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The Lyman spectrum of substitutional boron acceptors in diamonds with natural composition and that in a
13C diamond exhibit remarkably similar features, but shifted to higher energies in the latter by 0.4—1.5 meV.
Additional lines appear when the spectra are recorded as a function of temperature, indicating the thermal
population of a leve\’~2 meV above the ground state; this can be interpreted as the spin-orbit splitting of
the 1s acceptor ground state intes(ps,) and 1s(py,.), the latter located’ above the former. The Raman-
allowed 1s(p3,) — 1s(p10) electronic transition is directly observed at 2D7and 2.011) meV in the Raman
spectrum of natural anfC diamond, respectively. Polarization features of AHeRaman line reveal that it is
predominantlyl's in character, as predicted by a theoretical calculation formulated in terms of the known
values of Luttinger parameters. The theoretical expression for the Raman cross sectionefoables the
acceptor concentration to be deduced from an intercomparison of the intensity &f tiree and that of the
zone-center optical phonon. The presence of boron acceptors produces a quasicontinuous absorption spectrum
in the range of the optical phonon branch, flanked by a sharp feature at the zone-center optical phonon
frequency; their appearance can be attributed to the partial breakdown of the translational symmetry and the
activation of otherwise inactive vibrationsS0163-18208)03624-3

[. INTRODUCTION photo-ionization continuum of holes bound to boron accep-
tors, the intensely blue Hope diamond being a striking ex-
Diamonds have been classified as type | if their infraredample. The physics of the bound states of acceptors, well
absorption spectra exhibit impurity dependent, iextrinsic ~ documented for Si and Gé needs to be fully explored for
features in the 6.5—1Rm range; the relatively rarer type || diamond.
specimens are, in contrast, transparent in this rebidath Our infrared studies on the Lyman spectra of neutral bo-
types displayintrinsic absorption bands in the 2.5—64n  fon acceptors in natural type Ilb specimens, a man-made
range, now known to be due to multiphonon excitatibns. Poron-doped sample with natural carbon composition, i.e.,
Kaiser and Bon#lreported the striking observation that the “Coess ‘Coo11, and a boron-doped®C diamond have re-
extrinsic infrared absorption bands arise from the presence dealeda remarkable example of “central cell” corrections
nitrogen in type | diamonds whereas type Il diamonds ardor the same substitutional acceptor but located in a host
nitrogen-free. Custetsmade the startling discovery that differing merely in its isotopic compositiotWe have also
there are extreme|y rare Specimens of type 1] diamondgiSCOVGred the Raman transition between the Spin-orbit Sp"t
which are highly conducting, some with resistivities as lowground states of the boron acceptor in all the specimens;
as 250 cm, whereas type | and Il specimens typically ex-Once again, an isotope-related, small but spectroscopically
hibit resistivities well in excess of 30Q cm. The low re- accessible difference is manifested. We have published short
sistivity diamonds have been designated as type Ilb whered§ports**° of these findings. In the present paper we give a
the nitrogen-free, high resistivity specimens are classified agomplete account of these investigations along with the un-
type lla. On the basis of Hall effect studies, Austin andderlying theory.
Wolfe® and Wedepofiishowed that type IIb diamonds ape
type, acceptor concentrations as high 51@15)_16 cm 2 being Il. EXPERIMENTAL PROCEDURE
encountered in their studies. Further, the infrared spectra of
type llb diamonds exhibit Lyman transitions characteristic of Two type llb specimens of natural diamond as well as a
the bound states of the acceptor-bound hdfés. boron-doped diamond of natural composition and a boron-
Even after the successful synthesis of diamond with theloped**C diamond, grown by CVD followed by the HPHT
high-pressure-high-temperature techni§u¢HPHT) and  technique, were studied in the present investigation. The bo-
with chemical vapor depositiof€VD),1%only p-type dop-  ron doping of the man-made diamonds was accomplished by
ing with substitutional group Il boron impurities has beenadding 99.999% pure amorphous, submicrometer, boron
successfut? Boron-doped diamonds are bluish to distinctly powdet® to the diamond growth cell mixture of powdered
blue in color as a result of the absorption in the red due to th®7% Fe-3% Al metal solvent, and a feedstock of CVD dia-
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l tions characteristic of the valence band maxima. Consistent

15(Pse), T v A with the T4 symmetry of the substitutional acceptor, the
1s(pi2), T7 =\ mimmn e _T_ bound states are characterizedIty, I'5, or I'g symmetry.
The 1s(ps;») and 1s(pyp) ground states havEg and I';
symmetry, respectively. The binding energies of #hike
and p-like states are determined by the effective mass pa-
y rameters, or equivalently by the Luttinger parametend
the dielectric constant of the host. In addition, the bound
w states might experience shifts originating in the departures
from EMT, i.e., the so-calleticentral cell” corrections.**%®
At the lowest temperature, the electric-dipole-allowed
vy transitions from the &(I'g) to the excitedp states, i.e., the
P.. valence band _|L - J|i|lw - _ Lyman lines, are observed for the boron acceptors in dia-
I mond in the range 2400-5500 cm as absorption
1 " peaks> >*as minima in the photoconductivity for phonon-
A 0 assisted transitions occurring above the photoionization
v - limit;>2” or as peaks due to the photothermal ionization from
- ~ the excited state¥.In Raman spectroscopy, being driven by
e N nonvanishing “transition” polarizability, one can observe
.7 Py, valence band "« . transitions only between even parity stat@his is also true
for two-photon transition&® For diamond, we have discov-
FIG. 1. Energy levels of a hole bound to a substitutional boronéred the $(I'g) to 1s(I'7) transition to be discussed in Sec.
acceptor shown schematically. The diagram also shows the Lyma¥. Coherent anti-Stokes Raman scattetinis yet another
transitions from the ground state associated with i valence  spectroscopic technique in which the selection rules for the
band (solid line) as well as those associated with fhg, valence  resonances observed are identical to those in Raman scatter-
band(dashed ling A is the energy difference between the maximaing and two-photon absorption spectroscopy. The “two-
of the two bands and’ that between the two ground states, asso-electron transitions” in the luminescence spectrum of donor-
ciated with thep,, and thepy, valence bands, respectively. bound excitons in GaP and in Ge* the far infrared
absorption spectra of a steady state population of donor- or
mond powder having natural of’C composition. Several acceptor-bound excitons in $i,and the luminescence exci-
natural type lla and &3C type lla (nominally boron-frep  tation spectroscopy of donor-acceptor pairs in Bafe ad-
specimens were also investigated for comparison. ditional examples of spectroscopic phenomena in which the
The infrared transmission of the diamond specimens wabound states of donors and/or acceptors have been observed
measured with a BOMEM DAS3 Fourier transform and delineated.
spectrometéf and a cooled mercury cadmium telluride  The spin-orbit splitting of the valence band of diamond,
detectot® operating at 77 K. A resolution of 1.0 cm i.e., the energy separatiah between thepg(I'g) and the
proved adequate for recording the spectra in view of the,(I';) valence band maxima, has been deduced by
half-widths of the excitation lines. The Raman spectra wergRaycl{® on the basis of cyclotron resonance of holes; he
recorded on a Jobin Yvon, charge-coupled-devi€€ED)  detected the mm-wave cyclotron resonance of the light holes
based, multichannel triple spectrometear on a Spex 14018 iy the p,, band as well as the holes in thg,, band by
double triple) spectrometéf equipped with a RCA photo-  sejectively populating the respective bands employing light
multiplier tube (type C31034A and standard photon- from a monochromator, magnetic fields being selected to
counting electronics. Several lines of an‘Aleser(Coherent  gchieve cyclotron resonance for the specific band. His mea-
Model 10,%°a Kr" laser(Spectra Physics Model 174" and  gyrements yielded =6 meV. The corresponding spin-orbit
a He-Cd lase(Omnichrome 2074 (Ref. 22 were used t0  gpjitting of the I ground states)’, need not be the same as

