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Neutral manganese acceptor in GaP: An electron-paramagnetic-resonance study
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In order to clarify the nature of the neutral Mn acceptor in GaP, we have carried out optical-absorption and
electron-paramagnetic-resonan@&>R experiments using both conventional and thermally detected EPR on
semi-insulating GaP:Mn. In thermal equilibrium at low temperatures, all the manganese occurs in the charged
acceptor state Mg2"(A™). By illumination with photon energies greater than 1.2 eV, it can be partially
converted into the neutral charge state. The arising photostimulated EPR spectrum shows the characteristic of
a tetragonally distorted center with an integer spin. The resonance lines are detectable only at temperatures
below 7 K, and their linewidth of about 50 mT is due to the unresolved Mn-hyperfine splitting. We interpret
the experimental data in terms of Mgi* ions on strain-stabilized sites of tetragonal symmetry due to a strong
T®e Jahn-Teller coupling within théT, ground state. Such a behavior is expected fordd 8efect, as
observed for the isoelectronic impurityCrin GaAs, and other tetrahedrally coordinated semiconductors. The
analysis of the EPR spectra thus verifies that, in GaP, the neutral charge state of the Mn acceptor is
Mng.>* (A% in contrast to its behavior in GaAs and IM$0163-18206)06139-9

[. INTRODUCTION The manganese acceptor level is deeper in GaP than in
GaAs and InP. In GaAs, it is indeed the shallowest of the
Manganese is one of the most intensively investigatedM levels. If the neutral acceptor is a Mhdeep center, it is
transition-metal(TM) impurities in 1lI-V semiconductors. €xpected to give rise to EPR lines similar to those of the
Among its peculiarities are its much higher solubility and iSoelectronic Ct" ion (3d*) in GaAs and InP. The aim of
diffusivity compared with other 8" impurities (except Cy,  this paper is to search for such EPR signals for the GaP:Mn
and that it forms the shallowest of the deep TM single acSystem. After presenting a background on the Mn acceptor in
ceptors(A%A~ or TM3*/TM?2"). GaAs, InI_D, and GaP, we study semi-insulating (._EaP:I_\/In Wlth
The most important problem, debated for a long time, wadhe Fermi level above the Mn accep_tor level. By |IIum|r1at|0n
the description of the electronic ground state of the neutraf '02‘Q’ temperatures, a photostimulated recharging of
manganese acceptor. Either the hole is withindtshell as  Mnca (A") is possible, as shown previously for other gM
for all other TM’s, so that the neutral acceptor steAd) is |mpur|t|§s in GaP. Th|s recharging was monitored by optlca_ll
Mn3* (3d%), or the hole is bound in a delocalize®g, orbit absorption and particularly by EPR. Another paramagnetic
around the MA" (3d°) acceptor cordi.e., the neutral Mn résonance spectrum appears, detected b_oth by_convgntlonal
acceptor is 4Mn?*, hole] complex. EPR and thermally detecte((Tl?) EPR, with an intensity
For GaAs:Mn it is now unequivocally clarified that the propgr}lorlal to the photostimulated decrease of the
second model describes all experimental results consistentl)/Nea (A ") signal(charged acceptor statelThe anal)z3|s of
This shallow character has been in evidence from electrorfliS Spectrum suggests that it is due to _(AO) (3d") by
paramagnetic-resonan¢EPR) experiments, and confirmed Comparison with that of the isoelectronic“Crin GaAs, InP,
by other techniques. From the similarity of the optical spec-2nd GaP.
tra of GaAs:Mn and InP:Mn, it can be expected that the
neutral manganese acceptor is also?Mooupled with a de-
localized hole in InP. However, in GaP:Mn, no features
which could be related to the neutral Mn have been observed In GaAs:Mn, EPR investigations have shdwhthat the
so far. For example, no EPR signal in the usual range ofsotropic resonance aj=2.77 is theAM==1 transition
magnetic field in the current experiments at ¥dand, and  within theJ=1 ground state resulting from the weakly bound
no sharp line near the onset of the photoionization band imole (j=3/2) exchange coupled to thed3 core (S=3). Also
the optical-absorption spectra pftype materials, have been the AM =2 transition aty=5.72 could be detected. These
observed in contrast to similar experiments in GaAs:Mn andesults have been confirmed by optically detected magnetic
INP:Mn. resonancODMR) via EPR-induced changes in magnetic

