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The lower energy levels of a number of transitions due to second-, third-, and fourth-nearest-neighbor
chromium ion pairs in ruby are located by measuring the temperature dependence of optical absorption.
Energy-level diagrams are constructed, from which many of the observed lines are identified. The measure-
ments are consistent with earlier results for the ground states of first-, third-, and fourth-nearest-neighbor
pairs. The ground-state levels of the second-nearest-neighbor pairs are describable by the isotropic exchange
interaction H=J,S;-Sz + 72(S1-S;)? with J,=83.6 cm™ and j.= —9.7 cm™, where S; and S: are the total
spins of each of the two chromium ions. Description of the optically excited states requires a more general
expression for the exchange interaction, of the form H= 3 J;;s1;-82;, where sy; and sz; are the spins of elec-
trons occupying the various one-electron orbitals on ions 1 and 2. The ground-state coupling parameters for
the first four nearest-neighbor types are used to estimate the Néel and Curie-Weiss temperatures for CryOs.

I. INTRODUCTION

HE ‘4, ground state and the *E lowest excited
state are the terminal levels of the well-known
R; and R, lines of chromium ions in ruby.}2 In relatively
concentrated samples (~0.5%), many additional lines
are observed in this region.?# The spectrum at 77°K is
shown in Fig. 1. These lines are due to interacting pairs
of chromium ions.%® Here, we are concerned only with
those pairs of chromium ions in the four most closely
spaced types of neighboring sites—one nearest neighbor,
three equivalent second neighbors, three equivalent
third neighbors, and six equivalent fourth neighbors.”
These are the sites in the sapphire lattice connected by
one or more Al—O—Al bonds. Beginning with fifth-
neighbor pairs, at least two oxygen ions intervene.
Thus, the exchange couplings of fifth- and further-
neighbor pairs are so small that they give rise to a high
density of transitions very close to the R lines; the first
four neighbor pairs give well resolved transitions.
The low-lying levels (both ions in the 44, electronic
state) that have been assigned to pairs in particular
* Work supported by the U. S. Air Force under Contract No.
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relative positions are well accounted for by an exchange-
type interaction Hamiltonian, H=JS;-S;, where S;and
S are the total spins of ion 1 and ion 2, respectively.>—1!
The experimental fit can be improved by using a two-
parameter equation justified by higher-order theory,®
H=7S;-S;+7(S:-S:)?, but such refinement plays no
role at this stage of the description. The excited state in
which one of the paired ions is raised to the %E state has
been treated theoretically on a similar basis!®®; the
calculation is more difficult because the trigonal-field-
spm -orbit splitting of the isolated Cr*t ion (29 cm™) is,
in this case, of the same order as the exchange coupling,
and therefore must be considered simultaneously. The
correspondence between experiment and this theory is
poor; therefore, assignment of the observed excited

F16. 1. Spectrum of 0.5% ruby, 5 cm! ong, at 77°K, mixed
polarization. The center is in absorption, surrounded above and
below by emission. The outermost spectrum is a neon spectral
lamp wavelength reference.
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states to theoretical levels within this framework is not
possible.® We now recognize that this difficulty in
interpretation arises because a Hamiltonian of the above
form is justified only if the electron spins are parallel
and form a half-filled orbital electronic state in the
octahedral approximation to the crystal field.’*1® This
condition is not fulfilled for the 2E state. Therefore,
a more general approach must be used for the excited
state of the pairs. A more general exchange Hamiltonian
is of the form H=3_ J;;81:S2j, where s; and s, are the
spins of electrons on ion 1 and ion 2, respectively, and
1 and j run over the three one-electron #,, orbitals on
each ion. Calculations based on this model have now
been carried out,!s and the problem of assigning experi-
mentally observed lines to particular neighbor pairs and
identifying energy levels now assumes new interest.

II. EXPERIMENTAL
A. Spectrum of Concentrated Ruby

The most detailed tabulation of the observed spectral
lines in concentrated ruby is given by S. F. Jacobs.* We
adopted his 77°K data for the purpose of listing energy
levels, since precise levels depend on concentration and
temperature. Jacobs kindly lent us the rubies used in
his work, and we determined the concentration to be
0.314-0.05%, of the aluminum ions replaced by chrom-
ium ions. Our own measurements were made on 0.5%,
samples in which the transitions were shifted to higher
energy by about 0.2 cm™!, and were somewhat broad-
ened. Jacobs lists 110 resolved transitions in the region
from 6850 to 7065 A.

