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Paramagnetic NH, C1 and NH, Br Color Centers in Irradiated
Ammonium Halide Single Crystals
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Radiation-induced NHSCl and NIISBr defect centers have been studied in ammonium halide single
crystals by EPR and optical spectroscopy. The defects are most likely formed by removal of H' from an
ammonium ion with subsequent bonding of NH3+ to I along a (111)direction. In the N+Cl center,
NII3+ is a nearly planar group loosely bonded to a Cl; in the NHSBr center there is more tendency
toward sp' hybridization of the N orbitals, and stronger covalency within the nitrogen-halogen bond. The
molecular orbital description of these centers shows a strong similarity to that of mixed V~ color centers
jn the alkali halides. Optical absorptions due to the NHSCl and NHSBr centers were observed at 3.31 and
3.14 e7, respectively. The NHSCl defects were observed to undergo thermally induced reorientations
which are strongly influenced by the ordering of the surrounding ammonium ions at low temperature.

INTRODUCTION

'HF ammonium halides are a suitable system for
the extension of studies of radiation-induced.

color centers which have in the past been studied pri-

marily in the alkali halides. ' Recent electron-para-
magnetic-resonance and optical-absorption experiments

in the ammonium halides have led to the identi6cation

of two color centers which are also found in the alkali
halides: (1) the P center, which is an electron trapped
at a negative ion vacancy'; (2) the Vx center, a hole

shared by two nearest-neighbor halide ions. '4 A third

center has been identi6ed as NHSX, where X represents

a halogen atom."In this paper we give a fuller de-

scription of the structure of this center in ammonium

chloride, deuterated ammonium chloride, and am-

monium bromide single crystals. The kinetics of the
reorientation behavior, dealt with briefly here, will be
described more completely in a subsequent publication. ~

CRYSTAL STRUCTURE

Both NH4Cl and NH43r have the Cscl structure at
room temperature, s as shown in Fig. I. Below 242.8'K.

in the chloride, 234.5'K in the bromide, both materials

d g ) t s'ti fth d -di d typ
volving the relative orientations of adjacent ammonium

ions within the lattice. The tetrahedral NH4+ ions

can bc oriented in two equivalent positions of mini-

mum electrostatic potential within the cube of nearest-

neighbor halide ions. In the completely ordered state

~ J. H. Schulman and W. D. Compton, Color Celters in Sogds
(The Macmillan Co., New York, 1962}.

' F. W. Patten, Solid State Commun. 6, 65 (1968).
' F. W. Patten and M. J.Marrone, Phys. Rev. 142, 513 (1966).
'H. R. Zeller, L. Vannotti, and W. Kanzig, Physik Kon-

densierten Materie 2, 133 (1964).
~ F. W. Patten, Phys. Letters 2I, 27'7 (1966); in Eroceedilgs of

the XIVth Colloque AmPere (North-Holland Publishing Co.,
Amsterdam, 1967'}.

6L. Vannotti, H. R. Zeller, K. Sachmann, and W. Kanzig,
Physik Kondensierten Materie 6, 51 (1967).

' F. W. Patten {tobe published).
8 R. W. Q. Wyckog Crystal Stngctures (Interscience Publishers,

Inc., New York, 1951),Vol. I.
9 H, A. Levy and S. W. Peterson, Phys. Rev. 86, "166 (1952).

175

of NH4C1, all NH4+ ions have the same relative orienta-
tion, for a given domain, with respect to the crystallo-
graphic axes; the space-group symmetry is Ts'(I'43m).
ND4Cl has similar structural changes. The NH4Br
crystal structure becomes tetragonal below the X point, ,
though this is the result of a slight change of 0.4%
of the lattice parameter along one cube direction.
Additionally, the Br iona are displaced about 3.0/ o
from planes perpendicular to the distortion axis, lying
alternately in positive and negative directions along
thc tetragonal axis. Thc spRcc"group symmetry ls
D4s'(P/elm). In the ordered NH4Br crystal, adjacent
NH4+ ions in a plane perpendicular to the distortion
axis have opposite orientations, and have the same
orientation along the distortion axis. In both phases
of both materials the NH4+ ions execute torsional
oscillations (lib rations) about their equilibrium
POSltlOIls.

The experiments reported here deal with the low-
temperature, ordered phases of these materials.

EXPERIMENTAL PROCEDURE

Crystal growth, experimental equipment, and irradia-
tion techniques have been described in a previous paper. '
Deuterated single crystals were prepared by dissolving
analytical grade NH4C1 and urea in 99.85 mole'Po Ds0
Rnd cvapolRtlng to dryncss foul tlnles befolc grow'lng

FIG. 1. Unit cell for an
NH4C1 single crystal in the
ordered phase, with the alter-
native positions of the hydro-
gen atoms (dashed circles)
which can be occupied above
the transition temperature
(—30'C).

'OThe evidence for these statements has been reviewed in the
articles by C. %. Garland et al. $J. Chem. Phys. 44, 1112 (1966);
J. Phys. Chem. Solids 28, 799 (1967)g.
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crystals in a temperature-regulated solution; it is ex-
pected that 99.0% deuteration was achieved. EPR
measurements were made with X-band (9 kMc/sec)
and E-band (25 kMc/sec) superheterodyne spectrom-
eters of conventional design as well as a Varian E-3
X-band spectrometer with 100-kc/sec detection. Com-
puted spectra were obtained using a Control Data
Corporation 3800 computer and graphical plotter.

ptlcRl mcRsUI'cIQcnts werc IQRde with a Cary IQodcl
14 MR recording spectrophotometcr.

NHg8r

7/0 gaus's

f. ZZ'E EPR Spectra

Single crystals of NH4Cl, NB4Cl and NH 8
were irradiated with x rays for j.-2 h. The crystals

wclc orle&ted with Rn cstlIQRted RCCUI'Rcy of ~ I b
usin the V

'
g V~ center EPR spectrum as a reference, since

lt ls kriown to hRvc its pllnclpRl Rxcs exactly Rllgncd
along the (100) cubic axes' Vx centers we th l'

Dated either by bleaching into their optical absorption
bands or by thermaBy cycling the sample between 77
and about 150'K.The remaining KPR spectrum in each
material was found to be due to a single species with
several magnetically inequivalent sites. The anisotropic
hypexGnc spectrum lndlcRted a ma]or syIHIQctry axis
for each center along a (111) direction. Spectra are
shown in Fig. 2 for the applied magnetic field ll l
o a ( ) dhrection, where the different orientations

become IQRgnctlcRlly cqulvalcnt.
We may interpret these spectra by the following

simple reasoning. Assume the paramagnetic species
to be the same in each crystal (with appropriate
substitution of Br for Cl and D for H). The four groups
of hypeI6nc lines ln thc top spcctl'UIQ suggest R domi-
DRnt interaction of Rn unpaired clcctloD with oDc Br
nucleus of spin ss (double intergration shows that the
four absorptions have approximately equal areas). If
interactions %1th the B nuclcl 1D thc dcUtcI'Rtcd ccDtcl
can be assumed to contribute only to the linewidth,
an excellent 6t is obtained to the middle spectrum by
postulatlIlg Rn cqulvRlcrlt lIltcl RctloIl with onc N
nucleus (5= 1) and one Cl nucleus (I=+). The bottom
spectrum cari be constructed by taking additional
interactions with three H nuclei (inequivalent for this
orientation of the applied magnetic Geld). The simplest
paramagnetic center having these collective properties
is NHsX (X—halogen atom) This defect w uld

y the removal of a hydrogen atom from an NH4+
group, with subsequent formation of an N—X bond
along (111) with one of the surrounding cubic array
of habde ions.