II. BACKGROUND: MANGANESE IN GaAs, InP, AND GaP
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circular dichroism(MCD) on p-GaAs:Mn? Also, the mea- Teller coupling on the excitedT; state’® The internal
surements of the temperature dependence of the paramatfF,—°A, transition has also been investigated in
netic susceptibility and magnetization could be interpretednanganese-doped GaAsP, (0.25<x<1) by PL2’
consistently within this modelruling out previous interpre- The results available fqu-GaP:Mn are less clear. By op-
tations of such experiments in the framework of thé*3 tical absorption, a broad photoionization band has also been
model®’ In the first paper concerned with optical absorptionfound (onset at about 0.4 eV, maximum at about 0.8
of p-GaAs:Mn, Chapman and Hutchindaobserved a broad eV),}”®%3and assigned to transitidf). However, no sharp-
absorption bandonset at about 0.1 eV, maximum at aboutline structure near the onset of this band has been reported.

0.2 eV) due to the charge-transfer transition The EPR results are contradictory. In some cases, in
o - p-GaP:Mn, the Mgf*(A‘) resonance has been
A"+hv—A~ +holey, (1) observed®? In p-GaP:Mn:Zn®® the spectrum of cubic

n?* was absent, and an orthorhombic Mn spectrum with a
solved®®Mn hyperfine structur¢/A|=57x10"* cm™?) has
een detected. This spectrum has been interpreted as arising

in addition to three sharp peaks at its onset. These pealM
were assigned to transitions to excited states of a hole weak
bound to the Mn acceptor core. This interpretation has bee : o :
supported by recent investigations of these peaks by uniaxiai°™ Mn on a tetrahedral interstitial site com_plexeq .W'th a
stress and Zeeman  Fourier-transform absorptioﬁ?eareSt'nez'EJhbor_Ga vacancy. Hov_vever, the interstitial posi-
spectroscop$® The peaks at 101.20, 105.16, 107.07, andtion of Mn. in this center is questionable, as th_e hygerfme
108.05 meV can be assigned to transitions from the groun onstant® is nearly the same as t_hat for subst|tut|ongl N’/lr)

state(1S;),) to the shallow effective-mass-like excited states ecent EPR and ENDOR experlm,g[r%ts on neutr on—wrg@ated
2Py Ty), 2PeTe), 2Pun(ls), and Py(ly) of a neutral  CaPLRef. 28 have suggested that Mhexists on interstitial

acceptor, respectively. The optical ionization energy is foun(fites' and is characterized by a considerably _Iarger hy_perfine
o bep1124 rTF:eV y P 9y constant(|A|=88.8x10 * cm 1) compared with substitu-

For p-InP:Mn the optical-absorption spectrimalso  tional Mr?". However, the identification of interstitial Mfi

