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Jahn-Teller effect in the T& state of Mn + in GaP
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Uniaxial-stress and Zeeman experiments of the manganese-induced zero-phonon lines in GaP:Mn
are presented. An analysis of the data indicates that the zero-phonon transitions are due to the

T&- A, internal transition of Mn'+(3d'). From the unperturbed spectra, as well as from the split-
tings of the zero-phonon lines, we are able to deduce that the T, state couples to distortions with c
symmetry. The Jahn-Teller effect in the static limit determines the interaction of the T, state with
the c modes of distortion. Based on a comparison between the calculated and experimentally de-
rived splittings and intensities, we find perfect agreement between theory and experiment.

I. INTRODUCTION II. EXPERIMENT

Manganese-doped GaP gives rise to a characteristic
photoluminescence (PL) band consisting of a zero-
phonon (ZP) line at 1.534 eV followed by a phonon side-
band with a maximum at 1.34 eV. Vink and Van Gor-
kom ascribed the origin of this PL band to the T, - A

&

internal transitions of Mn +.' At approximately 10 K, a
hot line separated by 1.2 meV from the ZP line is ob-
served. ' No further ZP lines are detected at higher tem-
peratures. Similar results were found in the Mn-doped
II-VI compounds ZnS, ZnSe, and CdS. In all cases,
only two ZP lines of the T, - A, transition are detected.
However, crystal-field theory, including second-order
spin-orbit interaction, predicts four ZP lines.

Koidl performed a theoretical investigation of several
triplet states of Mn +, based on the hypothesis of a
strong Jahn-Teller coupling in Ref. 4. The occurrence of
only two ZP lines was explained as being due to the
quenching of the first-order spin-orbit interaction in the

T& state by the Jahn-Teller eff'ect. The Zeeman effect
and the magnetic polarization of the T&- A& transition
of Mn + in ZnS were investigated, and uniaxial-stress
experiments in ZnSe and ZnS (Ref. 6) were performed.
The splitting and the intensities of the ZP lines were cal-
culated under the assumption of a strong Jahn-Teller
coupling to the c-mode distortions and were found to be
in good agreement with the experimental data.

The purpose of our work is to verify, by uniaxial-stress
and Zeeman experiments, the T, - A i internal transition
of Mn + in GaP and to determine the strong coupling to
distortions of c symmetry in the T& state.

Samples were cut for the uniaxial-stress experiments
from an n-type liquid-encapsulated-Czochralski-grown
crystal with a Mn concentration of approximately
1X10' cm . The samples were orientated along the
three main crystallographic axes. A GaP layer doped
with Mn and grown by vapor-phase epitaxy (VPE) with a
Mn concentration of approximately 5 X 10' cm was
used for the magnetic-field measurements. The thickness
of the layer was approximately 300 pm with a (100) orien-
tation.

The uniaxial-stress experiments were performed at 4.2
K in an optical cryostat with the samples immersed in
liquid He. The samples were mounted at room tempera-
ture between two metal pistons which were part of the
sample holder. The stress was applied to the sample us-
ing an arrangement consisting of a calibrated high-
tension spring adjusted by a screw to control the pressure
applied between the two metal pistons. The uniaxial
stress was calculated from the force indicated by the
spring divided by the sample areas. The off'set of the
stress due to static friction could not be determined ex-
perimentally. In order to perform uniaxial-stress experi-
ments at higher temperatures, the He level was kept
below the sample, giving a sample temperature of approx-
imately 20 K.

The Zeeman experiments were carried out with a su-
perconducting split-coil magnet with a maximum mag-
netic field of 7 T. The samples were immersed in liquid
He. For measurements at higher temperatures, the
cryomagnetic system allowed the sample temperature to
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be varied up to 300 K. All spectra were taken in the
Voigt configuration (Hlk, where k denotes the propaga-
tion vector of the detected light).