IQ order to forrQ Rn idea of tlM bonding situation,
w'c coDsidcl RD intermediate state after lcIQoval of thcI atoIQ from thc NH4+ gloUp by tlM incident radiation.
Thc NH3+ ion is planar when unassociated with other
atoms, with an unpaired electron in the nitrogen 2p

NHqCI

H. ii [~oo]

2)O gauss

Fra. 2. EPR spectra (Ch"/dB) observed in single crystals of
NH43r, ND4C1, and NH4C1 irradiated at f7'K vnth x rays, after

hMc/sec, T = 't't'K.
suitaMe optical b1eaching or thermal c~hng (see text). =9.4

orbital perpendicular to the plane. "Covalent bonding
with the halide ion X wiB occur through overlap of
X+(2p,)' and X (rsp.)' orbitals. The two linear com-
binations obtained from these atomic orbitals represent

FIG. 3.Structural representa-
tion of the NH3C1 defect
center. Dashed circles for Cl
indicate the ions vrhich do not
interact %1th the reorienting
NHg+. Another orientation of
NHI Is sho%n.

' CI

j&~~;. Pr/pp%'
"~+ II%~K+~&

N+ I
I'

H

'l —[too]

"This has been obser ved as a stable defect at room tern erature

(1961)j.
rn zrradhatcd NH4G104 by T. Cols Q', Chem. Ph fS 1169
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H Cl h ermine interactions (in 6) for d18erent fieldTAmz I. N g yper
' ' '

d18erent field
orientations (Aci = .

Field
or'1entatlon

0': 1 site
70.5:3 sites

35.2'. 2 sites
90'. 2 sites

54.'1': 4 sites

8jj(110)

Nll
j A

H
Overtappiaa spectra

8I r

Hfrom 8=70.5' sel

FLO. 4. EPR spectrum for the NHgCl defectFio 4 ape cenin' for Hjjj 111j.
e

difhcult in distinguishing overlapp1ng 1nes,Because o t e
errors mere made in the initial ev uation o
actions for this centen er Refs. 5 and {j).

'4 Computer program @written y
laboratory.

a
ons at this temperature occur in a tjme long com-Lj' Reorientations a

pared to the inverse of the ngi - a
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' ' XB Cl Carter. Because of the high degree of9 3

in of EPR transitions (there are 192 ji2 6rst-overlapplng o
8 not osslblc toorder transitions for each site), it was no p

1 thc an~ lar vR11Rtlon of 1Q"
Angle vrith

observe Unambiguous yN—{„j.bond 0~ Ao135 AN AHo &Hf, H~

1Vl UR ypC
given8jj(111)

36.0 38.5 27.5 27,S
sltcs ccame cqUlvR

e

Qt fol RQR 818 01
'

f the15.0 The orientation most convenientHjj(100) 27.5 28.0 28.0 28.0 I .
'

h the Q.eld along the N—Cl bond
of OQc site. 5Uch R spcctruTD 18 show'n 1Q Flg. 4, w' clc

and AN of the unpaired(douM «cuPIed) the hyperline interactions ol anR lower energy bonding 0. orbital qdou y 0 p
ntlhondln 0' OIbl'tRl (slngl)r electron witg gy g

are two Cl isotopes of spin e~ each, Cl and C
red electron can be exPecte t ree Quc ei

g O'' " "' " '"g '" g' aretwo isoo
N—X bond axis.

A d 1 fol the StRtlonRly NH3Cl dcfcCt ls epic cIQO C 0

erhne transitions ue 0ln lg.
adjacent to the Cl which ls part o

'
ies whichwl lnth this undistorted model would measure a out

2A which is similar to the C—C on e g
molecule An«h«possible interaction H Rn

then

nearly isoelectronlc CHBCl Ino e
'

n for the defect divers from the former y a F;gorientRI:ion or e e
60' rotation about the N—Cl axis. n 0 a

d li in the {110)planes, and the EPR
35=3.97'/ttt A N = 2 (IIt—3A H —11.9318).

N—H bon 8 lc ln c p

8 Cctl R Rl C Qot DlRgnCtlcRCR11 dlstlQgUls R c. 1Q

e ~ ~h d nates of the defect through the
81Q Rl h cI'61M intcrRctions

lnvclslon of thc cool lnR cs 0

Q excellent 6t was obtained toobtained;„ th;s way, an exce en
onl thet atpar o

the bottomL111]-oriented center (the construction at t e
e ~1" R cncrall)r ol'lcll'tcd niRglle'tlc

f p 4 l t f l )
ion constants were also ob-6eld. AB sites become maga

r H 110 for the two sites for which t et e e ih 6 ld is oriented along a cubic axis.

angle 0 of the 6eM to the N—C on ls
H(~L1001, where 0 is 54.7' for all sites. MeasurementNH Cl

errors ecamH. ii [tii]

ram which would graphically simulate recorded EPR

talntlcs in linc posltlons dUc to overlapping tI"Rnsltlons.
' 't 1 h er6ne constants and linewidth,Given t e lnl ia

Gaussiant c coIDpu cl'sumIl t UDlmed ovcl erst dcI'lvRtlvcs 0
nd lotted

300 gauss 1

lo es at the expected line positions and p o
I

CQVC OPCS R

the resulting spectrum. A routine was a
which would vary the initial parameters to produce a
1CRSt-SqURl Cs 0 C6t of thc computed spcctruIQ to sclcctcd

a. This re-
CI

o. nts usually the derivative extrema. is re-
8=0 set

I I Rta poln sq Us

herc 0" ws,s lal'gc, wltll Rll B11provcd fit 0 t. cCRSCS % C1C

computed spectrum to the recorded. Spectrum. Thc
f h h inc constants obtained from the

best 6t for each orientation are given in Tab e
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TmLE II. Spin Hamiltonian parameters for NHSCl, NDSCI, and NHSBr, compared with results for NH3+ and Cl&, Br&-.

Tensor
components

A ll (CP',Br") (G)
Ag(CP~, Br79) (G)
A 11(N) (6)
Ag(N) (G}
Q'(CP', Br79) (G)
A(H) (G)
B(H) (6)
C(II) (G)
g«

gg

+43.3+0.8
+13.5+2
+46.5+0.8
+9.0+4

~ ~

—7'.8+3
—25.0+1
—37.2+3

2.0019+0.0002
2.0079+0.0005

(From 180'K
results)

4.0+1
25.0+1 P= (93&2}'
34.0+1

2.0020+0.0004
2.0080+0.0010

NH3Br

+426.4+1
+106+5
+51.5+1

+36~5
30+10

+44.6
+10, +3.8

—54
Aa(HiiLtltg) =16+1 —29.6

—47.1
1.9954+0.0002
2.0596+0.0010

+101.3
+12.5

2.0012
2.0426

40

1.9833
2.169

a M. Fujimoto and J. R. Morton, Can. J. Chem. 43, 1012 (1965).
b T. G. Castner and %V. Kanzig, J, Phys, Chem. Solids 3, 178 (1957); D. Schoemaker, Phys. Rev. 149, 693 (1966).