showed a broad photoionization bafmhset at about 0.20 is not cqncll_Jsive. The ob;ervation of nearly identi_caIZWIn
eV, maximum at a%out 0.38 eMue to(t?{:nsitior(l), as well speptra n d'ffe.rem mate”g%zg'so"’.m.d their powderlike b?'
as three sharp peaks at 204.6, 210, and 213.1 meV, attribut Vz'fr_ make_s it likely that the origin of th_at spectrum Is a
to the transitions $3,—2P3,(I's), 2Psy(l'g), and n" ion at interfaces or at the surface, i.e., Mn is not in-
2P5,(I';), respectively, of a weakly bound hole with an op- corporated in the Iattlcc_a. .
tical ionization energy of 220.4 meV. These same energ)fvI Even though thereo IS no doubt about the existence of a
separations between the&sj, and 2P states were also ob- Nga aCceptor IgveA /A~ atE,,+0.41 ev, no reliable in-
tained in photoluminescence excitatitPLE) experimenté? formation is available at pres_ent to ascribe the n_eutral state of
which revealed additional splittings: the one at 184.6 me\/the mﬁ”ga”ese acceptor in GaP to aghth ion or a
was interpreted as that of th&],— 2S;, transition,which is (Mng, ™", holg complex.
forbidden in direct absorption. Thus the neutral manganese
acceptor seems also to forn{Mn?*, hole] complex in InP.
However, from EPR, ODMR, and optically detected
electron-nuclear double-resonance (ODENDOR The samples investigated were cut from the seed end
experiment$3~*no evidence for either a center withJa&1 (A1) and from the tail endE1) of a liquid-encapsulated
ground state or for a Mi (3d*) ion has been found so far. Czochralski (LEC)-grown GaP boule(diameter 40 mm,
The interpretation of the susceptibility results, presupposindgength 100 mm doped by adding metallic manganese to the
a Mn®" ground staté® are questionable in the same way asmelt. The Mn concentrations determined spectrochemically
that for the GaAs host. are 2<10'° cm 3 for the A1 samples, and»10'° cm™3 for
Manganese in GaP has been investigated-ificodoped the E1 samples. Iron is an usual residual impurity in LEC-
with shallow donorsandp-conducting(only Mn or Mn+Zn  grown llI-V semiconductors. Iit1 samples of the GaP:Mn
doping material. By several independent methods, it wasboule, where all Fe is in the Ee charge state, its content
established that Mn forms a single accepddfA~ located was estimated to bgFe]~8x10'* cm 2 from the °E—°T,
410+20 meV above the valence-band ed§e”® From EPR  zero-phonon lines in the optical-absorption spectrum using
and ENDOR experiments amtype GaP:Mn, it follows that the calibration factor available for Fein InP3!
the ionized acceptor state is the isolated JMA(A™) (3d°) Oriented samples have been prepared with dimensions 12
configuratior?®=* The spin-Hamiltonian parameters derived X3x3 and 155x7 mnt, with the long axis parallel to
from the cubic spectrum with six resolvéaMn (1=3) hy- (110 for rotation of the magnetic fielB in a{11¢ plane. A
perfine lines for the®A; ground state areg=2.002, second set of samples with their long axis aldfhg0 was
A=-53.05x10"* cm !, anda=10x10"* cm . By photo-  prepared for rotation oB in a {100 plane. Their large faces
luminescence(PL), the internal “T;—°®A, transition of were polished to carry out both optical-absorption and EPR
Mng2(A™) was detected? and consists of a broad band experiments under additional exciting illuminatiguhotoin-
peaked at about 1.2 eV and a zero-phonon (zpd) at 1.534  duced optical absorption, photo-EPR
eV followed by several phonon replicas involving an  The conventional EPR spectra were measured with a
impurity-induced gap mode dfw=39.5 meV. This internal Bruker ESP 300E spectrometer equipped with a gas-flow
PL has been used to investigate the ODMR of sulfurcryostat. The principles of the technique and the arrangement
donors?® The analysis of uniaxial stress and Zeeman experifor thermally detectedTD) EPR at liquid-helium tempera-
ments on the 1.534-eV zpl indicated a strofigge Jahn- tures are described in Ref. 32. Both conventional and TD-

IIl. EXPERIMENTAL DETAILS
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FIG. 1. Optical-absorption spectra of a GaP:N#i1 sample
measured at =78 K. Spectrum 1: after cooling in the dark. Spec-
trum 2: during illumination withhv.,=2.0 eV. Spectrum 2
(dashed curvewas calculated by subtracting the photoionization
absorption due to Eq2) from spectrum 2.

EPR experiments have been carried out atXheand.

IV. RESULTS

A. Optical absorption

Curve 1 in Fig. 1 shows the optical-absorption spectrum

of a GaP:MnE1 sample at 78 K. It consists of a broad
photoionizationlike tail with an onset at about 1.2 eV, and

two weak broad bands with maxima at 0.87 and 1.75 eV

The band at 1.75 eV is due to the spin-forbiddén—*T,
transition of Mrbaz*(A*). The corresponding PL spectrum
with zpl at 1.534 eV and phonon replicas were also detecte
at T=4.2 K, in accordance with Ref. 24. The origin of the
band at 0.87 eV has not yet been clarified.

Curve 2 of Fig. 1 was obtained during illumination with
hv=2.0 eV. It is dominated by the appearance of a broa

absorption with an onset at 0.4 eV and a maximum at about

0.8 eV. This absorption is due to photostimulated
Mng,2"(A9), as its spectral shape is identical with that of the
photoionization transition

Mn3* +hyv—Mn?" +hole,, 2)

detected on heavily Mn-dopgattype GaP-’ The amount of
photostimulated Mg,2" (A is represented by the photo-
stimulated absorption coefficient, measured at 0.7 eV.
Curve Z of Fig. 1 was obtained from curve 2 by subtracting
the photoionization absorptidi2) with a maximum at about
0.8 eV, where its spectral dependence in the region above 1
eV was taken from the absorption ptGaP:Mn (Ref. 17
fitted to curve 2 in the region 0.4 to 1.2 eV. Curvé @em-
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FIG. 2. Dependence of the normalized photostimulated absorp-
tion a,; (see Fig. 1 on illumination energyhve,. of GaP:Mn ob-
tained atT=78 K. W, sampleE1l. [J, sampleAl.