excite the Raman spectra. Both infrared and Raman spectigqgwn by Lipari and Baldereschi for acceptors ir?i.
were studied as a function of temperature using variable tem-

perature cryostats.

/

IV. LYMAN TRANSITIONS IN THE INFRARED

Ill. ELECTRONIC TRANSITIONS OF ACCEPTOR-BOUND . )
HOLES: GENERAL CONSIDERATIONS In Fig. 2, the absorption spectrum of a natural type llIb
(D1) and of a type 11aD18) diamond, recorded at 5 K, are

As is well known?? substitutional group Il boron, replac- compared in the spectral range 1800—6000 EmWhile
ing a group IV host atom in an elemental semiconductor, isoth clearly display the same multiphonon features in the
an acceptor with a hole bound to it at sufficiently low tem-range 1800—2300 cnt, the type Ilb specimen exhibits over
peratures; the bound states of the hole are shown schema®8 distinct and sharp excitation lines of varying linewidths
cally in Fig. 1. In the effective mass theoffMT),?*includ-  ranging from~5 to 44 cn1 . These lines constitute the Ly-
ing spin-orbit effects, these states are associated with th@an spectrum of the substitutional boron acceptors in
paaATs) andpyAT';7) valence band maxima located at the diamond>~21415383The inset shows the excitation lines of
zone center. The wave functions of the bound states aranother natural type 11IlD2) specimen in the range 2750—
products of hydrogenic envelope functions and Bloch func2850 cm . The boron concentration of D2 is clearly smaller
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most intense electronic transitions in the range of 2750-2850 cm
for a natural type 11b(D2) specimen having a smaller boron con-
centration.

(boron-dopedl (D41) diamond. The characteristic electronic
excitations of the acceptor-bound holes in the type IlIb dia-
mond appear strikingly. Note that the shift of the underlying
) . ) phonon feature in thé*C specimen has revealed the weak
than that of DI'° allowing a clear observation of the intense gectronic transition at 288.8 meV. This is the analog of the
lines. Thle photoionization  continuum  beginning 289.8 meV line reported by Davies and Stedman for natural
~3000 cm * extends well into the red gnd accounts for thetype lIb diamond’” The inset compares the absorption spec-
charactgrlsuc blue polor of type llb dlamonds.. The'broadtrum of the type Ilb and that of the type lla diamond, the
absorption feature in the range 3600-4300 ¢ris attrib-  |atter magnified 100 times. It thus appears that the nominally

uted to electronic transitions coupled with the “defect-poron-free type lla diamond is not entirely free of boron
spectrum” and that in the range 4800-5500Crio elec- The comparison between a natural and*& type Ilb

troniC transitions accompanied by the overtones and Combbiamond iS emphasized in F|g 4 in the range of the Sharp
nations of the DIFO. We will discuss these further in Sec.excitation lines. The spectra are remarkable in their exact

VI. o ] ) . correspondence even to the minutest detail. Further, they ex-
In a similar fashion, Fig. 3 shows the absorption spectrunhipit a unique feature: the corresponding lines of e

of a single crystal*°C, type lla(D40) and of a type llb  giamond areshifted to higher energies by increasing
amounts from 0.4 to 1.5 meV, as can be seen from Table I.

Energy (meV) In contrast, the multiphonon features of thi€ diamond are
230 300 390 400 450 S0 S S0 o ™ shifted tolower energies with respect to those in the natural
120 = 135 Diamond N diamond as is to be expected from the virtual crystal ap-
T=5.0K proximation(VCA) (scaling according to the inverse square
—~ i i root of the average isotopic mass of carbon, Me-,*/?). This
€ is a unique example of the “central cell” corrections to the
g 80— 7 binding energies of bound states of a substitutional acceptor
g (boron, in this case) being influenced by the isotopic compo-
§ - 2750 2800 2850 q sition of the host, over and above the chemical nature of the
5 acceptor
2 o- i T Type Ila B
g B-doped, Type IIb TABLE I. Energies of the most prominent electronic transitions
b4t of boron acceptors in diamondeV).
L | D40 Line no. Natural diamond  *3C diamond Difference
2000 3000 4000 5000 6000 11 337.38 337.76 0.38
-1
Wave number (cm ) 12a 343.60 344.65 1.05
FIG. 3. The absorption spectrum of'dC nominally type lla, 13 346.60 347.81 1.21
and of a boron-doped diamond recorded at 5.0 K. The comparisoh4 347.21 348.37 116
between the spectra of the two speciméhe spectrum of type lla 15 349.29 350.54 1.25
enlarged 100 tim@sn the range of 2750-2850 ¢m shown inthe 20 359.56 360.96 1.40
inset. The type lla diamond here evidently was contaminated by2 362.64 364.10 1.46

