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The 21 forbidden hyperfine doublets (M (3e2—3), Am =17 in the EPR spectrum of Mn?* impurity ions
in CaWO4 have been observed. The doublet separations at 6=0° are in excellent agreement with a perturba-
tion-theoretic calculation which includes fourth order terms. The angular variation of the separations agrees
very well with the angular variation calculated by computer diagonalization of the spin Hamiltonian. The
doublet separations for general 6 have been computed to order (»)3 using perturbation theory and qualita-
tive agreement with the exact angular variation has been obtained. The value obtained for the nuclear
quadrupole coupling constant is Q' = — (0.304-0.03) X 104 cm™2,

I. INTRODUCTION

HE electron paramagnetic-resonance spectra of
S-state ions usually consist of (25)(27+1) so-
called allowed (AM =1, Am=0) lines when either the
crystal field is negligible or the external field is parallel
to a symmetry axis} Otherwise many forbidden
(Am=41, +2- - ) lines may also be observable.?~15
The fields for resonance for the forbidden transitions
| Mmy=|M—1,m—1) and |M,m—1)=|M—1,m)
differ by first-order nuclear Zeeman and nuclear quadru-
pole effects, and by higher order effects of the crystal
field and hyperfine interactions. As a result, the above
pair of transitions gives rise to a so-called forbidden
hyperfine doublet labeled (Mm) for each 72>2m>—1.
We are concerned in this paper with the five (3,m)
doublets in the EPR spectrum of Mn?* impurity ions.
We have observed such doublets in the spectrum of
Mn?t+ ions in CaWOs. The doublet separations AH ()
as functions of the angle 6 between the external field H
and the ¢ axis of the crystal have been measured. From
these data and the position of the allowed transitions,
we have determined the quadrupole coupling constant
and other spin-Hamiltonian constants. Excellent fit to
the data was obtained by computer diagonalization
of the 36X 36 spin Hamiltonian. The value Q'=—0.30
#+0.03(10~* cm™) was obtained.

1 B. Bleaney, Phil. Mag. 42, 441 (1951); W. Low, Paramagnelic
Resonance in Solids (Academic Press Inc., New York, 1960), p. 58.

2 B. Bleaney and D. J. E. Ingram, Proc. Roy. Soc. (London)
A205, 336 (1961).

3 E. Friedman and W. Low, Phys. Rev. 120, 408 (1960).

4L. M. Matarrese, J. Chem. Phys. 34, 336 (1961).

5 G. W. Ludwig and H. H. Woodbury, Bull. Am. Phys. Soc. 5,
158 (1960).

6 B. Bleaney and R. S. Rubins, Proc. Phys. Soc. (London) 77,
103 (1961).

7V. J. Folen, Phys. Rev. 125, 1581 (1962); 139, A1961 (1965).

8 J. Schneider and S. R. Sircar, Z. Naturforsch. 17a, 651 (1962).

9 F. Waldner, Helv. Phys. Acta 35, 756 (1962).

10 M. Qdenhal, Czech. J. Phys. B13, 566 (1963).

11 7, E. Drumheller and R. S. Rubens, Phys. Rev. 133, A1099
(1964); G. J. Wolga and R. Tseng, ¢bid. 133, A1563 (1964).

2 7. E. Drumbheller, Helv. Phys. Acta 37, 689 (1964).

1 B. C. Cavenett, Proc. Phys. Soc. (London) 84, 1 (1964).

4§, P. Burley, Australian J. Phys. 17, 537 (1964).

15 J. Schneider, S. R. Sircar, and A. Riuber, Z. Naturforsch. 18a,
980 (1963).

145

II. EXPERIMENTAL PROCEDURE

The EPR experiments were performed at liquid-
nitrogen temperatures (80°K) and at X-band frequen-
cies using a spectrometer described previously.’¢ Al-
though x-ray orientation was employed, the final means
of orientation after the sample was placed in the
microwave cavity was to observe the forbidden hyper-
fine spectrum for which the intensity vanishes at 6=0°
and 90°.