has its onset at 1.2 eV. The comparison of the absorption
spectra of Fig. 1 with Fig. 2 suggests the following recharg-
ing process. An unidentified defelt with a level position
X9/X" at aboutE,,+1.2 eV can be occupied by electrons
excited from the valence band according to
X"+ hvgee— X%+ holep, ©)
and the holg, are captured by Mg?"(A~) which exists only
in the dark(see below forming Mng.>* (A°):
Mn?* +holg,,—Mn®". (4
The unidentified defeck must be a deep donor as all Mn
acceptors are compensated; i.e., they are in thg,MoA ™)
state. ForE1 sample[Mn]=9x10'" cm3) the concentra-
tion of X should be larger than>810'® cm 3. Compensating
fpr the Mn acceptors, a considerable number of XAex ™
levels are emptied and are available for the recharging pro-

cess(3). A possible candidate foX would be the phosphor-
ous antisite defect, but its concentration is too low by an

Cprder of magnitudésee Sec. Il B.

The photostimulated Mg>" (A% signal intensity decays
very slowly in the dark after switching off the illumination;
the decay varies asIn(t/7) with ~10° s. Such a logarith-
mic decay was found also for other photoinducedgfMen-
ters in GaAs and GaP . However, the original situation can
be restored optically by illumination with light of energy 0.4
eV<hv<1.2 eV, i.e., by illumination into the Mi/Mn>*
photoionization band according (). This behavior is illus-
trated in Fig. 3 for the M# -related absorptiomy, ; it was
also monitored for the Mg2"(A™) resonance signal.

2 B. Conventional EPR

The EPR spectra were investigated in the magnetic field
region up toB=2.1 T. In bothE1l and A1 samples, the

onstrates clearly that the broad photoionization absorptiomell-resolved six-line spectrum due to the negatively

with an onset at 1.2 eV decreases with increasigg The

charged acceptor My?* (A7) (S=32) with the same param-

same spectra and photostimulated effects were observed etersg, A, anda, as found earliet® dominates the spectra in

Al samples but with smalle, because of the lower Mn
content. Figure 2 shows the spectral dependeneg;athich

the low-field region(0-0.5 T, see Fig. ¥ The linewidth of
the single hyperfine lines iAB,,~6 mT. Additionally, in
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FIG. 3. Decay of the photostimulated Mgi*(A° absorption _ _
(ap at 0.7 eV observed al =78 K in the dark after switching off Flg- g ~Conventional  photostimulated EPR  spectrum  of
hve=2.0 eV att=0, and after switching on the bleaching illumi- Mngz"(A") in GaP atT=4 K and 9.45 GHz, an®I(110. The
nationh»,=0.75 eV att=600 s. expectecPSMn hyperfine structure is included for comparison with
the linewidth.

both kinds of samples the weak resonances due to the antisite

defect, R,*P,, were found [estimated concentration: Zeeman splitting as observed by TD EPR for the most in-

(5+3)x10% cm 3. tense resonance of €rin GaAs* InP>® and GaP® In
Under illumination with band-gap light, the concentration addition to the signals detected at higher magnetic fields,

of Mng, 2 (A™) decreaseFig. 4), and simultaneously a pho- several broad lines were observed in the low-field range

tostimulated spectrum appedfEg. 5. The large linewidth  which cannot be unambiguously identified as JH (A%
of about 50 mT suggests that it can be due to a Mn-relategesonances.

center. It is most probable that this large linewidth is caused

by an unresolved Mn hyperfine structure which is schemati-

cally included in Fig. 5. If the temperature is raised above 7 C. TD EPR

K, there is a rapid decrease in the observability of the spec- TD EPR is a powerful tool, particularly for the identifica-

trum due to line broadening. The angular dependence for @ion of impurities which are strongly coupled to the semicon-

rotation of the magnetic field in 100 crystal plane is ductor lattice. This is expected to be the situation for the

shown in Fig. 6. It appears to be a typical curve for a tet-neutral manganese acceptor if it exists asd4 i®n in GaP.