The EPR transitions can be obtained from the spin
Hamiltonian

x=p~H g S+S P A,"I,—g.piiiH P I;, (1)

where we have neglected the CGects of the halogen
quadrupole moment. The last term in the Hamiltonian
(1) is the nuclear Zeeman energy. This term applies
particularly to the hydrogen nuclei, and is of 1itt1C

importance for the other nuclei. Two principal axis
systems, shown in I'ig. 5, are required to diagonalize
the hyper6ne tensors A;. Since the syl~xa. etry of the
NH3Cl center and its environment is Cay, the g tensor
and the Cl and N hyper6ne tensors are expected to
have axial symmetry about (111), which is observed
within experimental error. Principal axes for the proton
interactions were chosen in the usual way for an e
hydrogen. "Sleaney16 has derived the formula for the
angular dependence of A%8——+1, Ansi ——0 transitions
for an axial spin Hamiltonian of a single atom, to
second order in the hyperhne interactions. %C apply
these results to the N and Cl interactions in the above
Hamiltonian, within an excellent approximation. Addi-
tlona1 terms lnvolvlng thc pI'oduct of magnetic quantuID
numbers for the different nuclei, largest for the (100)
directions, are of the order of 0.15m;m; 6 and may
therefore be dismissed, Diagonal values of the g tensor
and hyperhne tensors for CI and N are given in Table II.

In thc pl incipal Rxls systcIQ of the pl otons thc
hyper6DC lntclRctloQs hRve the form

KPr =h(A;S,I;,+8;S,I;,+C;S„I;„). (2)

The AM8=~1, Aesl=o transitions, for an arbitrary
orientation of the 6dd, are given by'~

tlons, f81 ls thc pro/ection of thc nuclear splQ on thc
magnetic Geld due to the electron, and 8 and q are
the polar and azimuthal angles specifying the orienta-
tion of the external magnetic 6eld in the principal
axis coordinate system. We evaluate Eq. (3) for the
6eld orientations for which data were taken. Vhth the
configuration shown in Fig. 5, for an arbitrary angle P
between N—CI Rnd N—H bonds~ Rnd assuming only
that the N—H bonds lie in (110) planes, the hyperfine
transitions for the three field directions are as follows:

1. H(iL111), case of H at 0' to the N—Cl bond,

hiIr i,
——LA'cos'i/+8'si&PJ"mr (4)

2. H))$110j, case of H at 35.2' to the N—Cl bond,

hi ~,, i,=LqA'(a+fi)'+ —,',8'(2a —b)'+ ~C'g'"mr, (5)

gp~q= )~a (g 8)+82)&I yg—r

3. HiiL100j, H at 54.7' to the N—Cl bond,

Avgas,

i,= LgA'a'+ 6'8'fi'+-,'O'J"mr,

a= —cosP+(2) '" sing,

b —cosf—(2)'" s—in&

In each case, sites having the same N—Cl bond angle
with the Geld have equivalent pI'otoQ lntclactlons.
Equations (4)-(9) can be simultaneously solved to
give the principal values for the hyper6ne interaction
and the angle f, which is about 93' for NHiiCl. The
results are presented in Table II.

he= (ri' cos'8+8'sin20 cos'q+C2 sin'8 sinn')'f2', (3)

where h~ is the frequency shift of thc hypcrlne transi-

I5 T. Cole, C. Heller, and H. M. McConnell, Proc. Natl. Acad.
Sci. 4i, 525 (1959),

'6 B. Bleaney, Phil. Mag. 42, 441 (1951).' E. L. Cochran, F. J. Adman, and V. A. Bowers, J. Chem.
Phys. 34, 255 (1961).

FIG. 5. Principal axis systems for the
NH3X defect center.

Zl
*

(iii]

CI

x~

Hb
.2
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%c may determine the expected intensity 8 of the
htnq= ~1 transitions relative to the hml ——0 transitions

by obtaining the nondiagonal matrix of hyper6nc com-
ponents for rotated axes appropriate to a particular
field direction. For the field direction H~~L100$, the
orthogonal rotation matrix for one hydrogen is

8"-0' set

l554 gauss

Interaction

Rcs= 2C

—b

a %2b

%3 42a.

I l I l

Overlapping spectra
from 8~70.5' set

Fio. 6. EPR spectrum for the NHIBr defect center for HIIL111j.

For comparison, the diagonal hyper6ne and g-tensor
data, are given in Table II for the NHS+ and X2-
paramagnetic centers. The NH3+ center, which is stable
even at room temperature, was shown by Cole" and by
Fujimoto and Morton" to be a planar x-electron radica1
with negative spin density on the 0. protons, in accord
with theory. '9 It is seen from the table that the NH3+
defect and this portion of the NHSCl center are very
similar. An ana1ysis, in the next section, of the re-
orienting NHSCl defect shows that the components of
the N and H hyperhne tcnsors, individually, must have
the same signs. Accordingly, these signs are taken to
be those of the NH3+ defect. The halogen hypcr6ne
tensor signs are similarly obtained from the X& center,
since it wil1 later be seen that the NHIX electronic
structure is similar to that of the XY mixed V~ center.

For some orientations of the field, notably Hj~L100j,
it was not possible to obtain an accurate 6t of the
computed spectrum to the recorded data. At higher
frequencies (E band) the fit was much worse with many
new absorption lines, unaccountab1e by the theory
presented, appearing in the spectrum. This discrepancy
is attributed to the existence of "forbidden" transitions
involving the sinultaneous reorientation of the electron
and proton spin, 63f8——&1, Aml=+j. . Transitions
of this type arc duc to thc prcscDcc lD thc Hamlltonian
of nuclear Zeeman and hyperhne terms of the same
order of magnitude which compete in a1igning the
nuclear spin. These transitions have been investigated
in the similar case of an o. hydrogen in a C—H bond" 2';

they have also been treated more generally. "
«SM. Iujimoto and J. R. Morton, Can. J. Chem. 43, 1012

(1965).
» H. M. McConneO, C. HeHer, T. Cole, and R. W. I'essenden,

J. Am. Chem. Soc. 82, '/66 (196O).
'O I. Miyagavra and %. Gordy, J. Chem. Phys. 32, 255 (19gj).
~~ J. A. %eil and J. H. Anderson, J. Chem. Phys. SS, 1410

(1961).

where a and fi are given by Eq. (9); the new axes are
chosen along the cubic directions. The rotation matrices
for the other two hydrogens are obtained by permuta-
tion of the rows. The hyperhne matrix in the ncw
lcpr'cscDtRtlon ls obtRlncd by applying thc 01'thogoDR1

transformation R AR ~. Using Eq. (18) of the treat-
ment by Miyagawa and Gordy, '0 one 6nds that at a
resonance frequency of 9.1 KMc, 8 (hmr = +1)/
d (Amr =0)—1/50, and at a resonance frequency of 24.5
KMc, 8(f).mr=&1)/s(hmr=0) '„ for=one of the
hydrogens. The intensity of the forbidden transitions
for the other two H nuclei is smaller by an order of
magnitude. This is in accord with observations. The
angular dependence of the forbidden transitions is a
result of the change in magnitude of oG-diagonal ele-
ments of the hyperhnc tensor with a change of Md
dU'cctlon; of t1M thI'cc dllcctlons exazQlned, 08-diagonal
elements are largest for H~~L100$, and thus forbidden
transitions are most prominent in this direction. No
attempt was made to determine experimentally the
hyperfine sp1ittings due to forbidden transitions since
the information normaBy obtained froID them, the
rc1ative sign of the hyper6ne tensor components, can
be readily gotten from the high-temperature spectra.