CaWOy crystals intentionally doped with Mn were
not the best samples to use for these experiments be-
cause of excessive linewidths and the presence of over-
lapping fine structure groups. It was found that the Mn
spectrum observed in Fe*t-doped crystals was ideally
suited for the following reasons:

(a) The low Mn?* concentration yielded linewidths
less than 0.5 G for the central $ = —3 fine structure
transition.

(b) The (£%==%3%) and (%= =3) transitions were
strain broadened such that they either were not ob-
servable or could be easily distinguished from the
resonances of interest.

(c) The Fe?**-induced crystal strain does not alter the
spin-Hamiltonian parameters of Mn?t.

(d) The isoelectronic Fe*t ion is not observed in the
same spectral region as Mn because it has a g’ value
of 4.3.16

Forbidden and allowed hyperfine transitions within
the (3= —3%) fine structure group which can be ob-
served under the proper conditions are shown in Fig.
1(a). Derivative EPR spectra observed at several angles
for Mn?*+ impurity ions in CaWQ4 are shownin Fig. 1(b).
Both Am= =41 and Am= =2 forbidden hyperfine transi-
tions are present at large angles between the applied
field and the ¢ axis. The broadened (431 = =%32) reso-
nances are barely visible in the top spectrum (=90°)
and do not complicate the spectrum at other angles.

16 R. W. Kedzie, D. H. Lyons, and M. Kestigian, Phys. Rev.
138, A918 (1965).
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III. DISCUSSION

When the electronic states are mixed by competing
Zeeman and crystal-field energies, the direction of the
effective field acting on the nuclear moment depends on
the electronic state. This direction may diverge con-
siderably from the direction of the external field for even
relatively small crystal fields, especially for nominally
M =% electronic states. As a result, forbidden Am0
transitions can acquire large intensities. Bleaney and
Rubins® have explained, in this way, the apparently ab-
normal intensity of Mn?** forbidden hyperfine transitions
observed in ZnSiFg-6H20 and (NHj)sZn (SO4)2- 6H,O.
These authors used ‘“‘conventional” perturbation theory
starting with zero-order wave functions | Mn) quantized
along the external field direction. In their theory, cross-
product terms in the crystal-field and hyperfine inter-
actions give rise to large intensities for the forbidden
transitions, when H is neither along nor orthogonal to
the ¢ axis.

Conventional perturbation theory for the forbidden
intensities is known to be quantitatively unsatisfactory
except for quite small angles § between H and the
symmetry axis. An improved treatment of this problem
has been given by Bir.'” In this theory, which gives
excellent agreement with experiment, the zero-order
states are again product states; but the electronic part
is nearly an exact eigenfunction of the Zeeman term
plus the crystal field, and, together with the hyperfine
interaction tensor, it defines the axis of quantization for
the nuclear states. The doublet separation to sufficient
accuracy for large 6 has not yet been computed using
this technique, however.

The spin Hamiltonian appropriate to a Mn?* jon in a
crystal field with axial symmetry is!®

35
JC= g;rBH»S'z-l—glﬂ(HZS,C+H”S”)+D<S:2_1_2>

U2y 95 81\ b4
+— (S ——s 2+~>+~(S+4+SJ)
12 14 120

+A4S,1,+B(S.I.+S,I,)
35

The forbidden hyperfine-doublet separation,

AH:Hres(l'%)m);)l —‘%’ m— 1))
—'Hres(]%; m—1><__‘_‘)l~%)m>)7 (2)

where H,. is the field for resonance of the indicated
transition, can be computed using conventional per-
turbation theory.® If we neglect 8, and &4 for the
moment, the result to second order in 1/H, (found by