ragonally distorted center with the zero-field splitting of theln the low-field region(B=0-0.6 T), the signals due to

ground state due to the tetragonal distortion larger than th#ing,2"(A™), and the phosphorous antisitg P, could be
detected in thé\1l andE1 GaP:Mn samples. Additional sig-

nals appear after illumination. However, they cannot be due
(a) to a 3d* ion. Figure 7 shows typical TD EPR spectra in the
high-field region(about 1-3 7§ for the main directionsB
band-gap light along(100 and(110) in E1. Before illumination, only weak
o resonances, unidentified so far, are detected. Following illu-
—_ <100> <110>
[
5 a+
o .
T (b) ok sl GaP: Mn .
w WWW WMWWW {100} rotation plane
E L
GaP: Mn o 1-2,BLz
T= 20K 2
B/ <110> o 18 .
k]
=
g |
M 2 = |
n
Ga
- L L 1.7 Ll i ! l | ! | l
250 350 450 0 20° 40° 60°
Magnetic Field (mT) Angle of Rotation
FIG. 4. Conventional EPR spectra of MA*(A™) in GaP at FIG. 6. Angular dependence of the 1-2 fine-structure transition

9.45 GHz with additional band-gap illuminatio@ and without  (see Fig. QOanGae’*(AO) measured by EPR®) and TD EPR(¢)
illumination (b) at 20 K and the magnetic field oriented along a on a GaP:MmM1 sample. The solid curve is the fit of the data points
(110 axis. with the Hamiltonian(5) and the parameters of Table I.
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FIG. 7. TD EPR spectra of a GaP:Mfl sample observed at o Li I I 1 1
T=4K with BI{100 and(110). The upper spectra are measured in o° 200 40°
the dark, and the lower ones after illumination whth,,.=2.25 eV. Angle of Rotation
The arrows indicate the signal due to the 1-2 transition of
MnGa3+(AO)- FIG. 8. Angular dependence of the fine-structure line positions

of the Mng 2" (A% charge state in GaP obtained at 9.44 GHz. The

mination, additional lines are created. A very broad and inmagnetic field is rotated if110 (a) and {100 (b) crystal planes.
tense photostimulated signal appearsBat2.7 T which is  The experimental data are given by solid circles, and the theoretical
very strongly angular dependent, and can be observed for fg by solid lines(details concerning the calculation are given in the
few degrees around parallel to(100 only. The assignment tex.
of this signal remains unclear. i . i

In the magnetic-field region 1.7-1.9 T, a signal with g certain minimum value. The five lowest states fréfiy can
linewidth of about 50 mT is detected after illumination in °€ described by the spin Hamiltonia8=2) (e.g., Ref. 34

bothAl andE1 samples, also by TD EPR. Hil, it overlaps _ 2 1
with other photoinduced lines for some orientationsaln, it~/ 914882501 #a(BS+ByS)) + D[S, ~5S5(S+1)]

is the only line seen at higher fields. Its angular dependence | 1554 g%+ 5%+ L FI355%+ [ 25— 305(S+1)]S2
is identical with that measured by conventional EfFR). 6). sal(Sy $ S2)+ {355 +1 = 1S:)
This signal has been investigated at different frequencies be- 5

tween 9 and 10 GHz. where thez axis of the coordinate system coincides with the

cubic[001] axis, and thex andy axes are parallel tp100]
V. DISCUSSION and [QlO], respectively. There are three rr_lagnetically _differ-
ent sites. The parameters required to fit the experimental
The photostimulated lines which could be related to Mnpoints of the angular dependencies in Figs. 6 and 8 are given
are intense in the high-field region. By the fact that the tranin Table |. The intense lines observed experimentally in the
sition probability in the low-field regiong.; about 2 and high-field region are caused by transitions within the Kram-
greater than Ris low, one can conclude that an integer spiners doublet labeled 1 and 2 in Fig. 9. The solid lines in Fig.
system with an even number of unpaired electrons is respor8 are calculated using the parameters of Table | and an exact
sible. These behaviors coincide with the expected propertiediagonalization of the spin Hamiltonia®). The advantage
for a 3d* system inferring that, in GaP, the neutral Mn ac- of a rotation in a{100 crystal plane is the much weaker
ceptor is Mis,>"(A9). In the following we will analyze the angular dependence connected with an easier observability.
photostimulated spectrum within the assumption ofdf 3 However, for the detectable transitions the angular depen-
system occupying @, site. The ground state of ad3ionin  dencies are extremely sensitive to misalignments of the rota-
a tetrahedral field iST,, and the excited state 7& separated tion axis in both thg110 and {100 rotation planes. There-
by the crystal-field splitting\. The °T, ground state under- fore, great care was needed during the alignment of the
goes al ® e Jahn-Teller effect, and is thus split by combined samples in the cryostat for reproducible results. The calcula-
interaction with the spin-orbit coupling, random strains, andtion of transition probabilities through the calculation of the
any magnetic field which is present. The EPR spectrum igigenfunctions shows that the largest transition probability is
dominated by tetragonally strain-stabilized sitésnd thus  for the so-called 1-2 transition & perpendicular te. This
the size of strains is unimportant provided it is higher than aesult supports our observation that the most intense lines
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TABLE I. EPR parameter of tetragonally distorted“enters in GaAs, InP, and GaP assumes =0.