boron during growth.
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(@ (b) tightly bound than the 4(p3») hole ground state as shown
T T ‘ ' ' | ' 12 schematically in Fig. 1. If the final state of two excitations
originating in 1s(ps,) and 1s(pys) is the same, the energy
2 1o, Natural il difference between them will yield’, the spin-orbit split-
! "Coses oot ting of the 1s ground state. From a comparison of absorption
i gg';:g;',:’d ° spectra at 5.0 K and 79.4 K, it is possible to identify pairs of

lines (one appearing in both spectra and the other only at the
higher temperatujewhose separations are very close. The
pairs, (11,11), (12,12), (12a,12a’), (15a,15a’),
(18,18), all exhibit a separation close to 2 meV. This is a
strong indication that this separation represents the spin-orbit
splitting of the Is ground staté® However, this has to be
regarded with caution, since the final states of the transitions
in a pair have to be the same in this interpretation. It also
%% 240 350 260 370 280 ignores the temperature dependence of the energies of the
Energy (meV) ground and excited states. It is thus clear thatshould be
deduced more directly at a given temperature. As will be

FIG. 5. The Lyman transitions of holes bound to boron accep-Seen in the next section, Raman spectroscopy offers precisely

tors in a natural diamond recordedTat 79.4 K andT=5.0 K. The such an opportunity.
arrows identify the new lines which appear at higher temperatures.

Note the difference between the two lines labeled with the same
number(unprimed and primeds ~2 meV. V. LYMAN TRANSITIONS IN THE RAMAN EFFECT

Absorption Coefficient (cm'1)

In order to account for the shift of the excitation spectrum A. Experimental observation
of boron acceptors int°C diamond with respect to that in A transition which appears in the infrared as allowed by
natural diamond, we have made preliminary estimates invokthe electric-dipole selection rule may or may not manifest
ing several mechanisms consistent with the difference intself in the Raman spectrum requiring a nonvanishing polar-
their atomic volumes. The estimated change in the dielectrigzability. Indeed, in a system with a center of inversion in its
constant gives rise to negligible shifts~(0® to  point group symmetry, the rule of mutual exclusion states
104 meV) in the binding energies of the effective massthat a given transition can be observed either in the infrared
states. The changes in the Coulomb energy of the hole in ther in the Raman effect but not in both.To the extent the
presence of the ionized acceptor yield a ground state shift nbound states of an acceptor in EMT are extended, the inver-
more than 102 meV for two approximations we consid- sion symmetry is not broken and bound states continue to be
ered: the charge of the ion was considered to be uniformlyf “even” or “odd” parity; in such a case, the &—np
distributed over its volume in one and over its surface in theransitions will appear in the infrared but be forbidden in the
other. The contribution of the tetrahedral potential leads tcRaman effect. Conversely, the transitions between even par-
shifts of no more than 0.2 meV. A preliminary analysis tak-ity states will be observed in the Raman effect but not in the
ing into account the position dependence of the dielectriénfrared. Such selection rules will not be strict to the extent
constant also yielded negligible effects. Anotherthe ground and excited states are not effective-mass-like;
mechanisft one could invoke views the self-energy of the however, T4 site symmetry must always prevail. Thus 1
states to arise from the electron-phonon coupling as dis—2s,3d, ... transitions might indeed be observed in the
cussed by Collingt al*?in the case of the indirect gap. This infrared, especially between states which have experienced
self-energy correction is proportional to the square of thesignificant central cell correctiof.In the context of these
amplitude of the lattice vibrations and hence varies as theonsiderations, we explored the Raman spectrum of boron-
inverse square root of the isotopic mass. Thus the differencgoped diamond in the range extending from 0 to 3500 tm
of such a contribution between that #fC and in natural We have succeeded in observing the(fs,) — 1s(py/0)
diamond is proportional tf1— (M /M 12)*2], whereM,,,  transition with a Raman shift ofA’=16.7(1) cm?!

andM 5 are the corresponding average isotopic masses. THe-6-2(1) cm '] for a natural t5C) type llb diamond at 5.0
magnitude of this shift cannot be easily estimated since iK- The Raman cross sections for transitions to higher lying
would require knowledge of the temperature dependence of 8/€N parity states are IS|gn|f|cantIy reduced anq sueh transi-
specific electronic transition, say, for natural diamond. In theions escape observation. Tladsenceof the A’ line in a
temperature range in which well resolved excitation linesSPectrum recorded with type lla specimens further confirmed
have been observed, such shifts are negligible within 5 téhe association o with boron acceptors. In the rest of the
300 K. section, we discuss th&' line.

The Lyman transitions in a natural type Ilb diamond, re- !N Fig. 6@, we show the Raman spectrum of a natural
corded at 5.0 K and 79.4 K, respectively, are compared ifyPe |lb specimer(D1) recorded at 46 K in the right-angle
Fig. 5. The arrows indicate new lines which appear as th&cattering geometry: incident light along|[[110] and po-
temperature is raised, evidently due to the thermal populatiotarized alongz||[001]; scattered light along’||[110] but
of an excited state lying close to the lowestdround level. not analyzed[In the notation of Damen, Porto, and Tell
Indeed, in EMT, these are associated with thg andp,;,  this scattering configuration is labeled a§zz+zx')y’.]
valence bands, with thes{p;,) hole ground state less The observation of lines labelefl’ both in the Stokes and
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FIG. 6. The Stokes and anti-Stokes components of 8{@4k) — 1s(p1») Raman transition labeled’ in (a) a natural type IIb(D1)

diamond at 46 K recorded in the right-angle scattering geométz+zx')y’, x'||[110], y’||[110], andz||[001] and (b) a *C diamond
at 37 K, in backscattering. Both spectra were excited with the 4765 Alaser line.