Y G. L. Bir, Fiz. Tverd. Tela 5, 2236 (1963) [English transl.:
Soviet Phys.—Solid State 5, 1628 (1964)]
(1186((;) F. Hempstead and K. D. Bowers, Phys. Rev. 118, 131
9
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HYPERFINE TRANSITIONS WITHIN THE
1/2=— —1/2 FINE STRUCTURE GROUP
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Fi6. 1(a). Schematic representation of the number and relative
positions of allowed and forbidden hyperfine transitions in the
M (, & —3) fine-structure group for an jon having a nuclear spin
I=3%. (b). Derivative EPR spectra of Mn?* impurity ions in
CaWO4 obtained at 80°K and X-band frequencies are shown for
several angles (f) between the applied field and the crystalline C
axis. The positions of the Am==41 and Am==2 forbidden
hyperfine transitions are indicated by the arrows at 6=75° and
6=45°, respectively.

third-order perturbation theory) is

B 17Bg? [ 4D (A4 — B) sin220
= 1
Ho HO
YON 2543
+( " )[2Ho AQ@m—1)]— o (2m—1)

:](3 cos?—1)(2m—1), (3)
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where

By=1% (B4 B cos?0+ A sin%). (3a)

Here Ho=hv/gB, and the parameters are in units of
gauss. Some very small terms in 8y and Q" have been
neglected. We have made the approximation gn=g.=g,
and, for the second-order (in 1/H,) corrections, as-
sumed 4 =B.

According to Eq. (3), the doublet separation varies as
(3 cos?#—1) for A~B and is independent of angle for
the central (m=%) doublet. Both of these predictions
are at variance with the experimental results and the
exact theory, as can be seen from Fig. 2.

In order to obtain agreement to within 0.1 G with the
exact results obtained by computer diagonalization of
Eq. (1) for 6=0°, it is necessary to include the second-
order contribution from 44° and also third-order terms in
1/H,. The modified AH at 6=0° is then

1782 vBx
= +<~——)[2H0—A(2m—1):|—2(2m——1)Q’
2H, 5]
(2m—1)47r254
— 8D+20b40:|
e L2
A? 2107 131
e ]
H 16 4

27
—16D2—-16DA|:Z+m——m2]}. @

The third-order correction is about ¥ G and is neces-
sary for agreement to within the experimental error.

We have also computed the corrections to Eq. (3) for
general 0, to order 1/H¢®. In this calculation, which is
outlined in the Appendix, it was necessary to include
terms of fifth and sixth order from the perturbation
series, as the energy denominators for some #th order
terms are of order H ™24 -1 (for even #). The results
of this calculation are shown in Fig. 3. We see nearly
perfect agreement with the exact calculation for angles
near 0° and 90°, but discrepancies of the order of 2 G
around 45° remain. The next order would not improve
the agreement for the central m=% doublet, as this
splitting depends only on odd powers of H,y. However,
the discrepancy between the perturbation-theory result
and the exact calculation is very frequency sensitive, so
that a mere 159, increase in the operating frequency

Fic. 2. (a) Angular dependence of the high-field forbidden
(Am===1) hyperfine doublet separation AH (§). The open circles
are the data points. The continuous curves are obtained from the
exact calculations using the three different values of Q' shown on
the figure. (b) Same as in (a) except that the open circles are data
points obtained from the angular dependence of the low-field
forbidden hyperfine doublet separation AH(—$%). The best fit to
the data in (a) and (b) is obtained from the exact calculation by
choosing Q'=—0.325 G. (c) Angular dependence of the center
doublet separation AH (3). The solid curve obtained from the exact
calculation is independent of Q'.
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would reduce the maximum discrepancy by a factor of
2.

IV. RESULTS

For X-band frequencies, the spin-Hamiltonian pa-
rameter cannot be calculated to sufficient accuracy by
second-order perturbation theory. The parameters were
obtained instead by computer diagonalization of the
36X 36 spin Hamiltonian. A least-squares analysis of the
fit to 18 allowed transitions yielded the parameters
and errors given in Table I. Agreement with the work
of Bowers and Hempstead is extremely good.

