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The excitation spectrum of the 0.11-eV Mn acceptor in GaAs has been thoroughly investigated by uniaxial
stress and Zeeman fourier transform infrared spectroscopy. The results give strong evidence for the
3d°+shallow hole model for the Mhcenter. The deformation potentials as well asghelues determined for
the hole are in close agreement with those previously reported forSkg Ilg) state for shallow acceptors in
GaAs. All experimental results are in accordance witd=al ground-state level derived from exchange
coupling of the shallow $3,(I'g) hole and thes=5/2 Mn™ core. A splitting betweed=2 andJ=1 levels in
the range from 9 to 12 meV is inferred and is considerably larger than the 2—3 meV splitting previously
suggestedS0163-18207)01411-2

I. INTRODUCTION vanishing amplitude at the origin, i.e., tiglike states in
generally, and for the 3;,,(I'g) hole state in particular. It

Mn and GaAs gives rise to an acceptor level at abouhas been established that the observed excitation spectrum is
0.113 eV above the valence band. It has been studied byue to hole transitions from the §}(I'g) state in the
various techniques, e.g., Hall measureménphiotolumin-  coupled ground state to excitédlike states. The interaction
escencé; absorptiorf:® and space-charge techniqeshe  between the hole in B-like state and the core is expected to
absorption spectrum is very similar to those observed fobe small, which is in accord with the experimental findings
more shallow acceptor levels in GaAs with respect to, e.g.in which no such interaction has been detected. We therefore
the energy spacing between the excited states for the Meonclude that the exchange interaction only has to be taken
acceptor, but it is shifted to higher energies due to the coninto account for the initial state in the transitions.
siderably large ground-state energy. The final states in the The Mn™ core behaved as &= 5/2 state(spherical ap-
optical transition have been identified as shallow acceptoproximation) and the hole in the $g,(I'g) state is character-
states well described within the effective-mass approximaized by an effective angular momentupe3/2. In thejj-
tion (EMA). Atomic manganese has gAr]3d°4s? configu-  coupling scheme, the exchange interaction takes the form
ration and on a Ga site three electrons are needed for contexchange=JS-j. The constant of motion is the total effective
pleting the bonds with the nearest As atoms. In this way @ngular momentumd’=j+S. The MrP ground-state term
3d* ground-state configuration could be inferred for Mn splits into levels with an effective angular momentuth
with a °T, ground-state term. A spectrum characteristic for=1, 2, 3, and 4 with energies 0J25J, and 9, respec-
5Mn~ was observed in electron paramagnetic resonanctvely, and thel' =1 is expected to be the ground stafEhe
(EPR (Refs. 7 and Bwith an isotropic hyperfine spectrum. levels with J’=2 will generally split in their irreducible
For Mn°, EPR (Ref. 9 and microwave circular dichroism components, but it is expected that such a splitting is much
(MCD) (Ref. 10 results suggest an alternative model insmaller than thel’ level splitting and could therefore be
which the Mif ground-state  configuration is neglected. Thath coupled core-hole stafaSjI M) is, in
3d%(Mn) ™ +(shallow holé rather than 8% This model is the jj-coupling scheme, given by
also supported by recent Zeeman resulthie experimental
data to be presented here give additional strong evidence for
the 3d°+(shallow hol@ model and also identify thd=1
level as the ground state.

The excitation spectrum of Mnwill, in this paper, be where|SMes) is the core state characterized 8y-5/2 and
analyzed using the Mn+(shallow hole¢ model. The model Mg==*5/2, +3/2, and*=1/2. |njmj> is the hole wave func-
employed is as follows. The shallow hole is bound to thetion for the nth shallow hole state andSMsjm;|SjJ'M )
Mn~ ion by the Coulomb potential, while both subsystems,are the appropriate Clebsch-Gordan coefficients. The linear
i.e., the hole and the core, basically retain their electronicombinations for thd’ =1 states are presented in Refs. 7, 9,
structure. MA has a @° configuration and, according to and 11.