the anti-Stokes spectrum and their excitation with different In a previous treatmeftt of electronic Raman scattering
laser line&® clearly established their Raman character. Orby shallow impurities in semiconductors, the cross section
the basis of similar observations, the lines labelédn Fig.  for Raman processes is obtained in the framework of the
6(b) are the Stokes/anti-Stokes pair for a boron-dopé@l  effective mass theory exploiting second-ordeip perturba-
diamond(D41), recorded at 37 K in backscatterifigBoth  tion. In this theory the electron-photon interaction contains
spectra were excited with the 4765 A line of an'Alaser.  two terms, one linear in the vector potentéalof the radia-

In Fig. 7, we display the temperature dependence of th@on field and the other quadratic &. We refer to the linear
Stokes component ok’ in a man-made, boron-doped dia- and quadratic terms as the paramagnetic and diamagnetic
mond of natural CompOSItlorﬁD44) The Spectra, excited termS, respective'y_ In a Raman process, as in any two-
with the 5309 A line of a K laser, are recorded in the photon process, one must consider in its lowest approxima-
backscattering geometry alorj@01]. The intensity ofA”  tjon the paramagnetic coupling in second order and the dia-
decreases and its width increases with increasing temperghagnetic in first order. The ratio of the diamagnetic to the
ture. Above 200 K it finally becomes undetectable due to th‘i)aramagnetic scattering amplitudes is of ordém(E,)
combined effect of1) thermal ionization of the boron accep- \where# o is the incident photon energy ari|, a typical
tors and(2) line broadening, providing further evidence for excitation energy of the impurity, e.g., its ionization energy.

its electronic nature. It is also possible to express the scattering cross section in
terms of an electron-photon coupling of the formd-E
B. Theoretical considerations whered is the electric-dipole moment of the system &ad

. ) . ) ) _ the electric field of the radiation. This approach has the ad-

In this section we discuss the theoretical considerationganiage that the interaction between radiation and scattering
underlying the polarization characteristics and the cross S€Gystem appears in first order only in the photon coordinates
tion of the A’ line based on the interpretation that it arisesgg that it is enough to take d- E in second order. The two
from 1s(pg;):I's to 15(pyp):I'7 transition. Noting that the procedures are equivalent only in the long wavelength limit,
reducible representation generated by the polarizability tenie  when the wavelengths of the incident and scattered pho-
sors I'(a) =I'; +I'3+T's and [gXT'7=T'3+T'4+1I's, only  tons are long compared to the maximum diameter of the
I'3 andI's polarizability tensors are relevant in this transi- scattering system. The relation between these two methods
tion. Here we have used the nomenclatureTgr the double  has been discussed by several autfidts.the Appendix we
group appropriate for th&, site symmetry of substitutional give an outline of the relation between thep and —d-E
boron acceptor® The relative importance of thE; andT's  approaches.
contributions is discussed below in the context of the Raman In the long wavelength approximation the differential
cross section oA’ scattering cross section for a Raman process in which a pho-
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Wy, < implying o’ ~ w. The symbold,,, denotes the ma-

) trix element of the electric-dipole moment betweef and
|v"). Finally we stress that Eq1), valid only in the long
wavelength approximation as already mentioned, is appropri-
ate to the situations considered in this paper, viz., acceptors
in the elemental semiconductors, in particular, diamond.
The stationary states of an acceptor are described in the
effective mass approximation by wave functions of the form
|v)=F,(r)u(r), whereu(r) is a Bloch state at the center of
the Brillouin zone, and~,(r) an envelope wave function
satisfying the set of coupled differential equations

Man-made
12 13

0.989 0.011
Type lib

—

Intensity

F.(N=E,F,(r). (3

D(—iV e —ZA,IS !
(—iV) e 31573

Here D(k) is a six-dimensional matrix whose components
are differential operators: ,(r) is a six-component envelope
wave function; and\’ is the energy separation of the lowest
levels of the acceptor resulting from spin-orbit interaction,
i.e., the separation between ths(fiz;,) and 1s(pq) States.
D(k) is the direct product of the unit>22 matrix and

1
|?—§|2)
0 10 20 30 —3y5>, kiki{li,1)}, i,j=1,2,3

i<j

Raman Shift (cm™)
(4)
FIG. 7. The temperature dependence of Meline in a man- .
made type IIb diamond with natural carbon composition. The spechere 1, 2, 3 refer to the cubic axes of the crystal, y,,

tra were excited with the 5309 A Krlaser line and recorded in @ndys are the Luttinger parameters and I, andl; are the
backscattering|[ 001]. angular momentum matrices corresponding to angular mo-

mentuml=1. The expression in curly brackets is the anti-
ton of angular frequencyw and polarization along the unit commutator of the operators appearing in it. _
vectore is absorbed while one with frequenay and polar- The envelope functioifr (r) varies slowly over the size

ationd i itted. with th tteri ‘ .. of the primitive cell so that we can approximate the matrix
lzation€ IS emitied, wi € scattering system expenencinge|ements ofd as follows. Denoting byn a lattice position
a transition from|vy) to |v), is

and byV,, the volume of the primitive cell ab we have

T=124.0K

3

21
571k2_3722 ki2
i=1

T=1756 K h
1]

do (N"+oww'
=g2 / — T t
10 g (v'[r|v) ; f(Vn)drFV,(r)u (H)rF,(ru(r)

~ ~ A ~ 2
e-d, ed,, ed,€e-d,,

~> FI,(n)an(n)f uf(ryu(r)dr

] w—w 0—w " (Vo)

v v'vg vy!