(b) EDsCl Cenfer. The deuterated form of the center
is expected to show hyper&De spectra due only to the
Cl and N nuclei, with unreso1ved deuteron transitions
contributing to an enhanced linewidth. This is due to
the small D hypcrhne interaction, reduced by the
factor pofH/pHIn ——1/6.514 from that of H (for an
identical electronic configuration), and the increased
number of hyper6ne transitions because of the larger
nuclear spin, I=i. This result is seen in the ND3Cl
spectrum of I'ig. 2.

Line positions were 6tted to the spin Hamiltonian
of Eq. (1), omitting the nuclear Zeeman term. A com-
puter simulation of the spectra, using the parameters
given in TaMe II, produced an excellent fit to the re-
corded spectra for the mangetic 6eld oriented along
the (111),(110), and (100) directions; the value of the
D interaction was obtained from the H-interaction
parameters for NH3Cl in the manner prescribed above.
The values obtained for the Cl and N hyper6ne tensors
do not dlfkr greatly from those obtalncd ln thc un-
deuterated case. Ke infer that the defect coniguration
does Dot change much under deuteration.
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(c) EIIsBr Center. The NHsBr defect center was
found to be aligned along cubic unit ce11 body diagonals
within experimental error (&1') despite the distortions
of thc cx'ystal structux'e previously discussed. Thc EPR
spectrum for the magnetic Geld aligned along a (111}
direction is shown in Fig. 6. There are two Br isotopes
of spin g cRch) Bl Rnd Bl ) with xllagnetlc moI1MQts of
2.0991 and 2.2626 p,~, respectively, and nearly equal
abundances. The dominance of the bromine hypcrfine
interaction, and the fortuitous equivalence of the N
splitting to the separation of the eel= +2 transitions for
the two Br isotopes, aBords a better view of the in-
dividual splittings than in the case of NHSCl.

EPR transitions were Gtted to thc spin Hamiltonian

I-:—~+

H. ii fiooj

+S Q A; I;+Qs,'P, s——',I(I+1)1, (10)

where Qs,' is related to the Br nuclear quadrupole
moment in the usual way. '2 Again, the angular de-
pendence of the AM8 ——+1, heal ——0 transitions was
taken to second order) QcglcctlQg cx'oss terms of thc
order of 0.74m;m; for (100) directions. The resulting
spin Hamiltonian constants are given in Table II. H
splittings were resolved only for the Geld along, or near,
the N—Br bond direction) whcx'c thc thrccH lrltcx'actions
are equivalent. Forbidden hmI= ~1, ~2 transitions
duc to the quadrupole term vrerc not obscxved.

The asymmetry of the L100j spectrum, induced by
the large Br nucleax-quadrupole moment, is readily
seen in Fig. 2. The low Geld line is seen to be split into
a quartet of lines resulting from the Br isotopic splitting
combined with the N interaction of approximately equal
magnitude, as in Fig. 6.The H interactions, inequivalent
for this orientation, contribute to thc linewidth. The
gradual transition from the quartet to a barely resolved
doub1. et structure in the direction of higher fields is
caused. by unequal quadrupole moments for the Br
isotopes: Q'(Br")/Q'(Br") =0.28/0. 34.

Z. I80'E EPR Spectre

EPR spectra from the NHSCl and NDBCl defect
centers were observed to change reversibly as the tem-
perature was cycled through the interval 7'7-180'K. In-
dividual hyperfine transitions broadened rapidly in thc
intexval 80-j.10'K, and the spectrum was essentially a
broad singlet up to 150'K. Beyond this temperature an
entirely ncw spectrum emerged, as shown in Fig. 7
for NHSCl. No change of this type was observed. in the
spectra of the NHSBr center, although there eras an
increase in hyperfine linewidth with temperature. Each
center annihilated above this range in temperature,
disappearing rapidly in thc interval 220-245'K.

~ W. Low, in Solid SIefe I'byes, edited by F. Seitz and D.
Turnbull (Academic Press Inc., New York, 1960), Suppl. 2.

l50 gauss
Fro. '1. Temperature dependence of the NHICl spectrum.

The temperature dependence of the NHSCl spectrum
suggests some kind of thermally activated rcoHenta-
tion of the defect. For an arbitrary direction of the ap-
plied. 6CM, thc g factor and hypcrfinc interactions of the
defect will change abruptly for each movcmcnt it
makes. If thc experimental apparatus is tuned to a
particular hyperfinc transition, the defect is alternately
brought into resonance and out as it performs a random
reorientation) lcadiQg to lifetime broadening of thc
hyperfine lines as the time spent in the resonance condi-
tion decreases. Experimentally, line broadening occurs
when thc temperature is such that the reorientation
rate becomes as large as the low-temperature lincwidth,
about IO~ scc '. Fuxther increasing the temperature,
and hence the reorientation rate, leads to a new mo-
tionally narrowed hyperfine spectrum which is the
result of averaging the g tensor Rnd hypcrfine tensor
components.

Of thc two likely types of movement for the NHSCl
defect, a threefold rotation about the N—Cl bond or a
x'colicQtatioQ of thc NH3+ ion and reformation of thc
N—Cl bond with a different Cl ion, only the latter is
consistent with the high-temperature data. %'c interpret
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the j.80 K spectrum in Fig. '7 as follows. The large
number of equally spaced lines with a Gaussian distribu-
tion of intensities must originate from equal coupling
of the unpaired electron to several Cl nuclei. The line
spacing should then be a, measure of the reduction, from
the 77'K case, of the coupling to the individual Cl
nuclei. For this field orientation (HjjL100$), the mea-
sured separation of 6.9+O.j. 6 is exa,ctly one-fourth
the splitting due to the Cp' hyper6ne interactions in
the 77'K case (2'I.s 0, Table I). The 180'K spectrum
may thus be interpreted as arising from an unpaired
electron, with a rapidly reorienting NH3+ group, inter-
acting equally with four Cl nuclei.

The angular dependence of thc 180'K KPR spectrum
%Rs found to have cubic symmetry. The Rnlsotlopy
of the spectrum could be ascribed. entirely to the Cl
hyper6nc intcractloD; N Rnd H hypcx'6nc interactions
RppcRx'cd to bc lsotloplc. Conlplctc RvclRglng of thc N
and H hypcr6ne tensors couM only be attained if the
four Cl ions in the high-temperature form of the defect

were tetxahedrally arranged around the reorienting
NH3+ gl'oup, Rs shown ln Flg. 3.