Several techniques are useful in assigning the transi-
tions to particular pairs. The lines due to paired chrom-
ium ions can be distinguished from single-ion vibronic
transitions by the concentration dependence of their
intensity.5:¢ Fourth-neighbor pairs can be distinguished
from the other neighbor pairs by their splitting in an
axial electric field.’* Comparison of optical results with
microwave results” 2 is also helpful in assigning the
transitions; however, the most successful technique for
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Tucuman, Argentina 14, 189 (1962).
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I'16. 2. Energy levels and temperature dependence of the popu-
lation of exchange-coupled pairs of ions in the quartet orbital
electronic state.

identifying the kind of pair has been the response to
uniaxial stress.!»22 The problem of extracting the
energy levels from the transitions assigned to a particu-
lar neighbor pair can be attacked by the temperature
dependence of absorption®?®!! and of emission,?® and by
monochromatic excitation,?® as well as by finding
recurring differences in the observed transition energies.
We used the temperature dependence of absorption to
assign certain transitions that were, in turn, helpful in
determining recurring differences. After considering all
available sources of information, we were able to assign
most of the transitions observed by Jacobs* to particular
energy levels.

1.0 T

0.l
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F16. 3. Plot of the expressions from Fig. 2
for ferromagnetically coupled pairs.
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Phys. Rev. 155, 296 (1967). Note that our assignment of the
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# R. T. Daly, Paper TB16 presented at meeting of the Optical
Society of America held at Pittsburgh, Pennsylvania (1961).
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Fi16. 4. Plot of the expressions from Fig. 2 for
antiferromagnetically coupled pairs.

B. Temperature Dependence of Absorption

We assumed that in the temperature range of our
experimentation, the strength of the temperature
dependence of absorption is due to the change in popu-
lation of the initial electronic state; i.e., that changes in
the occupation of the vibrational modes do not appre-
ciably affect the intensities of these ‘“no-phonon” lines.
By assuming the H=J8;-S, form of interaction Hamil-
tonian, and ignoring the 0.38-cm™! splitting of the
ground state as negligible in comparison with the
exchange splitting, we obtained the predicted tempera-
ture dependence shown in Figs. 2-4. In earlier work,
the integrated absorption intensities of the two strongest
pair lines led to the identification of two types of pairs,
with J=11.4 and —7.4 cm™.%1 These have now been
definitely identified with third and fourth nearest
neighbors, respectively.!:® The present work extends
this technique to as many of the lines as can be seen
with sufficient intensity in absorption. Because of diffi-
culties with the many partially resolved lines, only
peak (rather than integrated) intensities were measured.
The linewidth did not change noticeably over the
temperature range used, 4-77°K. The background due
to neighboring lines was extrapolated visually. Absorp-
tion measurements were made using a 1-m Jarrell-Ash

PM
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_ssﬁ,sm F16. 5. Temperature depen-
69647, 3E1 dence of absorption strength
-~ for lines originating on the third
o6, S0l neighbor S=1 level. The upper
| 69762381 curve is the theoretical curve
P for the energy levels given in
I~ Table I. The designation of the
lines conforms to that given in
- Table II. 1/T is in °K™1,
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F1c. 6. Temperature de-
— -1 pendence of absorption strength
for lines originating on the
third-neighbor S=2 level. The
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upper curve is the theoretical
curve for the energy levels
given in Table I. The designa-
tion of the lines conforms to
that given in Table II. 1/7 is
in °K™1.

0.0

grating spectrometer in eighth order; higher orders were
eliminated with suitable Corning filters and lower
orders by the response of the RCA 7265 photomultiplier
tube. The crystal was mounted on a large copper block
and allowed to warm slowly from 4°K. Temperature
measurements were made using a calibrated carbon
resistor mounted in the copper block. The results of
these measurements are summarized in Figs. 5-8.