& after making use of the translational periodicityugf). Tak-
ing |v) normalized to unity over the whole volume aun¢t)

Here d()’ is an element of solid angle in the direction of over the primitive cell,

propagation of the scattered photen; is the optical dielec-

tric constant, wh|c_h for the group_IV elementalzsem|c<_3nduc— (v'|r] V>~f FT,(r)ro(r)dr.

tors is equal te, its static value, i.eg.,,=&¢=n", n being v 7

the refractive index, and . ] ] ]

For a hydrogenic center associated with a parabolic band,

hw,,=E,—E,, 2 the matrix elements relevant to the calculation of the scatter-
ing cross section are those between tsegiound state and

whereE, is the energy eigenvalue of the Hamiltonielg of  the np excited states. The matrix elemetitsp|r|1s)|* be-
the scattering system in the stationary stafeand the sum  have asn™3, n being the principal quantum number of the
overv’ extends over all intermediate stafes). The symbol  intermediate/np) state. The sum over all excitqul states,
n’ stands for the initial population of photons in the modeincluding the states in the continuum, i§?&2 wherea is the
(w’,€'); we shall assume from now on that=0. Further-  effective Bohr radius® The total contribution to this sum
more we will be concerned with low-energy excitations due to the discrete states amounts to 72% of this total, so that
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TABLE Il. Wave functions for thel'g andI'; levels of an ac- TABLE lll. Matrix elements (¢n/{l;,1;}| ) for m=3,—3
ceptor in its lowest-energy states. The conventib,M)=  andM=33 -3 -3
(—1)’"M]J,— M) is used for the action of the time reversal opera-
tor T. m/M g % _% _g
i ' 205-12-13 3 0 2 0 0
lﬂs/z:—ﬁ(eﬁlez))m ~1 0 0 -2 0
i e Gl o 0o 0o 2
‘pl/Z:_%(el'Hsz)Xf'H §83X+ _% P 0 0 0
i _ i {12,13} 3 —ilfe 0  —if2 0
¢1/2:_ﬁ(81+|82)X——ﬁ83X+ 1 0 i/\2 0 i16
{1314} 2 16 0 12 0
-3 0 12 0 -1/6
when ﬁw_% E,, itis Iegitinleltg to expand the quantiti(_a?)( 0,05} : 0 0 0 _iy2
—w,,,) " and (@—-w,,)" " in Eq. (1) in powers ofw ) 3
These results should also hold for the acceptor states pro- T2 -iv3 0 0 0

vided# w exceeds the ionization energy of the impurity.
The first term in the expansion of the quantity between the

absolute value signs in Efl) is exactly zero. The remaining -
terms are tudeE, /% o smaller than that of thp,,— p1» transition, and

hence, its intensity would beE( /% w)? smaller than that of
the former. Wher. w>E, the expansion in powers @ *

—2 [0, dy,8d,, ~0,,ed,,€e- d,,] allows us to give a quantitative criterion for the validity of
0™ this result. Each term in the expansion of the scattering am-
1 plitude is smaller than that which precedes it by a factor at
+o(_), (5) most of order E,/Aw). Thus in the limit considered, the
w? diamagnetic contribution to the scattering amplitude pre-

dominates over the paramagnetic.
The pg;, andpy, states belong to thEg andI'; irreduc-

ible representations of the double grolipobtained from the
ez Dij(kigj+kje). (6)  reduction of Tgx T, the top of thep-like valence band
! transforming ad’5 and the spin of the hole d%. Denoting
Using Eq.(6) it can be shown that the expression in E8). by &,,¢,,e5 the 5 states and by, andy_ those belong-
is ing toI'g, thel'g andI'; states are given by the expressions
in Table 1. The I's states obey l,6,=0, l;e5
A =iez, lie3=—lie,, with similar results fol, andl; ob-
ho 2E (ed,, K, Yo W’e'dV’VoHO(E) tained from these by cyclic permutation of the indices. The
operator appearing in E¢8) can be decomposed into a sum
of terms belonging td";, I'3, andI'5 as follows:

We define a Hermitian operatét by

2 Djkik; ,e-d|=

B ..
iEj Dij(eiej’+e{ej)=m 1€ -~ y,{(313—12)(3eje,

i A 1
= (J[[& - d,K]|v)+O| —
h(,()2< |[ ]| 0> (1)3

ez< '+e'e) >+O ! (7)
=—(v i(eel +ele)lv — . a
hw? SRR w® —&-9+3(13-13)(eje;—eje,)}
Here we have used the fact thhtommutes with the terms ) ,
of the effective Hamiltonian in Eq3) not appearing in the —373_2<_ {li.lj}(efej+eie))]. (9
definition of K. Substitution in Eq(1) when W, < (.e., '
0’ ~w) gives The matrix element$¢m|{l, i} m) between thd“g states
gy M=21 -1 —3) and theF7 states¢,, (Mm=3,—1)
do  ,[e\* L 1\|? are displayed in Table IlI. Finally, the cross sections for the
aq’ - e=\ze/ Y ij (€€ T€€)|vo) +O| — m— ¢ transitions are obtained from the amplitudes dis-
(8) played in Table IV in the form
B . _1 - . . . 2 2
Neglecting terms ino™~ in Eq._(8)_|s equivalent to disre- d_rf: 2| & B (10
garding the paramagnetic contributions to the scattering am- do’  “\me '

plitude in theA-p approach. This result also explains why
we do not observe Raman transitions to the higher “everThe total differential scattering cross section for Raman tran-
parity” states of the acceptor. These would have an amplisitions betweerd'g andI'; multiplets is
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TABLE IV. The scattering amplitudes for thg,,— ¢,, Raman Natural Type lIb Diamond
transitions. The differential cross sections are obtained using Eq. X (| 11101, y' || 1170, z || [001]
(10). Here we display the tensor (proportional to the electric

polarizability) in terms of their components referred to the cubic 600 ' I ' ' I '
axes. L E(X'X')Z i L Z(le’)z |
@
o 400 |- . - .
0 O 1 C
Yoz b1 a= \/gys 0 0 =i 2
1 +i 0 £ 200 T r .
-1 0 0 - 1 :
Yerpp— br1p =52 0 -1 0 0 ; '
! : “« +\/—’Y2 0 0 5 0 20 40 0 20 40
_ 600 ————— —
*y2 iyz O 2y -
: - 2 Z A - %)z -
R ELT) a=\6| iys Fy, O - y'y Z(y'x')z
0 0 o0 g 400~ . - -
> - - - -
3 ° ! 2
=— — 0 0 +i L 200 — = —
Yerp— b1 @ Vs =
\/E 1 =i O L | i ]
0 L \,\Al -
0 20 40 0 20 40
2\ 2 3 Raman Shift (cm'1) Raman Shift (cm'1)
do _2[ &) 12,23S 22— (292
dQ’ “\' mc2 Y2 T FIG. 8. The polarization features of th®’ Raman line of a

natural type Ilb diamond in backscattering alazjf 001]. The in-
cident light is polarized along’||[110] or y’||[110] and the scat-

. (11 tered light is analyzed along ory’. The spectra were excited with
the 4765 A line of an Af laser and recorded at 5.0 K.

