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The electron-paramagnetic-resonance spectra of '“Nd*3 dilutely substituted for La** in LaCl, single
crystals have been obtained for the lowest Kramers doublets of the photoexcited ‘I |;,, and ‘I 5, states.
The values of the parameters in the spin-Hamiltonian description of the EPR spectra of both '**Nd+3
and '¥Nd*’ in these two photoexcited states, as well as in the ground ‘I, state, have been

summarized and compared.

I. INTRODUCTION

The electron-paramagnetic-resonance (EPR)
spectra of 3Nd*3, **Nd*®, and the even isotope
Nd*? species, each in the lowest Kramers doublet
of the %Iy, ground state and dilutely substituted for
La*® in LaCl, single crystals, were first investi-
gated by Hutchison and Wong! in this laboratory.
Subsequently, in this laboratory the Nd*® electron-
nuclear-double-resonance (ENDOR) spectra of
these same systems were studied by Halford,
Hutchison, and Llewellyn,? and by Halford, ® and
the zero-external-field magnetic-resonance spec-
tra were investigated by Erickson. *

Recently, Clarke and Hutchison® gave a prelimi-
nary account of studies of these systems in photo-
excited states. They gave EPR results for *°Nd*?
in LaCl; crystals. This last mentioned work and the
investigation of the %S, state of Er'® in YCl, crys-
tals by Fiirrer, Pelzl, and Hiifner, 8 constitute the
only studies to date, by EPR methods, of any
photoexcited states of trivalent rare-earth ions.
Several investigations of photoexcited states of
divalent rare-earth ions have been referenced in
the previous communication. ®

In this paper we report the EPR results for
1%3Nd*? in LaCl, in photoexcited *I,5,, and *I;;,, ex-
cited states and summarize all of the excited-state
results for both **Nd*?® and **Nd*®. We also com-
pare these results with our EPR and ENDOR® mea-
surements for both Nd*? species in the ground
4l state.

II. EXPERIMENTAL PROCEDURES

Single crystals of LaCl;, each containing both
Nd*? and U*® dilutely substituted for La*, were pre-
pared by the methods previously described. ! The
boule used for the measurements described in the
previous paper® and the boule used for the measure-
ments described in this paper were each grown
from a melt which contained equal mole fractions
of Nd*? and U*®. One boule was grown from a melt
which contained 0.002 mole fraction of Nd*® en-
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riched in °Nd and the EPR measurements on two
crystals from that boule have been reported® and
the experimental details have been described pre-
viously.® The other melt contained ~ 0. 003 mole
fraction of Nd'3 enriched in *Nd. The *°Nd mea-
surements described below were made using six
different single-crystal samples cleaved from this
boule. These samples were approximately 0.1
%X0.3X0.4 cm in linear dimensions. They pos-
sessed good cleavage surfaces.

The EPR measurements were made with the
crystals in contact with superfluid He at approxi-
mately 1.8°K as determined by measurement of the
He vapor pressure. The crystals were irradiated

~with the light from a 1000-W Hg-Xe arc filtered

through a 10-cm path length of H,O. The crystals
were held in rotatable fused-silica cylinders with
open ends for He contact. The desired relative
orientation of the laboratory magnetic field, ﬁo s
and the ¢ axis of the crystal, was obtained by rotat-
ing ﬁo and the crystal while observing the oscillo-
scope display of the EPR spectrum.

The measurements were made by superhetero-
dyne detection with magnetic field modulation at
frequency 1.25x10° Hz. The EPR spectral line
positions were measured by displaying the lines on
an oscilloscope together with the proton fluxmeter
signal, by use of a 60-Hz sweep field of ~2-G am-
plitude. Values of field at the sample were deter-
mined by previously described methods.” The
microwave carrier frequencies were in the range
~2.39-~2.44x10' Hz for the measurements of
five of the crystal fragments, and was ~ 9. 38 x10°
Hz for the other fragment. The microwave mag-
netic field amplitude at the crystal was ~3x1072 G.
The spectrometers were the same as those used
for previous experiments. ®

III. EXPERIMENTS

The EPR experiments on **Nd*? are listed in
Table I. We observed, just as in the previous
work, 5 the spectra of the *I,3,,, 2u=1, and *I;5,,
2p =1 states, which lie 3932 and 5869 cm™, %~ re-
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TABLE I. Summary of EPR experiments on 4Nd*? in
LaCly at ~1.8°K and microwave frequency vy.

Number
Crystal of lines
sample vy, x 100 measured
No. (Hz) J  Orientation for 3Ng*?
1 ~2.40 ) Hyle 8
13 o
g H,lle 5
2 Hye 6
i HyLe 8
2 ~0.94 > Hyle 7
g Hyle 4
13 b
3 ~2.41 3 Hylle 7
g Hylle 4
9 Hoyle 8
4 ~2.44 9 HyLe 7
2 Hyle 8
5 ~2.39 3 Hylle 8
. -
6 ~2, 44 g Hylle 5
2 Hylle 5

spectively, above the ground *I,,,, 2p =5 state. pu
is the crystal quantum number. ! These are in
each case the lowest energy crystal-field states of
their J manifold. %1 The J=4 state was not ob-
served and would not be expected to be as a re-
sult of the fact that its lowest crystal-field com-
ponent has 2u =3, %! which implies that this
Kramer’s doublet does not satisfy the AM;=+1 con-
dition necessary for magnetic dipole transitions.
The character and quality of the spectra were sim-
ilar to those previously described and pictured.®
Precise measurements of some lines were pre-
vented by overlapping of spectra and those lines are
not listed in Table I. During each set of measure-
ments except the single set for sample No. 4, J
=13 the line for the Ng*3 species with nuclear spin
I equal to zero (I=0) was also measured and is not
listed in Table I.