The PL was excited by the 514.5-nm line of an Ar+
laser for both the uniaxial-stress and the Zeeman experi-
ments. The PL signal was dispersed by a 1-m grating
monochromator (SPEX Industries) and detected by a
cooled GaAs photomultiplier.
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III. EXPERIMENTAL RESULTS

A. Unperturbed spectra

A spectrum of the ZP lines 3 and B in GaP:Mn is
shown in Fig. 1. At 4.2 K only one ZP line ( 3 ) is detect-
ed at 1.5340 eV, whereas at higher temperatures a second
ZP line (8) appears at 1.5352 eV. The separation be-
tween the two ZP lines is 1.2 meV. This is in contrast to
the value of 1.4 meV reported in Ref. 1. From the relative
intensities of the lines 2 and B at different temperatures
we conclude that the splitting arises from the excited PL
state and that the transitions 3 and B have the same final
state. At temperatures higher than 25 K, both ZP lines
show a considerable broadening and at T) 40 K the lines
could no longer be detected.

B. Uniaxial-stress splitting

The developments of the uniaxial-stress splittings of
lines A and 8 for P(([111],P~~[001], and P(([110] with
uniaxial stress up to 90 MPa are shown in Figs. 2, 3, and
4, respectively. Lines 3 and 8 do not split for P~~[111].
Both lines shift linearly to lower energies at the same
rate. Uniaxial stress along the [001] or [110] crystal
directions gives rise to a linear twofold splitting of lines
3 and B. For the following, the components of line 3
and 8 will be labeled A„A, B„and B„(as shown in
Figs. 3 and 4). The dotted lines in Figs. 3 and 4 represent
the shift of lines A and 8 with stress along the [111]
direction. With respect to these lines, 3, and B, shift at
twice the rate as the components 3 and B . For any
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FIG. 2. Shift of the ZP lines 3 and B for uniaxial stress
PII [111].The zero of energy is at the position of the ZP line A

without stress.

given stress, the splitting between the components
and 3, or that between B, and B, is nearly twice as
large for [001] stress as for [110]stress. No coupling be-
tween the stress-split components of lines 3 and B is ob-
served. The various lines thermalize according to their
energy separation, indicating that the splitting occurs en-
tirely in the excited state.

The polarization behavior of lines A, and clay for uni-
axial stress along the [001] and [110]directions at I' =40
MPa and T=4.2 K is given in Fig. 5. For P~~[001] and
EI~P line 2, disappears. For EIP the integrated intensi-
ties of the two components are equal, when the intensities
are corrected for the thermalization in the initial state of
the optical transitions, as shown in Fig. 5 by the vertical
bars. Two cases have to be distinguished for P

~~
[110]. If

k~~ [001],then for both E((P and EJ.P the integrated inten-
sities are again equal, when corrected for the thermaliza-
tion. However, for k~~ [110], the component A, disap-
pears for ElP, but for E~~P the integrated intensities are
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FIG. 1. Photoluminescence spectra recorded with increasing
temperature in the region of the ZP line. At T =9 K, a second
ZP line appears.

FIG. 3. Splitting of the ZP lines 2 and B for uniaxial stress
PII[001]. The dotted lines represent the shift due to the e„
strain (see Fig. 2).
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IV. THEORETICAL MODEL
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In th'is section, we present a modea model for the electronic
e o e n impurity in GaP. Our model de-
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FIG. 9. Photoluminescence spectrum of line A for a magnet-
ic field Hff[110] and 8=7 T.

scribes the Jahn-Teller coupling of the T& excited Mn +

state and is similar to that given by Koidl, although we
treat the eFects of the Jahn-Teller coupling in a di6'erent
manner. The Mn impurity assumes a 2+ charge state
when it substitutes for Ga in GaP, corresponding to a d
configuration. The ground-state manifold for a d
configuration is a 3

&
manifold, coming from the atomic

S term. The first excited state is a T& manifold, result-
ing from the crystal-field mixing of the 6, P, and I'
atomic terms. Electric-dipole transitions from the T& to
the 3 i manifold become allowed only when the spin-
orbit mixing between these two manifolds is included.
The Ti states that are mixed into each of the Ai states
are given in Eq. (1), in which the T, states are written as
forbit, spin) states,

l
S/2 &

—(1/&2)( —fx, 3/2 &
—ily, —', & ),

I 3/» -(1/&10)( —&3Ix, 1/» —&3iIy, 1/»
+2fz, 3/2&),

f 1/2) —(1/&20)( —&3 fx, —1/2) V'3ify, ——1/2)