+37§

3
1-2, ei’zei2+(é’-é)2)
i=1

The differential cross section for elastic scattering is
their values are in excellent agreement with the theoretical

do e? \?2 2n) s calculations of van Haeringen and Jungingewhich gives
€5 vi(€ -e)”.

a0 % L2 (12 y,~0.085y;, entirely consistent with our findinghus we

conclude that the\’ Raman transition is predominantlys
in character.
C. Comparison with experiments In order to determine the absolute Raman cross section of

In this section we present experimental results and inter® + We have mgasureztd’, the BQHOU'” components, a”‘?' the
pret them on the basis of the above theoretical predictions. IRON€-center optical phonon &l =F,, symmetry atw, in
Fig. 8 we display the Raman spectra measured for the naturfle Sameexperiment with due regard to the effects of illumi-
type I1b diamondD1) at 5.0 K, excited with the 4765 A Ar nation and collection optics and grating efficiency. In Fig. 9

laser line and observed in backscattering alpfig001]. The ~ W€ prgzsgr_lt the Hc,tpectrlum ofttthe_ natural ty‘f llb iia”)(m
incident light is polarized along’|| [110] or y’||[110] and recorded in right-angle scattering geomes(zz+zx)y",

the scattered light analyzed alorg or y’. The polarization at 5.0 K, V\_/herex + ¥', andz are defined in Fig. @). Thus

. . g o o A the scattering geometry selects the phonon wave vector to be
configurations yield thex’x’), (x'y’)=(y'x’), and §'y") — ,
components of the scattering tensor. Within the experimentd1ond [010], generating the transverse acousflé) and
limitations (mainly associated with the finite collection angle 'ongitudinal acoustioLA) Brillouin components. The rel-
in the scattered beamwe conclude that thex(y’) and evant scattering cross sections in the scattering geometry
(y'x") components, even though allowed by symmetry, aré/Sed in Fig. 9 are
negligible whereas they(y’) and the &’'x’) components .
are strong and equal in intensity. From Table IV we deduce _ i 2 2
the ratio of the scattering intensities for tha'y’) and Sy =Na mcz) (373+472), 13
(x'x") configuration to bé y,%/(y3*+ % v,?)]. The weakA’ . .
signature in thex'y’) and (y’x’) polarizations in such ex- WhereN, is the number of acceptors per unit volume,
periments can well arise from the “leakage” of the strong
(x'x") and (y'y’) intensities. If the features in the<(y’)
and (y'x’) are considered genuine, one can conclude that
v>=<0.1y,. From their careful determination of the Hall co-
efficient factor of the holes in diamond, Reggiani, Waechter, Ao — 4 2
and ZukotynsK deduce the mass parameters of the valence Spa=c’ (o~ w1a)"01A  Plg (15)
band or equivalently, the Luttinger parameters. In addition, “64m2ch(1—e hotalkT) Cay’

2\ 2

h(w,—wa) 2
Sa=ef (0L~ o) A p12’ (14)

“ 3272t (1—e hewalkTy €y
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FIG. 9. Comparison of the intensities of the Brillouin compo-
nents(TA and LA), the A" line, and the zone-centdf,q optical FIG. 10. Defect-induced-first-ord¢DIFO) spectra of type lib
phonon atwg in a natural type Ilb diamond. The spectrum was ~~C and natural diamonds recorded at 300 K.
recorded at 5.0 K in the’(zz+zx')y’ geometry and excited with

the 4765 A line of an Af laser. for both natural and**C boron-doped diamond in the fre-

quency range of one-phonon excitations with wave vectors

and spanning the entire Brillouin zone. Though nominally forbid-
den by the requirement of wave vector conservation, the
2h(w, — wo)“sistz presence of boron acceptors presumably activates such vibra-
o= 2 o kT (16)  tions due to a partial loss of translational symmetry. In the
pClwo(1—e "ot same spirit, the presence @f), forbidden by dipole selection

where w,, w s, wra, and w, are the frequencies of the rule, can be attributed to the loss of center of inversion. The

laser radiation, the LA, the TA, and the zone-center opticaPositions ofw, in the natural and thé*C specimens are
phonon, respectivelyp,, and p,4 are the elasto-optic con- consistent with those from Raman measuremehtShe
stants;cq» and Caq are the elastic modu“p is the density spectrum for the'®C diamond coincides with that for the
(3.512 g/cm); N is the number of primitive cells per unit natural dia_mong when the frequencies of the former are
volume (=8.87x10%/cn?); s is the single independent scaled by M3/M )2 The shift with isotopic composition
component characterizing the Raman tensor per unit cell. is consistent with the prediction of the VCAWe designate
From the ratio &:S, , deduced from the areas of thé the one-phonon infrared spectrum activated by the boron ac-
andw, line along with|s| = 4.4+ 0.3 A2 (Ref. 54, y, =0.09  ceptors in this manner as “defect—inducgd-first-ordgr” spec-
and y;=1.06 (Ref. 53, we obtain N,=(4.1+0.6) trum. Note that thew, fe_ature occurs preC|se_:Iy at the infrared
% 10 cm™3. This value is in good agreement with (5.2 inactive but Ramanactive zone-center optical phonon ob-
+0.3)X 10'® cm™2 cited in Ref. 40 where the calibration is Served in the Raman spectrum.
based on the strength of the Lyman transitions vs Hall coef- The DIFO spectruniFig. 11) measured at lower tempera-
ficient. — T T 1
Given the weak intensity of th&’ line, we were forced to "™ Man-made Type Ilb Diamond
use a slit width which resulted in “parasitic” radiation of ".‘5 (*C, 5 Coonr)
sufficient strength to appear in the spectral range of the Bril- ] ;
louin components observed in Fig. 9. While it is gratifying
that the Brillouin components could be observed even at 5 K,
their intensities could not be established with the confidence
needed to calibrate the intensity ®f and thus obtaifs|; we
therefore used the value determined by Grimsditch and
Ramdas? (See also Ref. 55.n order to obtain additional
corroboration of g/, we plan to measure the Brillouin com-
ponents and thd’ line using a multipassed tandem Fabry-
Paot interferometer with its superior rejection of parasitic
radiation but with a free spectral range large enough to ac-
commodate all the lines, on the other.