Material:
center a g, D (cm™) a(cm™? F (cm™} Method Ref.
GaAs:Cr 1.9783) 1.9972) —1.86Q016)* 0.031(13)* o* EPR 39
- - —1.8955) 0.0352) —0.0533) TD EPR 34
InP:CP* 1.9813) 2.0105) —-0.96711)* 0.0897)* o* EPR 40
1.933 1.968 -0.97 0.114 —-0.076 TD EPR 35
GaP:Cf" 1.97 2.03 —1.51)* 0.0657% o* TD EPR 36
GaP:Mnri* 2.005) 2.005) ~1.14%5)* 0.0245)* o* EPR/ This
TD EPR paper

occur for that transition in the high-field region. Becausesignals at about 1.8 T in the temperature range between 4
certain experimental data exist only for the high-field transi-and 6 K(Fig. 9).

tions, the spin-Hamiltonian parameters could not be deter- In both conventional and TD EPR, the spectral depen-
mined independently. A coincidence with experimental datalence of the Mn-related line intensities shows the conversion
was achieved under the assumption of isotrgpi@lues near  of Mng,2"(A™) into Mng,>" (A% with an onset ahv,~1.2

2 andF=0. The othed” examples in Ill-V material§Table eV (Fig. 10. The decrease of the Mg (A™) spectrum

I) confirm that for the ground state the orbital angular mo-achieves saturation values of 60%1() and 35% A1) of
mentum is nearly completely quenched, yieldingalues of  the dark values with the illumination conditions prevailing in
about 2. Furthermoref: values substantially larger thaam  our conventional EPR experiments. Therefore, the maximum
are not expected. The sign of the zero-field-splitting paramachievable concentration of Mg (A°) is derived from the
eterD was found to be negative from the temperature depenphoto-EPR results to beMn®"](E1)~3.6x10% cm 3 and
dence of the intensity of the high-field conventional EPR[Mn3*](A1)~1.3x10' cm 3. In the case of conventional
EPR, for hve,>1.2 eV, the Fg, 2" (A% spectrum is also
measured. The appearance and increase gf H&\°) above
hve.—=1.2 eV is connected with a corresponding decrease of
the °E—°T, absorption lines of Re2"(A") (Ref. 3§ mea-
sured by optical absorption. The increase of £&A°) is

D>0
/
4 0 < caused by the capture of hglereated according to E43)
< \ by FQ_?,a2+(A_).

0 2 0 1 2 VI. CONCLUSION
Magnetic Field (T) Magnetic Field (T)

D<0

\

Energy (cmr1)
o

We have observed a photostimulated EPR spectrum in
C 4 both conventional and TD EPR which could be attributed to
the neutral Mn acceptor state Mﬁ*(AO). This conclusion is

1

-‘g supported by several arguments. First, the signal is Mn-
£
ol
& 05 1 Foooooooo0g . e®®
2 2+
% % MnGa ° o®
E 5 o
o / *E o
4 / - e
/ EPR transition at B=1.8 T o
o L1 L I 1 ! o osf :
2 4 6 8 10 > o
] ° 0o o
Temperature (K) N
]
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FIG. 9. Determination of the sign of the zero-field splitting pa- Z 0le o o.00

rameterD of the Mng,>" (A% charge state in GaP from the inves- 05 10 15 20
tigation of EPR line intensities. The figure presents energy level

diagrams assuming a positive sign and a negative sighatfB_L z. (eV)
A comparison between the experimental data from conventional
EPR experiments given by solid circles and the calculated tempera- FIG. 10. Dependence of the photoinduced changes of the Mn-
ture dependence of the line intensitig®lid line for negativeD, related conventional EPR signal intensities on illumination energy
and dashed line for positii@) shows thaD is negative(bottom). hve,. of GaP:Mn Al measured atT=20 K. Open circles:
The transition which has been analyzed is indicated in the leveMng2"(A7). Solid circles: M2t (A%). The values ahvg,=0.5
diagrams. eV are also the dark values.