Rough values for the hypexdne tensor elements of the
rcoricntlng dcfcct %clc obtained ln the foBowlng
ma.nner, as suggested by the above model: %e assume
(1) the Cl hyper6ne tensor elements are one-fourth
those obtained at "l7'K; (2) the N and H hyper6ne
couplings are isotropic (ciN and An), and equal to one-
third the trace of the respective 77'K tensors, A;=
isTrA;. It is assumed that the reorienting NH~+ group
docs Dot dlstoI't applcclRbly fx'0IQ thc 77 K coQ6gux'R-

tion, and consequently the trace of each hyper6nc
tensor is invariant over this temperature interval. %c
ignore the signs of the N and H diagonal hypcr6QC
tensor elements, since they do not Reject the KPR
spbttings, and assume only that the elements in each
sct have the same relative sign. Then. QN= 21.5+2.9 6
and A.H ——23,3+2.3 G. In constructing the expected
180'K KPR spectrum, the diGcrent isotopic combina-
tions in R group of four Cl nuclei must be considered:

Comb 4CP' (3CP') (CP') (2CP') (2CP') (CP') (3CP') 4CP'
Rel. prob. : 81; 108; 54; 12;

For the particular case of HjjL100j, identical Cl
isotopes have equivalent hyper6ne interactions. For
othcI' 6cld directions, thc 1QcqulvRlcncc of cvcn thc
identical Cl isotopes produces an extremely large
number of transitions and an almost unresolved hyper-
6ne spectrum results. A computer simulation of the
L100j spectrum with the above values produced a rough
fit to thc dRtR. By successive approxlmatlonsq RD cx"
ccBcnt 6t %as ObtRlQcd %1th thc f0110%'lng values:
A, i35(HjjLiooj) =6.91~0.3 0, ZN=&0.S~1.S 0, an
=21.0+1.5 G. The differences, MN= I 6, MB=2.3
6, between these values and the ones initially assumed
are less than the minimum expected diGerences if one
of the elements in the N Rnd H hyper6ne tensors had
RD opposltc slgD, MN= 5.3 G~ MH= 3.2 0& this
justi6cs the assumption of equal signs for each set of
hyper6nc tensor elements. The approximate equality
of AN and AH, and the fact tha, t they. are a,lmost an
cxRct, Inultlplc of At.-135, ls thc lcRson- fol thc fallly
well-resolved L100j spectrum.

Ke DlRy use thc hypcr6nc coupllngs obt8, lncd Rbove
from a computer simulation of 180'K spectra to recal-
culate the 77'K hyper6nc tensor elements, still assum-

ing the conhguration of the reorienting NH3+ does not
distort over this temperature interva, l. The results
Rl c prescIltcd 1D TRblc II. Only thc perpendicular
elements for the Cl and N interactions were changed,
since they are in greater estima, ted error; the parallel
elements were kept constant. The correction tg the H
hyperhne tensor was made by uniformly. reducing only
A (H) and C(H) since B(H) is strongly dependent on the

Hjjj iiij measurement and hence in little error.

A similar temperature dependence is observed for
the NDSCI center except that hyper6ne structure is
scRlccly 1csolvcd ln thc high-temperature x'cglnlc be-
cause of the CBects of the small interaction with the D
nudei and their additional transitions. The general
features of the spectra are completely explained by
extrapolation from the NHSCl results.

Ordering of NH4+ ions has been shown to be very
largely ca,used by octupole-octupole interaction terms
in a multipole expansion of Coulombic forces between
nearest NH4+ neighbors, assuming a nearly unit charge
evcQly dlstI'lbutcd on the hydI'ogcD atoms. This same
interaction is evidently responsible for constraining
the reoricnting NH3+ group to bond to only four of
the eight surrounding Cl . The tetrahedral NHSC1
Inolecule will be in a position of minimum electrostatic
energy when it is oriented similarly to the surrounding
NH4+ tetrahedra. On this basis we exclude the possi-
bility in which the defect orientation differs from that
of Fig. 3 by a 60' rotation about the N—Cl bond. Other
positions of minimum interaction' energy occur when
thc NH3+ gI'oup ls coupled to Cl lons %hlch Rlc oD

connecting face diagonals of the unit cell (solid circles
in Fig. 3).The reorienting NHg+ presumably alternately

-couples only to these four Cl in the high-temperature
form of the defect.

EstllIlatcs of thc COI'lclatloD tlIQc T fox' thc reorienta-
tion process were obtained for several temperatures by
mcasurlQg the chRngc of hypcx6QC llQcwidth ln the

"C. %'. Garland and J. S, Jones, J. Chem. Phys. 41, 1165
I'I964).
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temperature region of motional eGects. '4 These mea-
surements were severely hampered by the overlapping
of transitions and the lack of a reference transition
unaffected by the reorientational motion. The data were
found to roughly 6t the Arrhenius relation

1/r p~ E/kr (11)
with an activation energy within the range E=0.04-
0.08 eV. For comparison, the activation energy for
rotation of the NH4+ group in NH4Cl has been measured
to be 0.206 eV."This suggests that the value for NH~C1
is rather low for reorientation by rotation of the NH3+
group.

There is an alternative reorientational mechanism,
which may have a lower activation energy than rotation.
The N and one H could move through a {110)plane,
breaking and reestablishing the N—Cl bond with a
diferent Cl. In Fig. 3 is shown, in dashed circles, the
result of one such reorientation for the NH3C1 defect
in which the NH3 group moves to the position of its
mirror image in the (110) plane. The N atom moves
about 1.5 A in this process. A supporting feature of
the mechanism is that the N atom is directed only to
the tetrahedrally located Cl ions which are part of the
high-temperature form of the defect. This is similar to
bond switching reorientation processes, which generally
have been found to have activation energies within
the range reported here."'~

Research on the kinetics of the reorientational motion
is continuing, and will be fully reported in a forth-
coming publication. ~

3. Optica/ Absorptiors Spectra

Figure 8 shows the optical absorption spectra" of
an irradiated NH4Cl single crystal at 15'K before (a)
and after (b) optically bleaching within the 790-nm
band to remove the V~(C12 ) center. About 75/o of the
initial uv band is due to the 2Z,+~~Z„+ transition of
the V~ center at 385 nm. The entire band at 790 nm is
due to the 'II, +-'Z„+ transition of the Vg center. '
The band labelled b at 375 nm (3.31 eV), with 1.0-eV
half-width, is ascribed to the NHSCl center.

Polarized optical bleaching experiments'9 were con-
ducted on the 375-nm band to determine if the center
could be selectively oriented. No dichroism was pro-
duced in this band after intense irradiation with
L0011-, L011j-, and L111j-polarized light in the absorp-
tion band. Similarly, it was not possible to increase or
diminish the population of any of the (111)-oriented
NHOC1 centers, when viewed by EPR, by appropriately
polarized optical bleaching of the sample in site. Con-

'4 H. S. Gutowsky and A. Saika, J.Chem. Phys. 21, 1688 (1953)."E.M. Purcell, Physica 1?, 738 (1947).
'6 B.Dischler, A. Rauber, and J. Schneider, Phys. Status Solidi

6, 507 (j.964).
'7 G. D. &atkins and J. W. Corbett, Phys. Rev. 134, A1359

(&964).
'8 From data, taken by M. J. Marrone of this laboratory.
'9 Performed in collaboration couth M. J. Marrone.
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Fzo. 8. Optical absorption spectra of an irradiated NH4Cl
single crystal at low temperature before {a) and after (b} optic-
ally bleaching.