The greatest differences between second-order theory
and exact theory parameters occur for 4 and B. Second-
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F16. 3. Comparison between the high field AH(§), low field
AH(—3), and center AH (3) angular-dependent doublet separations
(solid curves) and those obtained from the perturbation-theory
calculation outlined in the Appendix (dashed curves).

order theory predicts 4> B, but the 19, decrease in 4
and the 19} increase in B obtained from the exact
calculation reverses the inequality because of the near
isotropy (4= B). An error of 19, in B would lead to an
error of 3 G in the first term of (4) and would preclude
afit toboth AH () and AH (—$) to within experimental
€error.

The quadrupole constant Q' was determined from the
forbidden hyperfine doublet separations. Using the
other spin Hamiltonian parameters already determined
from the allowed transitions, the value of Q' was ad-
justed to give best fit to the angularly dependent outer
(m=%, —$%) doublet separations. This is shown in
Figs. 2(a) and 2(b). The best value, ’=—0.325 G, can
also be obtained, to within 0.01 G, from the pertur-

TasLE I. Spin-Hamiltonian parameters for Mn?** in CaWOg.

gu 2.00006-:0.00005
g 2.00079=:0.00006
D (—137.6220.05) X 10~ cm™!

bd=3+1F (—1.430.07) X104 cm?
bet=>5a/2 (=) (10.432:0.06) X 10~ cm™
A (—88.9320.06) X 10~ cm™
B (—89.60=0.06) X 10~ cm

bation-theory formula (4). Using both outer doublet
separations, it is not necessary to consider the odd terms
in Hy (such as the fourth-order term) in Eq. (4), since
they are the same for m and 1—m. Thus,

AH(3)—AH(—3)
=—8(vBn/gB)A—16Q’
— (84%/H)[254/2—8D+20b8]. (5)

The terms even in H, change sign so that
AH(3)+AH(—3)
=17B%/ Ho+4H,(vBn/gB)
— (4%/H®){1742—32D2—96DA}. (6)

We suggest that the most convenient way to determine
Q' accurately from the doublet separations is to use
Eq. (5). This determination will be relatively insensitive
to the exact values of the crystal-field and hyperfine
interactions. Using the exact doublet separation ma-
chine-computed from Egs. (1) and (2), taking @’
=—0.325 G and the other parameters from Table I,
this method leads to Q’= —0.32 G. The numerical values
of various terms in (5) are given in Table I1, where it is
seen that Eq. (5) is accurate to 0.1 G.

k- We have also checked Eq. (6) and the results are
given in Table ITI. We conclude from Tables I and II
that Eq. (4) is accurate to about 0.1 G, under our
experimental conditions.

We note from Table IIT that inclusion of the third-
order correction in 1/H, in the work of Schneider and
Sircar® would have spoiled their previous agreement
between theory and experiment. However, in their
theory, they assumed that the hyperfine interaction was
isotropic, B=A4=—79.3 G. If we relax this condition

TasLE II. Contributions to AH () —AH (—3%).

YBN 2nd- AHE@)—AH(—H)
— 8(—>A order Exact

Crystal 28 —16Q" terms* Eq. (7) or expt.

CaWO4 0.28 5.20 0.32 5.80 5.70°
ZnOP 0.0p —2.72¢  —4.70» —7.42 —7.41
ZnQ4d 0.24 —2.61 —5.04 —741 —74f

a See Eq. (5). Terms proportional to 1/H2.

b Follows computation of Ref. 8, in which correction to Zeeman energy
(1st term) and contribution to 2nd-order term from b4 is omitted. The
contributions nearly cancel.

¢ Using Q" =0.17 G of Ref. 8.

d Using Q' =0.163, with terms omitted under (b) included.

e Exact value using quoted parameters and computer calculation.

t Experimental value from Ref, 8.
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TasLE ITI. Contributions to AH (3)+AH (—3%).