Hund’s rule, a®A, ground-state term. The direct and ex-

change Coulomb interactions between the two subsystems Il EXPERIMENTAL

are strongly dependent on the overlap between the hole and

the core wave functions. A noticeable exchange interaction is Mn was introduced into GaAs by means of solid-state
therefore expected only for those hole states that have a nodiffusion. The GaAs wafers were undoped or semi-

INSIIM )= 2 (SMsimj[SjJ'My)|SMeInjm;),
S
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TABLE I. Observed transition enerdy,,s of the lines and their

assigned final statesEZ™ is the infrared binding energy\E
=EZPEgya, Where Egya is the EMA-calculated binding en-
0 ergy. All energies are in meV.
£ Final state Eobe Eg! AE Ecua
C
2 2P3AIg) 101.20 1114  -0.21 11.35
2 2P5I'g) 105.16 7.18 0.00 7.18
< 2PsA(T') 107.07 527  —0.04 5.31
E | 3P3(I'g) 5.18
2P, Aa_”‘é(rfg)"’;(sm) 3PsTg) 108.5 3.84 0.22 3.62
I L ! 3Pg(I'7) 2.17
90 110 130 150 2S,AT's) 25.3 17.68 7.62
Photon energy (meV) 1S55(I'g) 112.34 94.66 25.65

FIG. 1. Absorption and photoconductivitinse) spectra of
GaAs:Mn. The lines have been labeled according to the shallo
hole states in the final state of the transitions.

The structure at about 140 meV is due to the interaction
between pseudodiscrete hole-phonon states and the valence-
band continuum and is interpreted as phonon-assisted Fano

insulating. Crushed Mn lumps and crushed GaAs Wafer§esonance§.The resonances were also observed in photo-

were mixed and put into a quartz ampoule together with th&onductivity (see the inset of Fig.)1but the line shape and
GaAs substrate. The ampoules were sealed in vacuum. THke relatlvg mtensﬂps of the replicas are different from those
samples were diffused between 700 °C and 800 °C for 2—§Pserved in absorption.

h. After the diffusion, the ampoules were allowed to cool in 1 1€ holes in the shallow bound states couple to the bulk
the furnace or quenched in the ambient air. Both sides of th@0NON continuum. The holes are found at Ihpoint in the
samples were polished m and slightly etchedl xm) in Brillouin zone and hence the ordinary s_elecnpn rule fo_r_ the
a warm (80 °C) H,S0,:H,0:H,0, (5:1:1) etch. About 500 conservation of the crystal momentum in optlcal transitions
um were polished away from the surfaces of the Zeemarf"SUres that_ the allowed transitions to excited hole-phonon
samples. The Ohmic contacts of the photoconductors werdtates must involve the zone center LO or TO phonons. The
made either by evaporation of Zn, Au, and Cr and alloying-© @nd TO phonons have the energidsw, o =36.69 meV

30 s at 550 °C or by rubbing Al-Ga contacts. The photocon@1d hwro=33.84 meV (T=4.2 K), respectively
ductors were mounted on isolated TO-5 headers with weak®Lo-To=2-89 meV.. Two different series of replicasA
adhesive to avoid strain in the sample. The transmission 2-88 meV are therefore above the zero-phonon lines,
measurements were obtained by a BOMEM DA3.01 FourieVhich was also experimentally observesge Fig. 1

transform spectrometer and a LHe-cooled Ge:Cu photocon- BY adding thehw o and hwro energies to the zero-
ductive detector. The samples were held in a LeyboldPhonon line energies, the P3;(I's), 2Ps;(I's), and
Heareus continuous-flow cryostat at about 10 K. TheZPse(I'7) replicas are readily identified. However, an addi-
uniaxial stress was applied by pressurized air via a push rofional LO-TO doublet was detected in photoconductivity at
mechanism. In the Zeeman experiments, an Oxford SM-&Pout 120 meV. No corresponding zero-phonon line was ob-
split coil magnet in the Voigt configuration was used, and theserved either in absorption or in photoconductivity. Consid-

sample temperature was about 2 K. The maximum field use8ring that the lowest shallo-like states already have been
was 6.3 T. accounted for and that a binding energy of about 25.3 meV

can be inferred for the yet unknown electronic state it is
reasonable to assign this state as tBg2I'g) state, which is
the lowest norp-like state when excluding theSh,(T"g)