Based on these and previously published results, we
constructed the energy levels given in Table I and Fig.
9, and obtained the agreement with experiment shown
in Table II.

6915.2, 412
69274, 4K2
69436,412
69445 4H2
6947.1,462
6962.2, 4F2
a 4E2

69875, a2
| 69894 ,4C2
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T T TT
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001 0.l
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F16. 7. Temperature dependence of absorption strength for
lines originating on the fourth-neighbor S=2 level. The upper
curve is the theoretical curve for the energy levels given in Table I.
The designation of the lines conforms to that given in Table II.
1/Tisin °K™1,
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III. DISCUSSION AND RESULTS
A. Fine Structure in the Ground Levels

The 0.38-cm™! crystal-field-spin-orbit splitting of the
isolated ion 4 ; ground state can be described by a term
in the spin Hamiltonian of the form DS, An investi-
gation of the contribution of this term, as well as small
amounts of anisotropic exchange and dipolar inter-
action, to the ground-state levels of the fourth-nearest-
neighbor pair system shows that such terms introduce
splittings of fractions of 1 cm™!, within the levels
characterized by a total spin S.2®> For example, the
7009-A line in a dilute sample shows structure that
arises, in part, from such terms.2¢ In the somewhat more
concentrated samples used by Jacobs, and by us, this
structure is generally not resolved. Therefore, it is not
included in Table I, and is included in Table II only in
the one instance where it appears to be resolved.

B. Fine Structure in the Excited Levels

Splitting of the isolated ion 2E state is 29 cm™;
therefore, it is not obvious that this interaction is
sufficiently small to be treated by perturbation theory,
as was done above in the case for the ground state.
Nevertheless, if the exchange splitting is appreciably
larger than 29 cm™, the total spin of the excited state
becomes a reasonably good quantum number (with
values 1 and 2), and perturbation theory becomes a
valid approximation. A result of such a calculation is

TaBLE I. Best-fit energy levels (cm™).

Ground state Excited state

Fourth neighbors

0 A 14,298.7
299.4
324.1
327.2
328.2
379.9
411.2
416.2
418.2
446.0
451.8
471.5

HR-HIOHEHDOW

Third neighbors

14,233.1»
341.8
344.2
363.2
365.5
378.5
380.9
3852
387.5

T QEED O >

*Double, A=1.1 cm™; Ref. 26; and G. F. Imbusch (private com-
munication).

% M. J. Berggren, G. F. Imbusch, and P. L. Scott, Bull. Am.
Phys. Soc. 13, 1659 (1968).

% A. L. Schawlow, J. Appl. Phys. Suppl. 33, 395 (1962).
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F1c. 8. Temperature depend-
ence of absorption strength for
lines originating on the fourth-
neighbor S=1 level, one of
which is an unresolved com-
posite with a level originating
on the ground state. The upper
curve is the theoretical curve
for the energy levels given in
Table I. The designation of
lines conforms to that given in
Table II. 1/T is in °K71, L -

R
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T

that the intervals between the three levels of S=2 are
in a 3-to-1 ratio.!s As shown in Fig. 9, this appears true
whenever the levels in question are resolved.

C. First- and Second-Neighbor Pairs

We have shown that almost all of the complicated
spectrum illustrated in Fig. 1 and reported by Deutsch-
bein® and Jacobs! is due to third, fourth, and more
distant neighbors. The first-neighbor lines are sparse
partly because there are statistically fewer such pairs,
but other factors also reduce the number of observed
transitions due to the two closest neighbor pairs. For
their relatively large exchange couplings, only the
ground state is appreciably populated below 77°K in
absorption measurements, and only the lowest of the
metastable excited levels in emission measurements. In
addition, the S=0 ground state in these antiferro-
magnetically coupled pairs results in restrictive selection

14 500

ISOLATED Cr 3+ 41h NEIGHBORS I 3rd NEIGHBORS
F Re—— §:2 —————— 1
S N —
14400 —
$el &
s<l
E,cm" - .
521
s:2
14 300} — §2 | s -
522 s
14200

F16. 9. Excited-state energy levels of
third and fourth nearest neighbors.
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TasLE II. Comparison of spectrum predicted from energy levels of Table I with that observed by Jacobs (Ref. 4) (all 7 in cm™).2

