3v _712_7 sin%@sin’(2@) . (11)

In the present case, H,, is the main Hamiltonian term
that causes the hybridization and mixture of Zeeman lev-
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els with same parity, different principal, and magnetic
quantum number. The H,,, H,,, and H,. also contrib-
ute to the hybridization and mixture of these states and
H,, plays an important role under low magnetic field.

The absorption coefficient o due to the shallow donor
transition from the ground state 1S(A4,) to different ex-
cited states ex, for linearly polarized light of frequency w,
takes the form

477eco
o

———[(¢o|R-€lp, ) *8(E o, —E, —fiw)

g—ex
(12)

where e indicates the polarization direction of the in-
cident light, n is the refractive index of material, and
E. —E, is the energy difference between the excited and
ground states. For unpolarized light, the electronic-
dipole matrix element in the above equation is deter-
mined by

[ @ex|x 18 ) 12+ 1€ Bexly |9 VP + [ pexlz [ ) 1* .

We have calculated these matrix elements as the func-
tions of magnetic field using the wave functions and for-
mulas in our previous paper.'? Figure 5 shows our calcu-
lated results of absorption intensity for transitions from
the 1S(A4,) state to excited states, which have been
identified as 2P, 3P, and 4P, states under a low mag-
netic field as functions of the magnetic field. It is seen
from the figure that the wave-function mixture, the evo-
lutions of transitional intensity, and the changes of the
characteristics of transitions for 15 —2P and 3P, spec-
tral lines at B=5 T due to hybridization between 2P,
and 3P, Zeeman energy levels have been explained
reasonably. However, our calculated results of the evolu-
tion of the wave-function mixture and state hybridization
with the magnetic field are not in full agreement with the
experimental measurement. Our predicted changes are
much slower than that of experimental results. In fact,
the wave-function mixture predicted by our theory is
weaker than that of the experimental measurement and it
happens in wider regions of magnetic field and energy.

Absorption Intensity

Magnetic Field (T)

FIG. 5. Theoretically calculated results of the absorption
coefficients for transitions from 1S to 2P, 3P, and 4P,.
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Furthermore, our predicted magnetic field where an-
ticrossing appears is a little higher than that of experi-
mental results. At B=10 T, for hybridization of transi-
tions related to excited states, which are identified as 3P,
and 4P, under a low magnetic field, the disagreement be-
tween theory and experiment is obvious. Although very
strong changes of absorption intensity and characteristics
of transitions for these spectra have been observed, one
can only see some inkling from the theoretical curve of
the 4P-like transition. It must be noted that our predict-
ed intensity evolution of 4P, transition under low mag-
netic field is in good agreement with the experimental re-
sults. From the above discussion, it can be concluded
that our theory and method can interpret energy level hy-
bridization and wave-function mixture under lower mag-
netic field and obtain good agreement with experimental
results. However, the disagreement between theory and
experiment appears under a higher magnetic field and is
enhanced with the increase of the magnetic field. It is not
surprising that the effective-mass picture is an approxi-
mation and certain conditions must be met for its appli-
cation, though we did not use perturbation approxima-
tion in taking into account the effect of magnetic field. In
addition, the inconsistency may also owe, in part, to the
variational wave functions that have consisted of hydro-
genic wave functions at B=0. Therefore, a more satis-
factory theory must be proposed to successfully interpret
all experiment results related to the wave-function mix-
ture and energy level hybridization.

VI. CONCLUSION

Taking hybridization and the mixture of Zeeman levels
of the P donor in Si as an example, we report the experi-
mental evidence for the wave-function mixture and the
linear combination of two microscopic electronic states in
a condensed solid while they are hybridized. For Zeeman
levels of P in Si, the wave-function mixture is so complete
that the physical characteristics of states related to opti-
cal transitions are changed when they are hybridized.
Zeeman level hybridization and the wave-function mix-
ture of P in Si can occur only when the magnetic field is
not parallel to the {(001) direction. The regions of mag-
netic field and energy where hybridization and mixture
can be observed are very narrow. At AE >0.9 meV, the
observed hybridization between 3P, and 2P, can be
neglected. The hybridization and mixture should occur
in narrower regions of magnetic field and energy with an
increase of the magnetic field. Thus the changes of wave
functions related to hybridization may be stronger and
the evolutions of physical characteristics of transition
may be quicker for the hybridization occurring under a
higher magnetic field.

The variational calculations in the framework of the
effective-mass approach can explain qualitatively and
semiquantitatively the hybridization and wave-function
mixture of Zeeman levels of the P donor in Si. Obvious-
ly, more investigations are required in order to obtain
better agreement between theoretical and experimental
results.
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