An approximate description of the NHSX electronic
wave functions can be found by using a linear combina-
tion of atomic orbitals based on known NH3+ molecular
orbitals and X atomic orbitals. Self-consistent-field
(SCF) molecular orbitals, based on Hartree-I'ock wave
functions, (have been constructedgby Lorquet~and
Lefebvre-Brion'for the NH3+„. radical in both the planar

FIG. 9. Energy-level scheme for
NH, + (Ref. 21l. The difference
between Czzz and O'Dz is the
electronic exchange interaction:
83=&3—V'w

I

+5.8
+5.4

-27.8
4 I 4I30.2 ~5,7

-43.4

tinuous and pulsed thermal annealing experiments
showed a correspondence between the decrease in
magnitude of the 375-nm optical absorption band and
the EPR signal due to the NHBC1 center.

Similar experiments were performed on an irradiated
NH4Br single crystal, which has an optical absorption
spectrum qualitatively similar to Fig. 8. An optical
absorption band at 395 nm (3.14 eV), with 1.0-eV half-
width, was found to decrease in amplitude roughly in
correspondence with the NH3Br EPR spectrum after
thermal annealing.

The experiments described are consistent with the
identification of the 3.31 eV, 3.i4 eV optical absorption
bands as due to the NHSC1, NH3Br centers, respectively.
These transitions probably would occur between the
0-bonding and 0-antibonding molecular orbitals shown
in the energy-level scheme of Fig. 11, as discussed in the
following section.
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the state I3) lies above or between the states I2„„}
and I1,,„&, depending on the relative energies of the
uncorrclatcd NH3+ Rnd X lons. Guided by thc forms
of Cs and Cs, r in Eqs. (12), the NHsX wave functions
can be written as linear combinations of atomic orbitals
(LCAO's) with undetermined coeKcients:

FIG. 10. Formation of NH8Cl, NHIBr molecular orbitals.

and pyrimidal co116guratloDs, 1Q RQ cxtcDslon of
cRI'llcx' studies by Kaplan oD thc ammonia ITlolcculc.
Giacomctti and Nordio performed R con6guration-
interaction calculation using these molecular orbitals
and obtained isotropic coupling constants AN and AH
fol' NH3+ ln good Rgrccmcnt with cxpcl'1Blcnt. Thc
energy-level scheme for NH~+, in the notation of Lorquet
and Lefebvre-Brlon) ls shown with Med orbltals ln
I'ig. 9. The values shown Rre extrapolated between the
pla11R1 Rnd pyrlmldal CRscs for tile SII1R11 (3 ) dlstol'tloll
from the planar con6guration found for NHsCl (a
lax'gcl distortion IDust occul for NH3$r, but thc quRll-
tRtlvc Rspccts of thc 1csultlng molecular-Orbital scheme
WIll I'cIllalI1 the BRIlle). Tile molecular orbltals Rl'c

4 I=+N(is),
4 I——+0.025N(is)+0. 806N(2s)

+0.033N (2p,)—0.234He,

C I-—+0.003N(is) —0.066N(2s)
+0.985N(2p, )—0.033He, (12)

C 4———0.151N (is)+1314N(2s)
+0.080N(2p. )11.545He,

C s,r=+0.756N (2p„„)+0.326H„„,
C s, s

———1.087N(2p„„)+1.282H„„,

where H» H„and H„are normalized linear combina-
tions of atomic hydrogm, orbitals:

He= 0.46LH, (is)+He(is)+H, (is)],
H, =0.96@I,(is)——,'(Hs(is)+H, (is))1, (13)
H„=0.83IHs(is) —H, (is)j.

The multiplicativc constants were calculated for the
N—H bond length in NH4+ of 1.03 A.

The formation of molecular orbitals from NH3+
Rnd Cl ol' Bx 01bltals of appropriRtc sylnmetry ls
shown schematically in Fig. 10, with the expected
order of energy levels (not to scale). It is possible that

Io J. C. Lorquet and H. Lefebvre-Srion, J. Chin. Phys. 57,
85 (j.9N)."H. Kaplan, I. Chem. Phys. 26, 004 (195'F).

n G. Giacometti and P. L. Nordio, Mol. Phys. 6, 301 (1963).

I 0)= —aNN(2s)+ bNN (2p,)—aHHe

+axX(Ns)+ bxX(nps),

I 1„„)=+4N(2p, „)+eH„„—f X(rIp„„),
I 2.,s&=+~sN(2p-. s)+esH-. s+fsX(&p*;)

I 3)= —aN'N(2s)+bN'N(2p, )—an'Hs
—ax'X(ls) bII'X (—Ip,),

where we have added halogen ns orbitals to conform
to the experimental hyper6ne data. We have neglected,
fol' case of computation, contllbutlons from halogen
(m+1)s orbitals, but have compensated somewhat for
this by including X (es) orbitals in the final com-
parison. In the ground state IO), the unpaired electron
occupies an antibonding 0 orbital Rnd the state is 'Z.
30th the bonding and Rntibonding m orbitals remain
degenerate in an environment of Cay symmetry,

Thc molecular orbitRl picture RIll its RccompRnylng
energy-level scheme presented here, along with speci6c
energy d16crences to bc glvcIl latcI'q Rrc vcl'y slmllar
to those of mixed V~ centers XF . '~3' Similarities
can also bc seen in the physical model in which the
electronegative NH3+ group corresponds to a halogen
atom; it has one electron missing from its "closed-
sheO" con6guration NH3'. 'tVve adopt a hole-type
des(.ription of thc ccntcl ln accoI'd with this vlcwpolnt.
Spin-orbit coupling, Q0%' of negatlvc sign, CRuscs some
admixture of the bonding and antibonding x orbitals
into the ground state, producing the observed g shift.
The transition giving rise to the optical absorption,
shown in Fig. if, is, as in the V~ center, due to a trans-
ference of unpaired electron density along the N—X
bond axis. The transition moment is expected to be
large for light polarized along this direction. Optical
absorption due to transitions to the II levels is expected
to be smRH, and none was in fact found.

Z. g Telsor Corapolettis-

Treating the spin-orbit coupling XL S as a perturba-
tlon) thc Inod16ed ground-stRtc %'Rve functions Rx'c

calculated to bc

I+&=I I-So'jLI0 )+~ lie&+ ~ li.~&

+bl2~&+'~. IV &j,
15)

I-&=I 1-&o'jl 10'&-~ li~&+ & li~&
-bl2~&+ ~.I2~&j,

"D.Schoemaker, Phys. Rev. 149, 693 (1966).
O' J.%.%'iMns and J.R. Gabriel, Phys. Rev. 182, 1950 t'1963),
gg'W. Dreybrodt and B. Silber, Phys. Status Solidi 16, 215

(1966).
'6 M. L. Meistrich and L. S. Goldberg, Solid State Commun. 4,

469 (1966).
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where rs and P are the two spin states, and the co-
efhcients are

&I=(bwdIXN bx—fg'Ax)/251,

h=(bNds&N+bx fs) x)/2&s,
1—ass= (1+2/Is+2/ ') '~s

—=1—(bx)1x/2)'L(fr/~I)'+ (fs/~s)'j.

FIG. ll. Energy-level scheme
for NHsX, showing observed
optical transition.