hv
exc
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related because the large linewidth indicates the unresolvediecrease in the signal intensity aleoX K and also because a
*Mn hyperfine splitting, and, second, the photostimulation(100) distortion axis is not probable in that kind of as-grown
of this signal is connected with a simultaneous decrease aétrahedral host.

the Mrba2+(A7) signal. The latter verifies a direct conversion  \We have not found any signals with values which are
process for the Mn acceptor. Furthermore, the onset at 1.gredicted for the neutral Mn acceptor state corresponding to
eV and the spectral dependence observed for the EPR signgin,.>* and a delocalized hole® in the GaP:Mn samples.
coincide with that of the photoionization band of Therefore, we conclude that, in contrast to GaAs:Mn, in
Mng.>* (A in the optical-absorption experimenits. Figs. 2 GaP:Mn the neutral acceptor state is addii ion on strain-

and 10. Third, the angular dependencies have been arguestabilized sites of tetragonal symmetry due to a strong Jahn-
to be determined by the general feature ofdd 8enter ona  Teller coupling of the’T, ground state.

tetrahedrally coordinated lattice site. They can be described

by an S=2 spin manifold in a tetragonal symmetry. The

tetragonal distortion is caused by the action of a strain-

stabilizedT®e Jahn-Teller effect, as has been reported pre-

viously for CP" in several Ill-V materialgsee Table)l A ACKNOWLEDGMENTS

priori, we cannot exclude the possibility that the tetragonal The authors would like to thank C. A. Bates, B. Clerjaud,
distortion is produced by an associated defect, but compleand W. Gehlhoff for valuable discussions, and H. von Kied-
model is very unlikely because it cannot explain the rapidrowski for the preparation of the oriented samples.

1J. schneider, U. Kaufmann, W. Wilkening, M. Baeumler, and F.*®H. J. Sun, R. E. Peale, and G. D. Watkins, Phys. Re45B8310

Kohl, Phys. Rev. Lett59, 240 (1987). (1992.

2y. F. Masterov, K. F. Shtelmakh, and M. N. Barbashov, Fiz. *°D. G. Andrianov, A. S. Savelev, and S. M. Yakubenya, Fiz. Tekh.
Tekh. Poluprovodn22, 654 (1988 [Sov. Phys. Semicon®2, Poluprovodn.20, 1253 (1986 [Sov. Phys. Semicon®0, 791
408 (1989]. (1986].

3N. S. Averkiev, A. A. Gutkin, O. G. Krasikova, E. B. Osipov, and '’S. A. Abagyan, G. A. Ivanov, G. A. Koroleva, Yu. N. Kusnetsov,
M. A. Reshchikov, Fiz. Tekh. Poluprovod3, 73 (1989 [Sov. and Yu. A. Okunev, Fiz. Tekh. Poluprovods, 369 (1979
Phys. Semicond23, 44 (1989]. [Sov. Phys. Semicon@®, 243 (1979)].

18A. O. Evwaraye and H. H. Woodbury, J. Appl. Phy, 1595
(1976.

19R. F. Brunwin, B. Hamilton, J. Hodgkinson, A. R. Parker, and P.
J. Dean, Solid-State Electro4, 249 (198J).

4M. Baeumler, B. K. Meyer, U. Kaufmann, and J. Schneider,
Mater. Sci. ForunB88-41, 797 (1989.
5Th. Frey, M. Maier, J. Schneider, and M. Gehrke, J. Phy21C

5539 (19889. 20 )

6D. G. Andrianov, Yu. N. Bolsheva, G. V. Lazareva, A. S. Sava- 21}3' ié;ltllzen;;i r-]r'ai'dPISETSlgtt’sgppgoigy;'t;?v‘égi%2}]6%15
lev, and S. M. Yakubenya, Fiz. Tekh. Poluprovod, 810 (1979. ' '
(1983 [Sov. Phys. Semicond.7, 506 (1983]. 22p_yan Engelen, Phys. Rev. R, 3144(1980.