)

<
]

Absorption Coefficient (cm

1000 1100 1200 1300 1400 1500

-1
VI. DEFECT-INDUCED FIRST-ORDER SPECTRUM Wave number (cm”)

o ) _ _ FIG. 11. DIFO feature as a function of temperature in a boron-
As can be seen in Fig. 10, a quasicontinuous absorptiodoped man-made diamond with natural carbon composition. See
band with a sharp feature labeleg, appears in the spectra text for the labelsA, B, C, I, I, and lIl.
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' | ' ' ] tional assumptions but it is not clear if they lead to new
insights. As can be seen, both the computed spectra repro-
duce the observed experimental features satisfactorily but
curve (2) succeeds in reproducing the shape of the strongest
peak more convincingly. Similar computations for natural
type llb diamond also yielded a satisfactory representation
for its DIFO plus acceptor excitations. Watkins and Fofer
have reported a sharp spectral feature in the excitation spec-
trum of boron acceptors in Si which they attributed to the
“wq plus line 1” combination, line 1 corresponding to the
I'g(1s3) —T'g(2ps)) transition® the line shape of the peak
shows the characteristic Fano interaction with the underlying
continuum associated with the photoionization of the accep-
tors. We also note that, for @), the zone-center optical
phonon appears to be dominant in the DIFO. The strong
continuum of the DIFO in diamond convoluted with the ac-
ceptor spectrum produces broad features overlapping the
photoionization continuum; features recognizable as Fano in-
teraction are presumably obliterated. Watkins and Fowler
also draw attention to the puzzling absence of features asso-
ciated with the higher acceptor excitations in combination
with wq. However, Baron, Young, and McGifl succeeded
o . | . | . | in observing them in photoconductivity; the difference be-
3200 3600 4000 4400 tween absorption and photoconductivity spectra in this con-
Wave number (cm™") text has been emphasized by Chang and M&Dur inter-
pretation for diamond, indeed, involves all the acceptor
FIG. 12. Comparison of the experimental and compute@) excitations?*
spectra of the “DIFO plus acceptor excitations” feature in boron-  The above analysis of DIFO and DIFO plus electronic
doped**C diamond in the range 3200—-4500 thn For clarity, the  excitations clearly does not address some relevant isélies:
computed spectrél,2) are shifted vertically. What is the relationship of the shape of the DIFO spectrum
to the one-phonon density of states? How does the manifes-
tures shows a general shift to higher frequencies, byation of the density of states in the infrared spectrum get
~6 cm tin going from 300 K to 5.0 K, with some features influenced by the dipole moment induced in the vibrations by
appearing more distinctly. The shift i, is comparatively  the presence of boron acceptdfs? Is the shape of such an
less noticeable, consistent with the temperature dependencactivated” spectrum impurity specific(2) In the analogous
of the corresponding Raman lii@Three new features |, I, case of diamonds with nitrogen impurities when four substi-
and Il appear aboves, and shift with isotopic mass as tutional nitrogen atoms surround a vacaritype laB dia-
M~12 along with the rest of the spectrum. It is of interest to MoNd. @ one-phonon spectrum can indeed be observed along

note that | exhibits wo closely spaced peaks, the one at th&ith the wg line 8¢ The possibility of an analogous situation

higher frequency occurring at an energy very close to that of? Poron-doped diamond is unlikely in view of the growth
(wo+A’). It is tempting to assign it to the simultaneous conditions of the synthetic specimens. We also note here that

excitation ofw, and the B(ps;)— 1s(py,) transition. The the characteristics qf the.I_DIFO spectrum generated by the
interpretation for the broader features Il and lll is not clear aforesence O.f boron impurities are d|§t|nc§ from those pro-
present duced by nitrogen(See Fig. 13.(3) It is striking those the
In Fi'g 12, we display the broad absorption peaks oplPresence of boron in concentrations as low &€ &t 2 can
13 produce an observable effect due to the partial loss of trans-

served in °C type llb diamond in the range 3200—I : ) Hosti lated shifis the local
4500 cmi L. In the context of their energies one can interpretatlon symmetry (4) Host-isotope-related shifts the loca

them as acceptor electronic transitions in combination Withwbratlonal mod&LVM) frequencies of impurities have been

the DIFO of the'3C diamond. The computed spectri is noted for interstitial oxygen in Si and GéNitrogen inter-

deduced by convoluting the DIFO with each of the electronicstitials also show evidence of nearest neighbor C’s partici-

excitation lines in the range 2210—3500 thnafter subtract- palténg ml the 1"3VM; he[‘ge trl1ree signatures reflectitfe

ing the contribution from the underlying multiphonon ab- C, ™C—'C, and *C—*°C have been observéllit .
sorption. Features |, II, and Ill of Fig. 11 were omitted in thetlhus "’}gpeaf? that DIFO-related spectrum of boron in
convolution process as being not relevant in the “DIFO plus “C;x"*Cy diamonds should be investigated for a range
acceptor excitations.” We also shai®) the results of such a
convolution in which the broad peals, B, and C were
excluded with suitable Voigt functiof$to represent their
contributions; the most prominent broad feature with its peak In the context of the departures from the effective mass
centered at 4063 cit was interpreted as arising from two theory of shallow donors and acceptors in the tetrahedrally
Voigt functions representing the DIFO in additionag. The  coordinated elemental and compound semiconduétdfs,
success of such fits could be improved further with addithe present investigation has afforded a unique opportunity

N
o

Exp : Absorption Coefficient (cm'1)
=

VII. CONCLUDING REMARKS
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. in relation to the central cell corrections can obviously be
fully addressed only after a number of the group Il acceptors
® are successfully incorporated in isotopically controlled dia-
monds.