+&12lz, 1/2)+ Ix 3/2)
—i fy, 3/2) ),

l

—1/2) —(1/&20)( fx 3/2) —ily

+ I/12
f
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I

—S/2&-(1/&2)(fx, —3/2& —ily, —3/2&) .

bital triplet, %=1. Electric-dipole transitions between
each of these four spin-orbit manifolds and the ground
state are allowed. Hence, we would expect to observe
four transitions. However, only two transitions are ob-
served (see Fig. 1). This discrepancy can be readily re-
moved when we include a Jahn-Teller coupling in the T,
manifold. The Jahn-Teller coupling that we consider is
between the T, orbital triplet and the c modes of distor-
tion.

While the descriptions given in Refs. 4 and 6 of the
eft'ects of the Jahn-Teller coupling on the spin-orbit split-
tings are correct, we can gain further insight into this
problem by considering first the Jahn-Teller coupling and
then the spin-orbit interaction (similarly as in Ref. S, but
we treat the spin-orbit interaction in a different manner).
In the static T, c Jahn-Teller problem, the lattice dis-
torts along one of the three cubic axes, the distortion be-
ing determined by which electronic state is occupied.
For example, if the occupied state has

f T„) as its orbital
part, the distortion is along the z axis. This distortion
partially lifts the degeneracy of the Tj manifold, as
shown in Fig. 16. We note that the Jahn-Teller coupling
does not aA'ect the spin states. So, we still have a spin
quartet, S =

—,'. The energy splitting between the T&,
states and the degenerate states Ti and T, is 3EJT,
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where X is the effective orbital momentum. For a T, or-

The spin-orbit interaction splits the Ti manifold into
four spin-orbit manifolds, two rz's, a I 7, and a I 6. The
operator giving the various spin-orbit splittings between
these manifolds, including second-order eAects, is 0 1 2 3 4 5 6 7 8

MAGNETIC FIELD (T)

FIG. 10. Zeeman splitting of line A for increasing magnetic
field H ff[111].
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FIG. 16. Splitting of the T, manifold due to a static distor-
tion along the z axis, and the splitting of the T„manifold due
to the second-order spin-orbit interaction.

lower-energy states, and the I 8 and I 6 manifolds for the
higher-energy states. Hence, the tunneling splitting
would give rise to the four distinct spin-orbit manifolds,
although the ordering of these states is different than that
expected from crystal-field theory. The progression of
these splittings from the crystal-field limit to the static
limit of Jahn-Teller coupling has been given by Koidl (see
Fig. 1 of Ref. 4). Hence, we see how the four spin-orbit
manifolds found in crystal-field theory merge into two
states in the static limit of Jahn-Teller coupling.

V. CQMPARISQN WITH EXPERIMENT

A. Unperturbed spectra

Iz 1/2)& = lz 1/2),
Iz, 1 /»& = lz, 1/2 &,

Iz, 3/2)) = Iz 3/2)

IZ, 3/2)) = lz, 3/2) .

Linear combinations of the six states at lower-energy
span manifolds of I 8 and I 7 symmetry. The six states
found 2A in energy above these first six states span mani-
folds of I 8 and I 6 symmetry. These manifolds are exact-
ly the spin-orbit manifolds found in crystal-field theory.

However, while linear combinations of the states from
the three different distortions span the various spin-orbit
manifolds, in the static limit of the Jahn-Teller coupling,
the states associated with different distortions are not in
contact with each other. If there were a tunneling be-
tween the difFerent distortions, which for the Ti g c prob-
lem is driven by the spin-orbit interaction, there would be
an associated tunneling splitting. The states that are
separated by the tunneling splitting are precisely the
states belonging to the I 8 and I 7 manifolds for the

Ix,3/2» Ix, -3/2» Iy, 3/2» ly, -3/2» Iz, 1/2» Iz, -1/2»

2A

Ix,1/2» Ix,-1/2» ly, 1/2» ly, -1/2» I2, 3/2» Iz, -3/2»

FIG. 17. Ground and first excited states of the "T, manifold
for static distortion along the x, y, or z axis. The states are la-
beled according to Eq. (4}.