’D. G. Andrianov, Yu. A. Grigorev, S. O. Klimonskii, A. S. 23y | Kirilov, N. V. Pribylov, S. I. Rembeza, A. I. Spirin, and V.
Savelev, and S. M. Yakubenya, Fiz. Tekh. Poluprovddy 262 V. Teslenko, Fiz. Tverd. Telé_eningrad 24, 1494(1982 [Sov.
(1984 [Sov. Phys. Semicond.8, 162(1984]. Phys. Solid Stat@4, 853(1982].

8R. A. Chapman and W. G. Hutchinson, Phys. Rev. LE8.443,  24p T. Vink and G. G. van Gorkom, J. Lumirs, 379 (1972.
822(E) (1967). 25p_ Omling and B. K. Meyer, Phys. Rev. 8}, 5518(1991).

9M. Kleverman, E. Janzen, M. Linnarsson, and B. Monemar, in26G, Hofmann, F. G. Anderson, and J. Weber, Phys. Rev.3B
Impurities, Defects and Diffusion in Semiconductors: Bulk and 9711 (1991).
Layered Structuresedited by D. J. Wolford, J. Pernholc, and E. 2’G. Hofmann, A. Keckes, and J. Weber, Semicond. Sci. Technol.
E. Muller, MRS Symposia Proceedings No. 1®3aterials Re- 8, 1523(1993.
search Society, Pittsburgh, 199@. 207. 283 J. C. H. M. van Gisbergen, M. Godlewski, T. Gregorkiewicz,
10M. Kleverman, E. Janzen, A. Thilderkvist, M. Linnarsson, and B.  and C. A. J. Ammerlaan, Phys. Rev.48, 3012(1991).
Monemar, inProceedings of the 21st International Conference “°M. Feege, S. Greulich-Weber, and J.-M. Spaeth, Semicond. Sci.
on the Physics of Semiconductoegited by P. Jiang and H. Technol.8, 1620(1993.

Zheng(World Scientific, Singapore, 1992p. 1657. %0In theQ band we have observed MhEPR spectra with identical
1B L ambert, B. Clerjaud, C. Naud, B. Deveaud, G. Picoli, and Y. g values and hyperfine constants in several materials.

Toudic, J. Electron. Materl4a, 1141 (1985 31H. Ch. Alt, R. Treichler, and J. Voelkl, Appl. Phys. LeB9, 3651
12B plot-Chan, B. Deveaud, A. Rupert, and B. Lambert, J. Phys. ¢ (1991.

19, 5651(1985. 32p. Vasson, A.-M. Vasson, N. Tebbal, M. El-Metoui, and C. A.

13y, F. Masterov, Yu. V. Maltsev, and K. K. Sobolevskii, Fiz. Bates, J. Phys. 26, 2231(1993.

Tekh. Poluprovodnl5, 2127(1981) [Sov. Phys. Semicond.5, 33w, Ulrici and J. Kreissl, inProceedings of the 5th Conference on
1235(1981)]. Semi-insulating IlI-V Materials, Malmoedited by G. Gross-
14y. Dawei, B. C. Cavenett, and M. S. Skolnick, J. Physl; L mann and L. Ledebdnstitute of Physics and Physical Society,

647 (1983. London, 1988, p. 381.



54 NEUTRAL MANGANESE ACCEPTOR IN GaP: N ... 10 515
34C. A. Bates, M. Darcha, J. Handley, A. Vasson, and A.-M. Vas-3'C. A. Bates and K. W. H. Stevens, Rep. Prog. PMg. 783

son, Semicond. Sci. Technd, 172(1988. . (1986. N
353, Handley, C. A. Bates, A. Vasson, A.-M. Vasson, K. Ferdjani,” G- Rickert, K. Pressel, A. Dmen, K. Thonke, and W. Ulrici,

. . Phys. Rev. B46, 13 207(1992.
and N. Tebbal, Semicond. Sci. Techn®).710(1990.
36 o ( O %93, J. Krebs and G. H. Stauss, Phys. Revl@3971 (1977.
A.- M. Vasson, A. Vasson, M. El-Metoui, A. Erramli, A. Gavaix, 4G, H. Stauss. J. J. Krebs. and R. L Henry, Phys. Re6E974
and C. A. Bates, Mater. Sci. Forufi®3-147 833 (1994). ('19%3_ T ' o ' ' '