(o") I

(v") I)x,y)
(v) Isx,y)

~I and ~s are the energy differences of the l1~,o) and

I 2, „)states from the ground. state, as shown in Fig. 11.
Ke have dropped terms in XN', since XN'&&Xx~, and
have assumed vanishing overlap integrates,

of the wave function by averaging the hypcr6ne
1Qteractlons~

t4 (L;—S;).I; 3(r; S)(r,"Ig)
3'H'= Z g t e— +

Is ~ ri'
Using standard techniques, and expanding to second
order in )I,/6, we obtain the following results for the g
shifts: 8x

+—S.I;b(r;), (19)
3~gii= gii —g.= —(bx) x)'L(fr/t) I)'(2—dl' —fr')

+ (fs/~s)'(2 —ds' —fs')j
&gl= gl —g.= —2bN'&HI d ls/~I+dss/t4J

2bx'&x—nfl'/~I+ fs'/t) s3+2bNbx() N+&x)
Xplfl/t) I drfs/t—) sj

—(b ) )'L(f/~)'+(f/~)'j
where g,=2.0023. There are too many unknown quanti-
ties for a solution of these equations. However, some
rough approximations can be made to see if the resulting
simple relations predict qualitatively correct behavior:
fr'+ fs'=1; dls+dss=1; dlf1 —dsfs=0. Equations (17)
reduce to

A ))„=A;+28;,
A I,,=A;—J3;+sshg g,B;, -

where
~'= (8~/3) (t '/I')o" I

+ .(0) I',
Ii'= s (t '/I')b" (r' '&".Ag)( =—(bxXx/6)s,

hgl = 2bxshx/t), —, (18b) Values of
I %„,(0) I

' and (r-') o for the different atoms,
al ltdf th tp t. f th lyti H t

Pock wave functions obtained by %atson and Free-
man, '9 are given in Table III. The mean of these values
fol X RQd I w'Rs used ln subsequent computations.
Using the EPR data in Table II, the spin densities
a;s and bcs in the Iss and. rlP atomic orbitals were calcu-
lated from Eqs. (20). The results are shown in Table IV.

where 6 is the mean of the energy separations hi and
hs (positive quantities). Equations (18) show the cor-
rect signs for the g shifts. Combining these relations,
we obtain hgl= —2bx(I hg~, I)'I', using values for kg~~

and bx given in Tables II and IV, we 6nd hgl(NHsC1)
=—0.0180 and. t)gl(NHIBr)= —0.1179. These pre-
dicted values are higher by factors of 3 and 2, respec-
tively, than the quantities given in Table II, but the
correspondence is satisfactory considering the approxi-
IIlatlons 111Rde. Eqllatlolls (18) 111Ry each be solved fol
h. Taking Xcl———0.073 CV, Xp,= —0.305 CV,"we 6nd
5=1.7(a), 5.6(b) eV for NHsCl and t),=2.7(a), 5.7(b)
CV for NHIBr. The lower value for d is believed to be
more nearly correct in each case, since it is obtained
from the relation for hgII which is based on more valid
Rppl oxlmRtloIls.

Tanxz III. Va)ues of (r '),„and )e„,(0l (', in units of foa crn-'.

I+-(ol I'

2.14»

32.22

71.90b

68.14b

131.14b

124.29b

Nucleus

H'
N14

CPS

(C»5)-
Brre

(Br")

e o ~

20.95~

45.32b

38,93b

80.22b

~9.20b

over the orbital part of the ground-state wave function
(1't) LEq. (15)j. There is an additional contribution to the

usual equations" due to the L; I,/r s term acting on
adIIllxturcs of cxcltcd states lllto the gl ound-state
wave function, The result of the calculation is, to
first order, "

3. HyPerfINe TeIssor CoINPorlents a J. R. Morton, Chem. Rev. 64, 453 (1964}.
b R. E. Watson and A. J. Freeman, Phys. Rev. 123, 52i {i96i};124.ilia (i96i}.A relation is obtained between the hyperGQC tensor

components of the spin Hamiltonian and the coefIIlcients ss C. P. Slichter, PriaciPtcs of 3Eogeotic ffosoaolco (Harper
and Row, New York, 1963), Sec. 'tp'. 3.

'~ M. Blume and R. E. %atson, Proc. Roy. Soc. (London) 39R. E.%'atson and A. J.Freeman, Phys. Rev. 123, 521 (1961);
A271, 565 (1963). 124, ill I (1961).
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Tmrx 1V. Spin densities, eP and b;2, in s- and p-type
atomic orbitals on NHgX nuclei.

23.3
2I.4—23.3

j.0.0
12.6

NHgCI

0.014 0.2 j.4 .

0.039 0.736—0,046

0.229
0.776—0.046

NHgBr

i12.2 0.027 0.53i
5.4 0.074 0.318

Thc NHSX ccntcl 18 pl'ohaMy forlncd hy thc rcIDGval

of H from NH4+ by the incident ionizing radiation,
with subsequent bonding of NHS+ to X along a (111)
direction. The paramagnetic resonance spectrum for
H' eras Qot observed. It seems likely that H' either
directly escapes from the lattice or moves through the
cxystal, even at the lowest irxadiation temperatures of
about 30'K, Rnd forms molecular H2.

It has been shown that the NHIX defect structure
ls 1Q gcneI'al similar to that of mixed V~ ccDtcI's of thc
type XI' . The energy-level scheme and optical transi-
tion c1Mx'glcs Rl 6 also qultc similar. In thc NHSC1 centcI',
NH3+ is a nearly planar group, loosely bonded to Cl,
and alternately bonded to three other Cl in accordance
%'ith a lcoI'lcntatlonRl mechanisIQ which 18 ixLQucnced

by the surrounding ordered ~4+ gxoops. In the NH38r
center, the NH~+ group departs more from a planar

Some features of the results in Table IV are the

following:

(a) The NH~C1 molecule has a high ionic character
and may more accurately he written as NH3+Cl, with
the hole density lying mainly in the NH~+ gxoup. There
18 a Inox'c uniforID distribution of hole density on tile
NH38r molecule, indicating a greater amount of coval-
cncy hctcen the N and Br. This iIQplies greater
strength of the N—X bond in NH3Br, vrhich is con-
slstcnt Kith tllc fact thRt InotlonRl cGects duc to R

rcoricnting NH3+ gloup RI'c Dot observed.

(b) The s-type admixture into the nitrogen wave
function is proportionately much greater in NB~Br
than in NHSCl. Thus, in NH38r, there is a greater
tendency toward sp' (tetrahedral) hybridization of the
nitrogen orbitals vrith stronger covalent bonding, al-

ready inferred, to the bromine. Assuming the departure
of the X—N—H bond angle from the planar con-
figuration is a linear function of the amount of sp'
hybridization of the nitrogen orbitals, vre 6nd

(p—90') = 3 (19.5')aN'/hjp.

From the data in Table IV we obtain P(NHSC1) =93',
in excellent agreement with the previous result, and
$(NHgBr) =104'.

CGD6guration Rnd there is stronger covalent hoMing
toaBr .