In Fig. 1 the absorption spectrum of Riis presented. The state. As is noted in Table |, the energy position of the
spectrum has already been discussed in some Yetallonly ~ 2S,,(I'g) state must be lowered from the EMA value of 7.6
a brief survey will be presented here. The peaks between 10@eV to 25.3 meV, i.e., the binding energy is increased by
and 110 meV are due to hole excitations from the®Mn 17.7 meV. This may be viewed as being due to an attractive
ground state to shallow-hole states close to the top of theentral-cell potential. It is well known that for several other
valence bandsee Table)l The assignment of the peaks is deep centers with shallow excited states, e.g., the chalcogen
according to the shallow-hole states of GdA$>By adding  double donors in Si, that the central-cell correction for the
the theoretically obtained binding energy of the2(I"g) higher s states (=2) obeys a simple scaling rule. The
state, 7.18 meV, to the observed line energy a binding energgentral-cell correction is proportional to the probability of
of 112.43 meV could be inferred, in good agreement with thefinding the excited particle at the origin, which for hydro-
113-meV value obtained from photoluminescefideThe  genic s-states is proportional to 17. We assume that this
theoretical binding energy of theP2,(I's) state was ob- rule also can be extended to the ground-state energy 8f Mn
tained by interpolating the data in Ref. 14 using the valenceThe central-cell shift for the ground state will then accord-
band parameters of Refs. 12 and 13. It should be noted thatgly be eight times that for theRstate, i.e. AE;s=141.4
different interpolation procedures can be chosen that giveneV, which is about 47 meV larger than that experimentally
slightly different results. observed. The b scaling rule is derived from first-order

IIl. NONPERTURBATION RESULTS
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2P5(T'g) lines for FI[001] [see Fig. 2 for the P5,(I'g) lines] and
for Fl[111]. See the text for details.

stress-induced splitting of the initial state and/or the final

FIG. 2. Part of the uniaxial stress transmission spectra forcore state. In the Mn+(shallow holé model the final core

FI[001] andElIF andELF. state is just that of Mn, i.e., °A,, which cannot split under
stress. A closer examination of the stress splitting pattern

perturbation theory using hydrogenic states and will ofreveals finer details that enable a definite assignment of the

course only be a crude approximation in this case. Howevestress-split components. The intensity of ghend c lines

AE;s is only about 50% larger than the experimental valuedecreases with increasing stress, whereas the opposite behav-

and the analysis gives additional support for the assignmeniér is observed for thé andd lines. It must be pointed out

of the 2S Fano lines. that although this stress-independent intensity change is

small, it has been unambiguously demonstrated since the

same behavior is observed for other lines as well as for other

i stress directions. The measurements were carried out at a

The Mn" core S=5/2 state does not show any first-order temperature of about 10 K and this behavior is most easily
uniaxial stress splitting since it is a pure spin state. In thengerstood as a thermalization effect in the initial state, i.e.,
case of the hole, a stress splitting is generally expected whefie ground state splits into at least two components and the
the hole resides in &g state, but not for d's or aI'; state  population of the higher-energy state decreases with the in-
owing to Kramers degeneracy. The uniaxial stress Ham"creasing stress splitting.
tonian matrix for thel' state inTy symmetry is given by The splitting attributed to the ground states was investi-
gated in some detail to test the Mt (shallow hol¢ model
as well as to gain further insight into the ground-state prop-
erties. The energy difference between thig,(1"g) a andb
lines as well as the corresponding splitting of the other lines
n id(o’ U+cp) should then reflect the splitting of tlE =1 initial state. An

N identical splitting is also expected between tHe;2(I'g) ¢
andd lines. This is indeed experimentally observed, but due
to the low intensity of the lines, the results for these two lines
are not used in the analysis below.