Observed absorption spectrum

Observed emission spectrum

Assign- A 1 20 I 9y I il 1 [ { ’ OI
ment 7 Calc. (77°K) (77°K) (77°K) (77°K) (4°K) (4°K) (@°K) (@°K) (77°K) (77°K) (¢°K) 4°K)
2 14,500.03 0d, 14,500.34
2 14,587.79 0dd
2 561.32 3 561.68 4
413 14,477.5 477.82 0d

464.19 1d
14,461.59 1

461 14 0

45897 0
4L2 457.1 456.88 0d 14,456.94 1d 457.00 1
Dist 456.24 1
Dist 455.68 0
Dist 455.12 2 45495 0 454.80 1
Dist 454,10 1 454.46 2 45405 1
Dist 45264 1 45297 3 452.60 0
4K3 451.8 45180 1 45198 4
Dist 451.10 3 45145 3
Dist 450.76 4 45094 6 450.65 S
R 447.23 10 447.13 10 447.36 10 447.70 10 446.96 10
Dist 443.67 24 44402 3 443.79 0
Dist 443.46 0
Dist 442,58 2 44290 3 442.54 0
Dist 44205 2 44230 3 44196 O
Dist 440.55 2 44034 1d 44094 3 440.66 1d 440.61 0
Dist 439.84 2 440.25 3 439.70 0
Dist 438.78 2 438,75 1d 439.08 3, 438.76 0
Dist 438.22 2 43849 3 438.06 0
Dist 43735 0 43726 0
Dist 436.51 0 436.50 0
Dist 435.72 0 43564 0
4K2 4314 43140 4 43138 5 431.28 Sd
472 425.6 42558 4 425.57 S 425.89 2 42547 6d
Dist 42479 2
Dist 423.22 2
Dist 422.60 6 42220 5 422.12 4 42198 2 421.60 74 421.96 44
R 418.16 10 417.63 10 418.52 10 418.19 10 417.83 10 41842 10
Dist 414.02 3 41434 1
Dist 413.03 2 41296 3 413.14 2
4G3 411.2 411.51 2 411.53 1d 411.82 1 41130 3
Dist 410.60 2 411.04 6 41049 4 410.80 24
Dist 409.83 2 410.03 4
Dist 40895 2 409.27 3 40892 3 409.35 24
Dist 407.76 2 408.05 3 407.66 3 408.02 24
Dist 406.26 0 406.11 2 406.71 0
Dist 404.9* 0
412 397.8 397.76 2 397.77 2 397.72 3
4H?2 395.9 395.82 2 39590 4 395.74 4
4G2 390.8 390.48 3 390.55 4 390.46 3

388.59 1

310 387.5 387.50 0 387.84 4 387.80 4
411 383.1 (obs) (obs) 383.03 0
3G0 380.9 (obs) 381.68 0d 381.06 0
4F3 379.9 (obs) (obs) 379.56 0
311 376.2 376.05 4 376.15 4 376.36 0 376.36 1d 37596 1
3H1 373.9 374.05 3 374.04 1 37435 0 (obs) 373.86 14
4HO 373.0 37358 1 (obs)
3G1 369.6 369.8> 0
3F1 367.2 367.24 0 367.19 0
3E0 365.5 365.56 0 365.84 4 36544 0
3D0 363.2 363.22 0 363.53 44 363.66 0 363.13 0
4F2 359.5 359.35 4 359.22 24 359.28 6
3E1 354.2 354.10 02 35427 0
312 353.6 35335 0 353.22 0
3D1 351.9 351.72 0 (obs) 351.54 0
4F1 344.8 345.22 2 34449 7
3C0 344.2 344.55 44 344.17 4 34431 2
3B0 341.8 (obs) 34224 0
4F0 336.7 336.77 0 (obs) 336.88 2
3C1 332.9 333.05 2 333.30 0 33292 2
3B1 330.5 330.51 4 330.79 1 33042 3
4E3 328.2 32810 24 32843 2 328.00 2
4D3 327.2 327.13 24 327.51 2 327.03 4
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Observed absorption spectrum