The spin-orbit splitting of the acceptor ground staié,
is clearly correlated with the separatiak, between thes,
and thep,,, valence bands. Thus it is reasonable thatAhe
obtained in our measuremeris the Lyman spectra through
the thermal population of the,»(I'7) ground state as well as
more directly as a Raman transition betwees(,,)
—1s(pyj») leveld is only A’=2.07 meV for natural dia-
. mond to be compared wittA~6 meV>*® Wright and
Mooradiarf® observed the\’ Raman line in Si at 23.4 meV
for boron acceptors\ being~44 meV®! From the study of
stress and Zeeman splitting of this electronic Raman line,
Cherlow, Aggarwal, and Ldx determined the deformation
potentials andy values of the boron acceptor ground states.
Our preliminary observations, indeed, show the splitting of
the A’ line into two components under applied uniaxial
stress which splits the fourfold degenera&fis;,) into two
states without affecting the double degeneracy of the

T=300K

(a) Typel

(b) Type lIb (B-doped)

Absorption Coefficient (cm'1)

(c) Type lla S 1s(py,) state®® Our recent experiments show that, in the
: ' 5 ' i ' L1 presence of an applied magnetic field, the spin degeneracies
900 1000 1100 1200 1300 1400 of both 1s(ps/,) and 1s(p,,) states are lifted and the’ line
Wave number (cm ) exhibits splittings with a somewhat more complex pattern.

Both piezospectroscopy and magnetospectroscopy o the
OaHansition are being actively investigated currently and the

K, compared in the spectral range of one-phonon frequencie§esuns will be reported in a'separate pUinca,tio,n' Chan-
mainly those of the optical branches. The vertical scalgb)irand drasekhar, Ramdas, and Rodrigttezbserved the\” line of

(c) are the same whereas that fa) is compressed by a factor of Si(B) in the infrared at 22.77 meV, but our attempt to detect

10. The vertical line is located af,=1332.4 cmi’, the frequency the A’ line in boron-doped diamond in infrared was unsuc-

of the Raman line at 300 K. cessful, presumably due to low acceptor concentration. Doe-
hler, Colwell, and Soliff who studied the electronic Raman

of exposing host-isotope-related self-energy shifts in the eneffect of G&Ga), did not report theA’ line; the large spin-

ergy levels. As emphasized in the present paper, the bindingrbit splitting (~290 meV) presumably results in the over-

energies of both the ground and excited states of holes boundp of the 1s(p,,) level with thepg, continuum and hence a

to boron acceptors in diamond experience shifts as the isGsignificant broadening may have militated against the obser-

topic composition of the host is changed from natural¥®.  vation of theA’ line.

In Si and Ge, the evidence for the departure from the effec- |n addition to the Lyman and Raman spectroscopy of the

tive mass theory is unmistakable for the ground states oboron acceptors in diamond presented in this paper, we draw

donors as well as acceptors. The Lyman spectra of the grougtention to the recent investigations of Shetpal,”® Stern-

V donors in Si and Ge exhibit theame spacingetween schulteet al,’* and Rufet al.”® Exploiting cathodolumines-

corresponding lines, on one hand, but the entire spectrum @ence, they have observed luminescence associated with ex-

one impurity is displaced with respect to those of the othersgitons bound to neutral boron acceptors. Part of the fine

on the other hand. This behavior is also displayed by th&tructure in their spectra arises from thé splitting of the

group lll acceptors in Ge and, to a lesser extent, in Si. ThesBoron ground state; it is gratifying to note that they obtain

observations have led to a large number of studies addressing =2+0.2 meV.

the so-called “chemical” shifts of the ground states in the

different acceptors and the “valley-orbit splitting” of the ACKNOWLEDGMENTS

ground state of donors in a semiconductor with multivalley

conduction band. At the present, deliberate doping in dia-

mond has been possible only with substitutional boron;

knowledge of the chemical shifts and valley-orbit splittings :
in the case of diamond will have to await corresponding(Gram No. W-31-109-ENG-38at Argonne National Labo-
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Lyman spectrum of boron in diamond is apparently due to

the significantly higher binding energies and the smaller In order to demonstrate the equivalence of fe and
“Bohr radii” associated with this feature. Self-energy effects —d- E approaches for treating electron-photon interactions

FIG. 13. The infrared absorption spectra of a natural type I,
man-made type llb, and a natural type Ila diamond recorded at 3
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in the long wavelength limit, we consider a systemNf and the eigenstates éf, are denoted byv):
charged particles with charges; and massesm;

(i=1,2,...N) in interaction with an electromagnetic field Holv)=E,|v). (A3)
described by the vector potential
We now perform a canonical transformation defined by
> 2 mhc2\ V2 .
Ar)= ( ) (ag,+ag,), (A1)
= | Vo, €qul8gu ™ 8y

: (A4)

ﬁzexp( - %d-A) Hexp(%dA
where the factors exgfiq-r) have been set equal to unity in
the long wavelength approximation. Heog ande,, are the  whered=3'g;r; is the electric-dipole moment of the system
angular frequency and unit polarization vector of a photon obf charged particles. We obtain
wave vectorg, u being the label of one of the two possible
orthogonal directions of polarization. The operatags and _ N Pi2
agﬂ are destruction and creation operators for photons char-H ZZ mﬂL U(ry,ra, ... er)+2 hawg
acterized byg and u. We take the origin of the coordinates = e an
within the system of interest arM is the volume of quanti- 20 .
zation of the radiation field. The Hamiltonian of the system —d-E+X v(dfw)z- (A5)
in the absence of the radiation is denotedhyand consists aw
of the kinetic energy of all the particles and their mutual o~ o )
interactions described neglecting retardation, since we as- 1ne lastterm irH is an electric-dipole self-energy which
sume the system to be confined within a volume whosd&loés not contain the photon coordinates. The sums over
maximum diameter is small compared with the wavelengtfl« Should be restricted to the long wavelength photons

+

aQ#aQM+§

of the radiation. The Hamiltonian of the system is under consideration. The states bfy, are of the form
) exp(—id-A/hc)|vy=[v) and Hy|v)=E,|v). Standard

H :z i -—EA U r) second-order perturbation theory using the fqa®) of the

<1 2m, Pi—e 1i2y N Hamiltonian leads to the result quoted in Et). In addition,

since the exptid-A/#ic) andd commute,

oot
a8+ 5. (A2 (' [d7)=(v'[d|»)=d,,. (6)
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