A J'=1 state generally splits into two components for
FI[001] and[111] and three components fdf[110]. The
splitting between tha- andb-type lines is presented in Fig.
with FI[00]] is presented in Fig. 2. TheF2,(I'g) line is 3 for FI[001] and [111] for the 2P5(I'g) and 2P4(Ig)
clearly resolved and splits into four componeritabeled lines. It is clear that the splitting for both final states is al-
a, b, ¢, andd in Fig. 2. The splitting of the excited hole most equal, which gives further support to our assumption
state can only account for two of the four observed compothat the additional splitting originates from a splitting in the
nents. The additional splitting therefore originates from ainitial state. Furthermore, the splitting is nonlinear for both

IV. UNIAXIAL STRESS RESULTS

2

r 2 2 Y
H pos= A(xxt 0yt 0,37+ b| o)y JX—§ +c.p.

stress

wherea, b, andd are deformation potentials ang; are
components of the stress tensdr(i=x, y, andz) are the
angular momentum matrices forja 3/2 state derived from
ans=1/2 atomicp state andJ,= (J,J,+J,J,)/2.

Part of the uniaxial stress spectrum for the:2(I'g) line
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stress directions. This may be caused by a stress-induced It is interesting to note that the result for andd; is close
interaction between thd’ =1 ground state with the higher to the valueswith respect to both their absolute values as
exchange split levelsJ(=2) in the ground-state manifold. well as to their sigh previously reported for the S(I'g)
The splitting for FI[001] and[111] is described by the de- state for the shallow acceptors C, Si, and Ge in GaA3.91
formation potentiald andd for the 1S;(I'g) shallow hole, and —3.8 eV, respectively’ This gives strong support for
respectively. In order to determiriefor the 1S;,,(I'g) state  the Mn™ +(shallow holé model and that the bound hole in-
as well as the exchange paramelerthe full Hamiltonian deed has shallowlike character at least with respect to
with FI[001] was solved numerically andl andb were de-  uniaxial stress perturbations.
termined using a standard minimization procedure. In this Phonon scatterirt§ and ultrasonic absorptidhmeasure-
way the parameters were determined tode35.4 cmi!  ments have earlier revealed an excited level 2—3 meV above
(4.4 meV) andb;=—1.17 eV(i refers to the initial staje the MrP ground state. It has been suggeStéwt this level
The splitting of the ground state f&i#l[111] is determined  was theJ=2 level. However, our energy determined fhr
by J and the deformation potentidl Two fitting procedures ~4.5—-6 meV predicts that the=2 levels are to be found at
were employed. In the first, both parameters were simulta9—12 meV above the ground state. Attempts to observe the
neously fitted to the[111] data and the result wasd;  2-3 meV excited state in absorption by thermal population
=47.5 cm! (5.9 meVj andd,=—3.1 eV. As is seen in Fig. of the excited state have failed and on the basis of our data
3, the scatter in the data is less féi{001] than forFl[111] the origin of this excited level observed in phonon scattering
and it can be expected that the value found Jorfrom  remains unclear.
FI[001] is more accurate. In the second fitting procedure for In Fig. 4 the stress splitting for theP2,(I'g) line for
FI[111], the exchange parameter obtained Fdf001] was stress in the three main stress directip081], [111], and
used and only the deformation potentdil was calculated. [110] is presented together with the splitting predicted by the
The result thus obtained wak=—3.3 eV. In both cases, model(full lines). As is clearly seen, the fitting satisfactory
d; was found to be about 3 eV, whereas the sprealj mmas  reproduces the experimental splitting when usidg
substantial. However, as will be shown below, usikg =35.4 cm?!, b;=-1.17, and d;=—3.3 eV for the
=35.4 cm ! will give an accurate fitting to the stress split- 1S;,,(I'g) initial shallow-hole state. As mentioned above, the
ting, which indicates thal; is close to this value. The values ground state splits almost isotropically and we can readily
found for the stress parameters of th®;3(I"g) hole coupled identify in Fig. 4 the splitting that originates from the initial
to the®A, core predict an almost isotropic stress splitting ofand final states of the transitions, respectively.
the ground state. This isotropic stress splitting pattern will For FI[001] the 2Ps;(I'g) line splits into four compo-
simplify the identification of the stress split components fornents and a direct comparison with tg111] splitting pat-

the 2P5,(I'g) line below. tern reveals that the four components can be grouped to-
875 [ BII[001] BII[111] BI[110]
870
2P5,(I'p) 2P5(T'g) 2P, (T