Observed emission spectrum

Assign- by I bii I P I o I B I pJ QI
ment » Calc. (77°K) (77°K) (77°K) (77°K) (4°K) (4°K) (4°K) (4°K) (77°K) (77°K) (4°K) (4°K)
4C3 324.1 32430 22 324.62 3 324.19
4C3(G.S.) 323.85 1 (obs) (obs)
4E2 307.8 307.85 2 307.88 3 307.70
4D2 306.8 306.85 2 306.80 3 306.66 7
4C2 303.7 303.47 2 30349 4 303.39 7 303.54 O
4B3 299.4 299.61 14
443 298.7 298.88 1d 298.68 2 299.01 3
2 293.89 5d 294.28 5d 294.15 0d 293.63 2
4D1 292.1 29198 1d 291.94 0Od 29185 4
4C1 289.0 (obs) 28831 0
4E0 285.0 (obs) 28541 0
4D0 284.0 (obs) 284.28 0
4B2 279.0 278.81 1d ° 278.54 7 278.62 74
442 278.3 278.09 1d o

267.27° 0d
4B1 264.3\f
{4A1 263.6} 263.82 4 263.78 5 263.66 10 263.92 9
4B0 256.2 256.38 3 256.07 3
440 255.5 255.55 3
2 231.99 0d= (obs)
341 221.8 221.68 1dd (obs)
342 199.2 199.31 54 199.17 92 199.33
Vib (obs) 189.8 1d
Vib (obs) 180.5 1d
Vib 169.4 1d 168.1 1d
343 164.1 1641 24 1649 24
Vib (obs) 1524 1d

a Dist =due to neighbors more distant than the fourth, R =one of the two R lines due to isolated Cr¥* ions, Vib =Vibronic satellites of R lines, 2 =due

to second neighbors, 44 3, 340, etc. =fourth or third neighbor pairs, respectively, transition between excited level A and

round state S=3 or S =0, re-

spectively, G. S. =resolved structure due to ground-state spin-orbit splitting, (obs) =seen but too weak to measure, d =diffuse, dd =very diffuse.

b Qur observation ; not in Jacobs’ table.
¢ Although not listed at 4°K by Jacobs, present and only moderately diminished from its 77°K intensity.

d Intensity listed as 2 by Jacobs; obviously a typographical error.
e Although it is not so close to any other line that we might have failed to resolve it, we did not observe this line.

f These two lines resolved by Schawlow ; Ref. 26.

& Double line, poorly resolved.

rules in absorption. At higher temperatures, the greatly
broadened lines and the appearance of the anti-Stokes
vibronic spectrum make absorption measurements very
difficult. In emission, the major portion of these pair

lines lies in the same region as the vibronic sidebands of
the R lines, even at low temperature. Despite the
difficulties expressed above, experimental progress has
been made by using a longer, more concentrated ruby

TasLE III. Second-nearest-neighbor lines.

Wavelength Uniaxial stress splitting Absorption Emission
7452 Refs. 11, 22 Disappears with lowering Present 4°K
temperature as e~4/%T witk
A=~590 cm™
7290122 About one-half that of 7452 A~300 cm™! Appears to remain down_to 23°K#
7282 About one-half that of 7452 A~300 cm™ Appears to remain down to 23°K»
7214112 About one-fourth that of 7452 Disappears at low temperature Present 4°K
71591 About one-fourth that of 7452 A~140 cm™! Disappears at low temperature
7119 A~140 cm™ Appears to remain down to 23°K»
7092 About one-fourth that of 7452 Present at 4°K, weakens with Disappears at low temperature
increasing temperature in
reasonable agreement with
2nd #n calculated partition
function.
7024 A~140 cm™ Not observed
6994 Like 7092 Disappears at low temperature]
6912 A~140 cm™ (very crude) Not observed
6865 Like 7092 Not observed
6853 Like 7092 Not observed
6852 Like 7092 Not observed

* Identification of emission line as the same transition as absorption questionable—may be vibronic.
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14 56/

7452
7290
7282
7214
7159
719
7024
6912
7092
6994
6865
6853
6852

589

382

146

0

F16. 10. Energy levels of second nearest neighbors.