It has been noted that the ground state ~0} of the
~3Cl defect 18 lax'gely Ionic. FroIQ the orthogonall. jy
condition we infer that the excited state ~3) taking
pal. t 1Q the optical tIRQsltlon has a slIMlar lonlclty,
v ith its electric dipole moment oriented in the opposite
direction. This suggests that the optical transition
energy might be in agreement vnth a formula derived
from R simple electron transfer model, ~

E=Eg—Er+ (2aM —1)P/R,

wIlcrc Eg 18 tI1e clcctx'on R5nity of X,Zl thc ionization

energy of NH3 ) QM thc Madclung constallt» RDd R
thc Dearest-neighbor distance. Thc 61st t%G tcrIDs GQ

the right-hand side of Eq. (21) represent the work done
1Q rcIDovtng Rn clcctx'on from X RQd. thcD adding lt to
NHg+. Thc last terIA. I'cplcscnts thc energy expended
ln Inovlng thc clcctx'GD through thc Coulonlh potential
of the surrounding ions; tlM —1 takes into accouDt thc
fRct that there 18 a missing charge sccQ hy thc clcctron
(at the position of the former X ) when bringing it to
thc posltlon of NH3+. It 18 Rssunmd that NH3+ llcs
at thc ccntcl of thc Unit cube. Using thc follovQQg

values: Eg=3.61 eV, Er—11.2 eV, a—nd. nMe'/R=7 55.
CV, vm Obtain for the transition cnexgy 8=3.2 CV.

This is in remarkably good agreement with the observed
energy of 3.31 CV. The formula is less accurate vrhen

applied to the less ionic NHgBr defect: I'roln Sg=3.36
eV and O,Ms'/R= /. 21 eV we find E=2.5 eV, compared
to the observed energy of 3.14 cv.

Both centers annihilate above 200'K vrithin a 20
tcnlpcratuI'c interval )ust helo%' thc Order-disorder
transltlon tcIQpcraturc~ Rnd no resulting paraIQagnetlc
species are observed in EPR. Some likely processes
leading to Donparaxnagnctlc pl oducts Rl'e

1 NHX+e -+NH '+X '

2. NHSX —+ NHgX+H',
H'+H'~ H2„.

NH8X —+ NH2+HX,
NHy+NHg -+ N2H4 „'

4. NHgX~ NHg +X',
X'+X'-+ Xm.

The 6rst process seems doubtful for the following
reason. The t/ ~ center is known to annihilate at about
150 K hy recoIQl31nlQg with R trapped clcctlon %'ith Qo

QoticcaMc cfkct on the numbers of ~3X centers
present. If an electron-hole recombination process fox'

NHgX vMre to bccoIQc favol ed only Rt RQ clcvated
temperature, there is then no evidence (from EPR or

~ R. S. Knox, Theory of Em@ols (Academic Press Inc., Neer
Vork, j.963), Chap. 5. Although Eq. (21) does not work partic-
ularly vrell vrhen appbed to exciton absorption bands in alkab
halides, it is more applicable to this case because of the localized
nature of the defect,



optical spectra) for the existence of trapped electron
ccntcI's Rt this higher temperature %'hich could supply
electrons in Sufhcient numbers. F centers are ruled
out as a source of electrons since they are stable2 up to
100'C and in any case their population relative to
NH3X is exceedingly small. It appears likely that
Rnruhilation occurs by some dissociation of the NHSX
molecule, illustrated by the latter three possibilities.

IQ each of the last three cases, one of the direct dis-
sociation products is a paramagnetic species (H', NHs,
X'} which is then required to combine with another
to produce a stable nonparamago. etic molecule. The
intermediate paramagnetic product must be able to
disuse swiftly through the lattice. For this reason, the

second process appears most likely as the actual means
of annlhllRtloQ 0'f NHSX ccQtcrs.
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Additive Coloration of Alkaline-Earth Chalcogenides~
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Procedures for the additive coloration of single crystals of the alkaline-earth chalcogenides are described.
Soth the coloring bombs and the two-section vacuum furnace are made of tantalum. Coloring temperatures
used range from $500 to 1900'C, vrith the pressure of the metallic vapor ranging up to several atmospheres.

I. INTRODUCTION

i N the Rddltlvc coloI'lng process& colol ccntcI'8 Rrc
introduced into 3 solid by heating the crystals in a

vRpoI' of thcll' Inctallic constltucQt. Thc lltcl'B, tUrc pcI'-
taining to the color centers thus produced in the alkali
halides is vast. ' However, very fcw studies have been
reported for similar studies in the alkaline=earth chalco-
genides. Such studies are of great interest because the
alkaline-earth chalcogenides may be regarded as di-
valent counterparts to the alkali halides. Sproull et al.'~
have identified and studied the F' centers {anion
vacancies colltalnlng two electrons) 111addltlvel)r colored
barium oxide crystals. %ebcr' reported color centers
induced in magnesium oxide crystals by heating thein
1D oxyjgen RQd 1D calcium Rnd magnesium vRpoI's.
However, Soshea et ul, ' showed that the oxygen-induced,

~ Work supported by the U. S. 0%ce of Naval Research and
the National Science Foundation.

f Present address: Department of Physics, Northern Arizona
University, PlagstafF, Ariz.

f Present address: X-Ray Department, General Electric
Company Mlhvaukee WISC.' j.H. Schulman and W. D. Compton, Coror Cegkrs iN SolH's
(The Macmillan Co., New York, 1962).

~ R. L. Sproull„R. S. Sever, and G. Libovntz, Phys. Rev. 92,
77 (1953}.' W. C. Dash, Phys. R.ev. m, 68 (1953).' C. Timmer, J. Appl. Phys. 28, 495 (1932).' H. %eber, Physi% 130, 392 (1951).' R. W. Soshea, A. J. Dekker, and J. P. Sturtz, J. Phys. Chem.
Solids 5, 23 (1958).

color centers in %Cher'8 work vmrc due to impurities
and cast doubt on %eber'8 interpretation of his metal-
1ndUccd RbsolptloD bands. Studlcs of thc optlcRl Rb"
sorption induced in several of the alkaline-earth oxides
by various forms of irradiation have also been re-
portede ~; hovrever, the complexity of the absorption
spectra produced makes it dBBcult. to identify the color
centers responsible for the various observed bands.

In the present investigation, techniques have been
developed for carrying out the additive coloring process
at much higher temperatures than have hitherto been
achieved. Using coloring temperatures as high Rs
1900'C, both Ii and P centers, that is, anion vacancies
contRlnlng oQc Rnd twO clcctrons2 rcspcctlvcbj'~ hRvc
bccD prodUccd ln CRlcium oxides Rnd stroDtiUIQ oxldco
Rnd I ccntcrs have bccIl produced in IQagncsium
oxide. Thcsc colol ccDtcI'8 hRvc bccn studlcd both as R
function of the coloring temperature and thc pressure
of the vapor of the metallic constituent.

The experimental technique used is an adaptation of
the familiar double-furnace principles commonly em-
ployed in the additive coloration of the alkali halides.

'I V. Chen and W. A. Sibley, Phys. Rev. 154, 842 (196'E).
8%. C. %ard and E. 3. Hensley, following paper, Phys. Rev.

175, 1230 (1NS).
9 3. P. Johnson and E. S. Hensley (to be published); see also

Bull. Am. Phys. Soc. I2, 411 (1967).
'0 K. I.. Kroes and E. B. Hensley (to be published); see also

Bu)L Am. Phys. Soc. 1$, 420 (1968).