865
860
855 |
850
845
840
835 . ! - . . : . - L ! L L L . .
B(T) B (T) B (T)

‘Wave numbers (cm'l)

FIG. 5. Zeeman splitting of theR;,(I'g) line for B parallel to[001], [111], and[110]. The full lines are obtained from a calculation
based on the Mn+(shallow holé model. See the text for details.
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gether in two groups of two lines each, showing the same
relative splitting as the two lines fdfl[111]. A closer ex-
amination of theF[[110] data shows that also in this case the
2Pg;(T'g) line splits into two groups containing two lines,
and the latter two show almost the same splitting as observed
for the other directions due to the initial state splitting. An
additional splitting is predicted by our calculations for
FI[110] (Fig. 4). It is due to a splitting of theM ;;==*1
ground state, but is too small to be experimentally detected.
From the splitting of the Pg(T'g) line the deformation po- Fiifoo1] FiL11]
tentialsb andd of the final 2P5,(I"g) shallow-hole state can 2P (T 2P ()
be determinedb was calculated from theR2;,,(1"g) FI[001] 528 52> 8
data andd from the Fl[111] data. In this way the deforma-
tion potentials were determined and the results vietr®.49
eV, andd~0 eV. The sign of the deformation potentiafor
the 2Pg5(I'g) final state could not be determined from stress ELF
splitting solely. However, the polarization results and the
corresponding calculations presented below for both the
uniaxial stress and the Zeeman experiments unambiguously
determineb to be positive. It should be noted that a small

EIIF

il

:

possible additional splitting might be inferred from the F=111.5 MPa F=77.4 MPa
FI[111] data as seen in Fig. 4. However, we are convinced L Ly
that this small difference in th&lF and ELF data is an 840 850 860 870 840 850 860 870

artifact due to inhomogeneous stress applied to the sample.
This is also supported by the good fit using these values for
FI[110] (Fig. 4 and a comparison with previous results for
the Cu acceptor in GaAg. FIG. 6. Calculated intensitiggower spectrafor the 2P5(T'g)
Only the difference between the hydrostatic deformationine for FI[001] and FI[111] compared with the experimental re-
potentials for the final and initial state can be determined insults (upper spectia The broad high-energy feature is due to the
the stress experiments and the fitting to the data givaes 2P (I';) line.
=a;—a;=—0.65 eV. The hydrostatic shift in the initial state
is determined by the shift in the subsystems, i.e., the Mn
core and the $35(I'g) hole. The Mn' core state is the same turbation Hamiltonian simultaneously. The total Zeeman
for both the initial and final state and no contribution to theHamiltonian matrix for, e.g., &'g hole state coupled to the
hydrostatic shift is expected from the core state. If theS=5/2 core could then conveniently be written as
1S;(I'g) hole is indeed purely effective-mass-like, both
hole states in the transitions, Sk/x(I'g) and 2Pg;(I'g), H=JS®J+1I5® H;Seman’L H%Zema,@ 14,
should show the same hydrostatic shift. Since a substantial
shift nevertheless is observed, it is tempting to ascribe thigvherelly; is annXn unit matrix and® is the tensor product.
shift due to a non-effective-mass character of the ground- The g factor for theJ=1 ground state may easily be
state hole. derived and one finds g=7/4gs—3/4g;—123/8Q,.
Schneideet al® calculated for theJ=1 ground state using
V. ZEEMAN RESULTS the g values of the Sn acceptor aj;=+0.78 andg,
=0.07 andgs=2.003. The calculated value was=2.78
The S=5/2 core states split in a magnetic field isotropi- (note the numerical error in Ref) 9n almost perfect agree-
cally according toH 3%, .= #sdsB- S, wheregs is close to  ment with the experimental value of 2.77.
the free spirg factor of about 2.5 is the Bohr magnetron,  The Zeeman splitting of theRs,(I'g) line is presented in
andB is the applied field. The two hole doubldfg andI’;  Fig. 5, as well as the fitting according to the Ma(shallow
split according toH32, = #gd;B-j, whereg; is different  hole) model. For the $;,(I'g) ground-state hole, the val-
for different hole states anp could be taken as the three ues for the Sn acceptor were used in the fitting. For the final