(15 em, ~19%) and modern signal-averaging techniques.
Uniaxial stress behavior also has been used to identify
neighbor pairs.t2

We can add nothing to the published work on first
neighbors,'# but new results have been obtained for
second neighbors. A center of inversion symmetry lies
between the ions of this pair'®?”; therefore, the states
can be classified odd or even under inversion. Because
the low-lying levels of the pair are made up of the same
orbitally nondegenerate state on each ion, the parity of
these levels is uniquely associated with the total spin.
In the excited state, on the other hand, both parities
occur with each of the two possible values of the spin.
The electric dipole selection rule then results in the
division of the transitions into two groups, with no
energy level common to both. Thus, the positions of
some of the levels cannot be determined from spectral
intervals alone, and are placed in this work only by the
temperature dependence of absorption.

Table III is a summary of the experimental results on
those spectral lines that we associate with second near-
est neighbors. Uniaxial stress splitting is similar in
pattern for all of the lines in Table III for which it has
been observed; it differs in magnitude as indicated. A
plausible energy level diagram derived from these
results is shown in Fig. 10. The low-lying levels can be
fitted by a Hamiltonian of the form H=J(S;-S,)

27 8. V. Vonsovskii, V. I. Cherepanov, A. N. Men, and A. E.
Nikiforov, Phys. Status Solidi 24, 51 (1967).
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~+ 7(S:1-S,)?, where J=83.6 cm™!and j=—09.7 cm™!; the
relatively large ratio j/J is justified by the low-fre-
quency ‘“‘accordion” mode of vibration that strongly
affects this exchange.

IV. GENERAL COMMENTS

Transitions from the ground level to the remaining
low-lying levels of different spin are forbidden in first
order for both electric and magnetic dipole transitions.
The far-infrared spectrum should, therefore, be very
weak, and reports of direct observations of these
transitions are probably erroneous.?®*

When the observed ground-state exchange param-
eters for the four nearest neighbors in ruby are used to
calculate the Curie-Weiss temperature for a hypo-
thetical CryO; crystal with these couplings by the
molecular field method, a value of §=840°K is obtained,
compared with the experimentally measured value of
550°K for Cry0;% When the Néel temperature is
similarly calculated,®* one obtains T'x=980°K by the
simple molecular field method and 838°K by the
Oguchi method, compared with the experimental value
of 310°K for Cry0;.* These discrepancies occur because
the lattice parameters for Cr;0; are about 49, larger
than for Al;0;.3¢ In addition, little data exists on first
nearest neighbors, and the exchange parameter (J;
~240 cm™) is known only within about 20%,. The
relative values of these ruby pair parameters are useful
in estimating which pairs must be included to give a
realistic theory of CryO; magnetism. The two nearest-
neighbor pairs (one first neighbor with J~240 cm™! 1
and three second neighbors with J~84 cm™) are
sufficient to determine the type of spin-ordering at low
temperature and to calculate the Curie-Weiss and Néel
temperatures to a precision of 4=20%,. Since changing
the sign of the fourth-neighbor interaction would not be
sufficiently strong to change the low-temperature spin
ordering, the argument of Osmund?® to account for the
different ordering in Fe,O; from that in CryO; is in-
sufficient, even though he correctly predicted the sign
of the coupling for fourth nearest neighbors. Neighbors
more distant than the fourth are estimated to contribute
no more than 3%, to the magnetic properties of CryOs.

The attempt to assign the excited levels and extract
the parameters of the more general exchange Hamil-
tonian will be considered in another paper.’® We also

28 A. Hadni, Phys. Rev. 136, A758 (1964).

® J. F. Moser, H. Steffen, and F. K. Kneubuhl, Helv. Phys.
Acta 39, 195 (1966).

® G. Foex and M. Graff, Compt. Rend. 209, 161 (1939).

3 G. W. Pratt and P. T. Bailey, Phys. Rev. 131, 1923 (1963).

8 We are indebted to Dr. M. Tachiki and Dr. Malcolm Lines
for independent computations of the Néel temperature.

#T. R. McGuire, E. J. Scott, and F. H. Grannis, Phys. Rev.
102, 1000 (1956).

#R. E. Newnham and Y. M. DeHaan, Z. Krist. 117, 235
(1962).