1782 YBN 3rd- AH(3)+AH(—3
4Ho| — ) order Exact
Crystal H, g8 / terms* Eq. (6) or expt.
CaWO, 51.24 4.61 0.63 56.48  56.40¢
ZnOP 32.20p 5.00 0.0° 3726  37.2¢
ZnO° 31.54 5.00 0.66 3720 37.2°

2 See Eq. (6). Terms proportional to 1/H .

b Follows computation of Ref. 8, in which B=—79.3 G and 4th-order
terms are omitted.

¢ Using B = —78.5 G and including 3rd-order terms. See text.

d Exact value using quoted parameters and computer calculation.

e Experimental value from Ref. 8.

and take B=—78.5 G, agreement is restored. Note that
in the present computation of Q' for ZnO, as given in
Table II, we have included some additional terms
omitted in Ref. 8. These, however, nearly cancel,
leaving Q" almost unchanged.

V. CONCLUSION

The nuclear quadrupole coupling constant for Mn*+
in CaWOy; is Q'=—0.3040.03(10~* cm™). To obtain
the quoted accuracy from a perturbation-theoretic
analysis of the data, it is necessary to include terms of
order 1/Hy?, where Ho=hv/gB.
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APPENDIX: CALCULATION OF DOUBLET
SPLITTING

Using conventional perturbation theory, the energy
of the state |4,m) may be expressed as a series in inverse
powers of the applied field H. It is convenient, when
performing this calculation, to include all diagonal
terms in the zero-order Hamiltonian, as this reduces the
number of terms that must be computed. Then the
energy denominators may be expanded in powers of
1/H. The result may be written

E(%,m)=4%H— (8/3) Do+ 2bo— pHm
+Qo(m?—35/12)+549m

+zn=1 Rn('m)Hﬁny (Al)
where
D¢=%(3 cos?0—1)D, (A2a)
Qo=%(3 cos®—1)Q’, (A2b)

LYONS AND R. W. KEDZIE
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bo=1%(35 cos'— 30 cos?0+3)b4°
43§ cos(4¢) sin'0bst, (A2c)
Ao=A cos?+ B sin%, (A24d)
p="Bn/gB. (AZe)

All energies are in units of gauss.

We note that the energy of the state | —%, m— 1) may
be simply obtained from Eq. (A1) by substituting 1—m
for m, and changing the sign of H since, in general,

in an obvious notation. If we set

where Ho=/hv/gB, we obtain from Eqgs. (A1)-(A4) the
resonance energy H as a series in the field for resonance.
By astandard iteration technique, starting with H = H,,
the series may be inverted, giving the field for resonance
as a series in powers of H,. In the same way, the field for
resonance for the transition |, m—1)<2|—%, m) may
also be expressed as a series. Subtracting the two series
gives the doublet splitting,

AH:H’,ES(I%,M> <_—>] '—%7 m— 1>)
_Hres(|%:’ m— 1>(_—)| _%) m>)
=—2(2m—1)Qu+p[2H,— A 2m—1)]

+Zn=1 FnHO_n P (AS)
where
F1=G1, (A6a)
Fy=Got+A (m—3)G, (A6b)
F3=G3+A42m—1)Go+ A2 (m—3)2G1
F+[Ri(m—1)+Ri(—m)?
—[Ri(m)+R:i(1—m) P, (A6c)
with
Gn=R,(m—1)—R,(m)
+ (=)' [Ra(l=m)—Ru(—m)]. (A7)

Essentially identical calculations have been carried
out previously up to terms of order 1/H¢?. That the
computation of the next order is considerably more
complicated may be seen from Eq. (A6c) and, even
more importantly, from the fact that certain fifth- and
sixth-order terms in the perturbation series as well as
lower order terms contribute to Fs;. For example, the
sixth-order term

(F3,m | S_(Sa—3) X ST XS_I XS T_XS_I, XSy (S.43)|§,m)

— % (D cosf sinf)24 %

(A8)
Ho(A/2)H(A/2)H,
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contributes to R3(m), as can be seen from the energy
denominators, and hence to G3 and Fs.