In the preceding section, we have demonstrated how
the four spin-orbit manifolds from the "T, manifold
merge into two states separated by 2 A in energy with in-
creasing coupling to an c. distortion. The transitions
from these two states to the A, ground manifold give
rise to the two luminescence lines labeled 2 and B in Fig.
1. From the energy difference between these two lines,
we find 3 =0.6 meV. In our measurements, we have
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never observed any splittings that would result from a
tunneling between the various distortions. We conclude
that the Jahn-Teller coupling occurs in the static limit.

B. Uniaxial-stress splitting

We have measured the stress splittings of the two main
lines A and 8 for uniaxial stresses along the [111],[001],
and [110] crystallographic directions. The most striking
result is for stress along the [111] direction, where no
splitting of either of the two main transitions occurs.
Uniaxial stress along the [111]direction gives rise to the
r2 modes of strain (e ~, e~„e„)and to a breathing mode
of strain e, &=ez~+cyy+e„. The ~2 modes couple the
three orbital states of the Tj manifold to each other.
Hence, the ~2 modes would couple the states associated
with diff'erent distortions. However, as we have seen in
conjunction with the spin-orbit interaction, states associ-
ated with different distortions are not in contact with
each other as a result of the Jahn-Teller coupling being in
the static limit. That is, the coupling to the ~2 modes of
strain is quenched by the Jahn-Teller coupling. Thus,
there are no splittings resulting from the [111]stress, in
agreement with our experimental results.

The breathing mode of strain e, &
shifts each of the

states associated with the different distortions by an equal
amount relative to the 2, ground manifold. Hence
there are no splittings resulting from the breathing mode
of strain. We note that this mode is a result of any uniax-
ial stress. In analyzing experimental result", the shift due
to the breathing mode of strain must be taken into con-
sideration. As there are no splittings resulting from the
[111]stress, the shift due to the breathing mode can be
easily determined using the shift found from the [111]
uniaxial stress.

The [001] uniaxial stress gives rise to an eti=2e„
—e —

eyy mode of strain, in addition to the breathing
mode. The result of such a strain is to remove the
equivalence of the three distortions by distinguishing the
distortion along the stress axis, which we define to be the
z axis. The shift in energy, as a function of stress, of the
T„st teas (associated with the distortion along the z

axis) is twice as large and in the opposite sense as the
shift of each of the T, and T& states. Hence, each of
the lines 2 and B are split into two components, which
we have labeled A, (8, ) and A„(B„~).

We can calculate the relative intensities of each of the
transitions from the various excited states to the six states
of the A, manifold. This is done by determining the
matrix elements of the electric-dipole operators (x,y, z)
taken between the states given in Eq. (4), the excited
states, and the states given in Eq. (1), which represent the
ground states.

For light collected along any direction perpendicular
to the applied stress, the model predicts the following re-
sults. The components A, and A„(8, and 8„) have
the same intensity for light polarized perpendicular to the
stress. There are no optical dipole transitions from the

T&, states to the ground states with polarization parallel
to the stress. Hence, by measuring the polarization of
light perpendicular and parallel to the stress, we can

determine which of the components arises from transi-
tions starting in the T„states. We have labeled these
components A, and 8, (see Figs. 3 and 4).

A uniaxial [110] stress, in addition to the breathing
mode, gives rise to a rz mode of strain (e ) and an e&

mode of strain. As in the case of the [111]stress, the e„
strain does not give rise to any splittings. The eo strain
resulting from a given [110] stress is half as large and in
the opposite sense as the ee strain resulting from a [001]
stress of the same magnitude. Hence a [110] stress will
split each of the two lines 3 and 8 into two components,
the component arising from transitions starting in the
T„st ates ( A„B,) moving to higher energies with

compressive stress. An analysis of the electric-dipole ma-
trix elements shows that for light polarized parallel to the
stress, and collected in any direction perpendicular to the
stress, the two components from each of the lines 3 and
8 have equal intensities. For light polarized perpendicu-
lar to the stress and collected in the [001] direction, we
find again that both components from each of the lines 3
and 8 have equal intensities. However, for light polar-
ized perpendicular to the stress and collected in the [110]
direction, the two components arising from transitions
starting in the T„states, those shifting to higher ener-
gies, both vanish. For uniaxial stress in the [001] and
[110] directions, we find perfect agreement between the
predictions of the model and our experimental results.