3 W. P. Osmund, Proc. Phys. Soc. (London) 79, 394 (1962).
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expect the more general Hamiltonian
H=3" Ji81i"82i

to be required in the case of Mn*++ pairs in ZnS:MnS§,
where experimental results have been analyzed on the
basis of the simple exchange Hamiltonian.? In this case,
also, the order of the spin levels in the excited state
appears to be opposite to that in the ground state in the

3 D. S. McClure, J. Chem. Phys. 39, 2850 (1963).

KISLIUK, CHANG, SCOTT, AND PRYCE
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sense that a high-spin level lies lowest in the metastable
excited state, whereas the low-spin level lies lowest in
the ground state.
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Nuclear y-ray resonance (the Massbauer effect) has been observed in 28U using the 44.7-keV transition
from the first excited state (2*) to the ground state (0+). The v rays were obtained from the « decay of #2Pu.
The source material (PuQs) gave a single emission line having a width of about 40 mm/sec, which is roughly
1.5 times the natural linewidth. Absorption spectra were taken in the temperature region between 77 and
4.2°K using the following absorbers: UO,, UC, UF,, (UO;) (NOs)2-6H:0, UO;, UFe,, and a-uranium metal.
Several compounds showed partially resolved hyperfine spectra. In UO; the resonance line broadens by a
factor of 2 when cooling from 77 to 4.2°K. By fitting a pure magnetic hyperfine spectrum to the widened
line, a hyperfine field of 2700200 kOe was deduced, using g(2%) = gr=0.25. The resonance in (UO;) (NOs),
-6H:0 can be explained by a pure electric quadrupole interaction of €2¢Q= —6100225 MHz. The isomer
shift between U*+ and U®* compounds is smaller than 2 mm/sec, thus giving a limit for the relative change

in nuclear charge radius of [8(r2)/(r?)| <1075,

I. INTRODUCTION

UCLEI of the actinide elements fall into the second
region of strong nuclear deformation (4 > 220).
Because of the deformation, the lowest nuclear levels
are collective in nature with rather small excitation
energies. In particular, the rotational excitation energy
is about 50 keV, and for this reason a large number of
actinide nuclei are favorable isotopes for nuclear y-ray
resonance (Mdossbauer-effect) experiments. However, a
difficulty not encountered in other regions of the
Periodic Table is that these nuclei are unstable, hence
the absorbers will also be radioactive, and this limits
substantially the number of possible candidates. The
most favorable isotope for nuclear gamma-ray reso-
nance (NGR) is the 59.6-keV resonance of ¥’Np (7,=63
nsec), which to the present has been the only actinide
isotope extensively studied. In that high-resolution case,
detailed information can be obtained due to the large

hyperfine interactions and the extremely large isomer
shifts.!?

t Based on work performed under the auspices of the U. S.
Atomic Energy Commission.
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There is considerable interest in obtaining NGR
spectra in #8U because of the widespread work on
uranium systems by other techniques. The appropriate
v ray here comes from the 0+ — 2+ transition at
44.7 keV.

As in all E2 transitions, the lifetime is rather short
(in this case 0.23 nsec). This results in relatively poor
energy resolution as compared with most NGR iso-
topes. However, the internal fields were expected to be
large in uranium, and it seemed worthwhile to attempt
the resonance measurements.

Coulomb excitation provides one method for obtain-
ing a source of the desired ¥ rays. However, in many
cases the technique is not simple. We have failed during
the last three years in attempts to observe NGR
absorption in %5U using both 4-MeV « particles and
35-MeV 160 bombardment ions, despite an abundance
of 45-keV v rays. The group at Johns Hopkins has been
able to see the 28U resonance after Coulomb excitation
with 3-MeV « particles, and to observe some sign of
hyperfine splitting.? Nonetheless, it is still quite desira-
ble to find a radioactive source for the %8U v rays.

ology, edited by I. J. Gruverman (Plenum Press, Inc. New
York, 1968), Vol. 4, pp. 217-236.
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F16. 1. Spectrum of 0.5% ruby, 5 cm ong, at 77°K, mixed
polarization. The center is in absorption, surrounded above and
below by emission. The outermost spectrum is a neon spectral
lamp wavelength reference.