Wave numbers (cm'l) Wave numbers (cm'l)

s=1/2 spin matrices. 2Pg5(I'g) state, very good agreement was obtained using the
The direct producd’g®I’g contains twoT, irreducible  theoretical values in Refs. 22 and 23 @f= —3.15 andg,
representations and therefore two parameggrandg, are  =1.57. For all directions of the magnetic field, transitions to
needed to describe the Zeeman splitting of the gerlggal the higher Zeeman components were not detected. This may
state. The Zeeman Hamiltonian matrix takes the fdrm easily be explained by noting that the measurements were
. , , , . . carried out a_ﬂ'=1.9 K, which was sufficiently low to only_ _
H eeman 48191B- I+ 05(ByJ3+ By Jy+B,J7)}. have population of the lowest Zeeman component in the ini-

tial state, i.e., the)'=1, M;,=—1 state. Thel'=1, M;,
In fitting our experimental data to the theory outlined here= —1 state contains onl$=5/2 states fronM = —5/2 up
we use as basis functions the simple product functiongo 3/2. Since theMg value is conserved in the transitions
|SMg)|njm;) and numerically solved the exchange and perthose four final states associated with Me=5/2 final core
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FIG. 7. Comparison between

W EIB |
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Zeeman intensities for the

2Pg(I'g) line. The lines close to
860 cmi ! and at higher energies

- ELB - w’/—ﬂg EN[001] are due .to transition to the
2P5(T"7) line.
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state can never be reached in electric-dipole transitions. Fur- —a co 1
initial)’ ; = Sp += /BN’ 2 2 -
thermore, only 5% of the initial’ =1, M;,=—1 state is B=—5 —*gVdSN'—a’(6-cosy), B=0.

associated withtM g=3/2 and these four transitions are ex-

pected to be weak. Each element of the matri@ can be expressed in terms ®f

and 8. The unique set ofr and 8 belonging to every non-
VI. POLARIZATION RESULTS perturbed line is determined by a fit to the experimental data.
The 2P5(I'g) line shows strong polarization selections
The polarization selection rules were also calculated. Theyles for FI[001]. The fitted intensities forFI[001] and
electric-dipole matrixQ for I'g to I'g transitions can conve- F|[111] using a=0.38 andB=0.08 are compared with the
niently be writte* experimental results in Figs. 6 and 7. Using the sansnd
B, the intensity for different stress directions and polariza-
tions could easily be calculated. Good agreement was ob-
2 4i tained, which gives further support for the correctness of the
Q'ele=— —(D+D’)U— —=D'V, model.
NE] NE] The measured intensities of thé2,(I'g) Zeeman lines
as well as the calculated ones are presented in Fig. 7. The
intensity parameters and 8 used here are the same as for
whereU are the matrices described abovejs defined by  unjaxial stress. Very good agreement between experiment
V=33, (2= 32 +(35-3%)- 3], andD and D’ are two  and theory was obtained f@I[001] andBI[111], whereas a
complex parameters, in general, that are given in all fousmall deviation was detected f@l[110]. However, this
parameters. The transition probabilities are determined byould easily be explained by a small error in Bidield axis
the squared absolute values of the componen@'ef e and  and/or in the photok vector. The Zeeman and stress spectra
the common phase factor Bf andD’ can be neglected. We were calculated using a Lorentzian line shape and a line
can therefore choosB=a andD’=pB€'¢, wherea and 83  width at half maximum of 2.1 cit-
are real positive numbers. The sum of the transition prob-
abilities from all initial states to, e.g., allZ,(I'g) final
states can be normalized for each polariz&tiemd we ob-

tain The GaAs:Mn excitation spectrum has been investigated
in detail by employing uniaxial stress and Zeeman spectros-
copy. All our experimental findings are fully in accordance
4|D+D’|2+16|D'|?=4a2+8aB cosp+2082=4N’; with the Mn™ +(shallow hol¢ model.

VIl. SUMMARY
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