C. Magnetic-field splitting

The Zeeman interaction involves an orbital term and a
spin term. The orbital term includes the orbital-angular-
momentum operator, which mixes the states belonging to
different distortions. However, in exactly the same
manner as the spin-orbit interaction, the Jahn-Teller cou-
pling in the static limit quenches the orbital term of the
Zeeman interaction in the excited T, manifold.

The spin term of the Zeeman interaction is

&z=g, piiH S,
where g, =2.0023. This term is not affected by the Jahn-
Teller coupling, since it operates only in spin space. By
calculating the matrix elements of the spin operator S, we
can determine how a given magnetic field will act on the
states [Eq. (4)] within each of the three distortions. As a
particular example we consider the case of a magnetic
field directed along one of the cubic axes, defined to be
the z axis. We have plotted in Fig. 18(a) the splittings of
the two main states coming from the T& manifold that
result from a magnetic field along the [001] direction. In
this figure, the Zeeman components coming from the
T„states are shown with a solid line; and the Zeernan

components coming from the Tj and T] states are
shown with a dotted line. As shown in this figure, the
spin operator 5, splits in first order each of the two pairs
of states associated with the z-axis distortion. For a given
magnetic field, the splitting between the states ~z, 3/2))
and ~z,

—3/2)) is three times as great as the splitting be-
tween the states ~z, 1/2)) and ~z,

—I/2)). For the two
pairs of states associated with the x-axis distortion, there
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is a first-order Zeeman splitting only for the states

)) and I(x —1/2)). Inorder splitting of the states ~x, 1/2)) and', x, —
addition, the coupling between the two main states by S,
gives rise to a non inelinear splitting of the states x, 3/

~ ~

and ~x, —3/2)). The states associated with the y-axis
distortion e ave in an ci-b h an identical fashion to those associ-
ated with the x-axis distortion. In Figs. 18(b) and c,

h 1 tted the splittings of the two main states com-
ing from the T] manifold for a magnetic field a ong e
[110]and [111]directions, respectively.

The Zeeman interaction also gives rise to splittings be-
tween the six states o eh

'
t t of the 3 manifold. The Zeeman in-

teraction wi in i'th' this manifold is simply that given in Eq.
(5), except that g, is replaced by the factor g =
The diff'erence between g and g, is a resua result of the spin-
orbit mixing between the T] and 3

&
manifolds.

Since we know the splitting of the T& manifold and o
the 3, manifold with magnetic field, the optical transi-
t on energies can be calculated. In g .In Fi s. 6 8, and 10 the1011

development of the transition energy with H alongion the
001, 110],and [111]directions is plotted and compared

with the experimental results. In these figures, the transi-
nd T states are showntions coming from the T& and

with a solid line; and the transitions corning from the
T], states are shown with a dotted line. Only allowe

transitions are depicted.
For a magnetic field along the [001] direction and at

T =4.2 K the initial states are the lowest Zeeman com-
ponent originating from the T&,T state and the two lowest

4Zeeman components originating from the
~ ~ ~

h 'T and T
states [see ig. a . nF' l8( )]. In the experiment the transitions

th 4starting rom ef the lowest Zeeman component o the
state and the lowest Zeernan component of the T, an

3.0
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Hl

0.0

—1,5
~ 30

(b) Hll[I10]E
).5
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FIG. 18. Theoretical splitting of the T, state as a function of

the magnetic field. The states originating from the distortion
along the z axis are drawn as dotted lines.