After a tedious calculation, and neglecting terms
contributing obviously less than 0.1 G for our experi-
mental conditions, we get

Ry(m) = —1A42(— 35 /4~+m2+17m)

—8D2+16D2, (A9)
G1=(17/2)B2+16D1A, (A10a)
Go=A?(2m—1)[8Do— (67/4)A—20b,],  (A10b)

Gy=21A4[—2995/4+ 399 (m2—m) 45784 DD,
+10884 D2Dy— 150842D 2+ 19242D,?
+1642D 2416 43Dy (25/4— 3m2+3m)

+3844DoD22, (A10¢)
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where
D1=D sinf cosf, (Alla)
Dy;=%D sin%, (A11b)
Bo=1(4 sin?+ B+ B cos?) , (A11¢)
A= (A— B) sinf cosf. (A114d)

We have taken gi=gu=g, and neglected the small
difference between 4 and B except in (A10a) where this
difference contributes 0.2 G at §=90°. Substituting
Eqgs. (A9) and (A10) in (A6c) and neglecting terms in
A—B and b, we finally obtain the contribution third
order in 1/H, to AH :

Fy=A4—2107/16+131/4(m*—m)]
— Do A3[— 108416 (m?—m) ]— 1508 42D1?
+-5784D¢D24-10884 D1?Dy+192A4%D,?

+1642D2+3844DoD22.  (A12)
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Ranges of Ba'® and Ba'*® Recoil Fragments in Aluminum*

MorTtoN KAPLANT AND JOHN L. RICHARDS
Department of Chemisiry, Yale University, New Haven, Connecticut
(Received 6 December 1965)

Using thin-target, thin-catcher recoil techniques, we have measured the average ranges and range strag-
gling of 97-min Ba?¢ and 2.4-day Ba!8 in Al. The Ba ions were produced with initial energies from 3 to 14
MeV by bombardment of Sn1®, Sb12l, and Sb2 targets with B1, B11, C2, and N ion beams. The assumption
of a compound-nucleus mechanism in the nuclear reactions leads to a smooth relationship between average
range and recoil energy. Theoretical predictions are in good agreement with the observed ranges, but rela-
tively small ( <10%) systematic deviations become apparent at the higher energies. The range distributions
are consistent with a Gaussian representation, and yield straggling parameters which are substantially larger
than theoretical estimates of straggling inherent in the stopping process. Possible sources of the discrepancy
are discussed. In one experiment, the product Ba ion is believed to be formed in a reaction involving emission
of an alpha particle, and an abnormally large straggling parameter is observed.

I. INTRODUCTION

HE stopping of energetic heavy ions in matter

has been of considerable interest in recent
years.1=® The theoretical description of the energy-loss
processes has attained a degree of sophistication which
allows a reasonable attempt at predicting stopping
properties over a wide region of initial velocities.! To
determine the accuracy of the theory, it is important
that comparisons be made with experimental data for
a variety of ions moving in various stopping media. A

* This work has been supported by the U. S. Atomic Energy
Commission.

1 Alfred P. Sloan Foundation Fellow.
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number of such studies have been reported,® and general
agreement between theory and experiment has been
found for range-energy relationships, with somewhat
less satisfactory agreement for range straggling.
However, as the measurements have become more
refined, systematic deviations have appeared which
may require a more critical examination of the theoreti-
cal approximations.t

In this paper we report measurements of average
ranges and range straggling in Al of 2.8 to 14.2-MeV
Ba'?% and Ba'?8 ions (22 to 113 keV/amu). These ener-
gies correspond to a velocity region where the contribu-
tion of electronic interactions to the stopping process
becomes dominating, and the theoretical energy de-
pendences of the stopping properties are quite sensitive
to the details of the theory. The energetic Ba ions were

6 See, for example, Refs. 1-5, where referral to earlier work may
also be found.