T]y states are not resolved in the experiment due to their
energy separation o on yt' f only 0.1 meV. One transition shown
in Fig. 6 is not experimentally detected since the transi-
tion probability is of the order of 10

In the case of a magnetic field along the [110] direc-
tion, the lowest Zeeman components coming from the
T d T states and two lowest Zeeman components1x an ly

~ ~

1corning rom ef th T state are involved in the optica
~ ~ ~ ~transition [see Fig. 18(b)]. However, the transitions origi-

nating from the lowest Zeeman component of the T,„
d "T t t lmost coincide with the transitions origi-

nating from the second-lowest Zeeman component o t e
Ti state (see Fig. 8). Therefore these transitions are notT„state

resolved in the PL spectra.
For H along the [111]direction it is no longer neces-

sary to distinguish between states associated with an x-,
y- or z-axis distortion since the splitting of the T,
T and T states is identical ~ At 4.2 K, the initia

state is the lowest magnetic-field-split state o t e

the an ularOn the basis of Eq. (5) we have calculated the angu ar
dependence of the optical transitions. In Fig. 12 the an-
isotropy o e mo

'
forf th st intensive PL lines is presente for

H =6.5 T. Again, the transitions coming from t e
and T] states are shown with a solid line; and the tran-
sitions coming rom ef th T state are shown with a dot-
ted line. In or er o eepI d t keep Fig. 12 clear the transitions
originating rom ef th second-lowest Zeeman con1ponents

0oft e ]„anh T „d T states are only traced from 70 to
arked with90'. The PL transitions of the dotted curve marked wit

an arrow in ig. sF' 12 tart from the lowest Zeeman com-
ponento t e „sae.f h T, t t . This transition is forbidden for

1 n the [001] direction. Therefore the experimenta
poin s s owt how a crossover from the increasing y or i
tfansltion 0to the allowed transitions from t e, an
T, states when the angle is close to the [001] direction.

We have calculated theoretical spectra for the cases of
app ie rnag1' d magnetic fields in several directions, using the
matrix elements of the electric-dipole operators to deter-

h 11 d transitions and their polarizations. Our
experimental measurements of the magnetic- e sp i-

f d at 4.2 K. Due to thermalizationtings were per orme a
effects, the higher-energy states from the T, mani o

we have used only the states that give rise to the line
The energy positions of the various lines in the theoreti-
cal spectra are simp y1 the energy differences between the
initial and final states of the transition, assuming a
magnetic-fie streng ofi ld t th of 7 T. The relative intensities
and polarizations of the various lines are determined
from the matrix elements of the electric-dipole operators.
In addition, in order to account for t e pophe o ulation
differences in the excited states, w e have included a
Boltzmann factor. Finally, we have assumed a Lorentzi-
an line shape with broadening of 0.1 meV. These theoret-

1 hown for magnetic fields directed a ong
i . 14) and thethe [001] axis (Fig. 13), the [110] axis (Fig. , an e

[111]axis (Fig. 15).
As with the uniaxial stress, we find almost perfect

agreement between the predictions of the model, as
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shown by the theoretical spectra, and our observed spec-
tra. This agreement is best seen for the unpolarized spec-
tra. We note, however, that we observe for a few lines
slightly different intensities compared with the theoretical
prediction. Two different effects seem to be responsible
for this deviation. First, the nonideal polarizer gives in-
correct intensities for intense, almost totally polarized
lines in the direction perpendicular to the strong polar-
ization (see Fig. 13). Second, an inhomogeneous strain
field in the samples will lead to deviations from the calcu-
lated transition probabilities. The inAuence of the inho-
mogeneous strain also leads to small intensity changes in
the unpolarized spectra (see Figs. 14 and 15). A proper
account of this effect is not possible at the present time.

VI. CONCLUSIONS

We have presented a model for the electronic structure
of the Mn + impurity in GaP. This model includes a
Jahn-Teller coupling to the E modes of distortion within
the excited "T, manifold. We never observed splittings
resulting from a tunneling between the various distor-
tions; therefore we conclude that the Jahn-Teller cou-

pling is in the static limit. We have demonstrated that
the Jahn-Teller coupling is responsible for the merging of
the four spin-orbit manifolds in the T& manifold into
two states. Our treatment of this problem complements
those of Refs. 4, 5, and 6, and allows a simple determina-
tion of the electric-dipole matrix elements between vari-
ous excited and ground states. We have studied how a
uniaxial stress or a magnetic field splits the two main
states of the T, manifold. The experimental results sup-
port our model of a strong Jahn-Teller coupling to the c
modes of distortion in the excited T, manifold of the
Mn + impurity in GaP.
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