Because the spectra for **Nd*® and *°Nd*? in the
ground J=§ state were very accurately known from
the previous ENDOR studies,® they were also mea-
sured during these EPR experiments for better as-
sessment of the errors and reliability of the pres-
ent measurements on these same ions in their
photoexcited states.

IV. TREATMENT OF DATA

The parameters, g,, g,, 4, B, in the spin
Hamiltonian,
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5c=| na|lguH,S, +&, (H,S,+H,S,)]
+AS,I,+B(S,1.+S,1) ,

S=3, I=}, (1)

were adjusted to give an approximate least-squares
best fit to the measurements summarized in Table
I. Other parameters (P, g,) in the spin Hamilto-
nian used previously® in this laboratory for fitting
the ENDOR measurements on **Nd*® in the J=§
state had, for the present case, values small
enough that they could not be determined with suf-
ficient accuracy to merit their consideration in a
discussion of these EPR results.

For the adjustment procedure used to obtain val-
ues of A and B the sets of data for H, I ¢ and H,L¢
obtained in the experiments summarized in Table
I were paired as indicated in the second and third
columns of Table II. Initial approximations to val-
ues of A and B were obtained from these pairs of
data sets by use of perturbation theory formulas®!
for line positions and by averaging the values of
A and B so obtained from all the measured lines of
the two sets. Then an adjustment of the value of
B was made in the formula!!

hvy(m;) =g, up l -ﬁo(m I)I
A%, B2 (63 m,2>
- ,  (2)

B ey )|
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in which vy, (m ) is the microwave frequency and
IHy(m )| is the applied field at which the EPR line
for m; was observed, to give a least-squares best
fit to the v, values obtained in the data set with
H,L¢. A was kept fixed during this adjustment at
the approximate value mentioned above, and g, was
kept fixed at the value measured for the I=0 spe-
cies and is given in Table II. The values of B so
obtained, together with their standard deviations,
are listed in Table II. Then an adjustment of the
value of A was made in the exact expressions!! for
vy asafunctionof | Hy(m,) |, obtained from Eq. (1) for
Hy 112, to give a least-squares best fit to the vy
values obtained in the data set with Hylé. B was
kept fixed during this adjustment at the value listed
in Table II and g, was kept fixed at the value mea-
sured for the I=0 species and is given in Table II.
The values of A so obtained, together with their
standard deviations, are listed in Table II. Fur-
ther iteration of the steps of this process produced
no further changes in A and B values to the pre-
cision to which they are given in Table II.

V. DISCUSSION OF RESULTS

In Table IIIl we have summarized our EPR results
for the J=4 and ¥ states of **Nd"® and the I=0 spe-
cies, together with the previously obtained EPR
results for *°Nd*3. We have also included the
present EPR measurements and the previous
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TABLE II. Summary of values of parameters in the spin Hamiltonian, Eq. (1), which
give approximate least-squares best fits of measurements of EPR spectra of 143Ng* in LaCl,.
[The pairs of sample numbers in a given row denote the sets of ﬁo I1é and ﬁolé data used in
the manner described in the text for the estimation of A and B. The numbers in parentheses
for best values of g, and g, are standard deviations of the means of the individual measure-
ments, The numbers in parentheses for the best values of A and B are the standard deviations
of the means of the weighted averages of the individual measurements, the weights being in-
versely proportional to the squares of the standard deviations of the individual measurements
which are given in parentheses below each individual value. o, and o, are the standard de-
viations of data from the values given by the spin Hamiltonian (1) with the given parameter

values. ]
Crystal
sample
No.
(Table I) 1A /R IBl/h oy, g,
J I 1 2 & (MHz) (MHz) (MHz) (MHz)
% 5 1 3.99456 1.76144 1273.42 499, 36 5.5 2.9
(0. 86) (0. 44)
cer 2 1.76138 498.8 4.0
. (~8.0) . ves
3 3 3.99459 1.76117 voe oee . see
Best 3.99458 1.76133 1273, 42 499, 36 eee cee
values (2) (14) (0. 86) (0. 44)
173 3 4 10,1937 soe 1345, 28 184.2 4.7 21.7
(0.78) (4.3)
1 vee 10,1842 ceo 1340.2 Ref. a 29.8 .
6.5)
6 vee 10,1897 see 1339.9 Ref. a 9.6 ve
2.5)
ceoe 2 ces 1. 3447 e only 4 ces e
lines
Best 10.1892 1.3447 1344.7 184.2 . .
values 47 (4.0) 4.3)
175 1 1 9. 5569 5.1223 1001.7 535.4 13.7 4.8
2.2) 0.7)
3 3 9. 5238 5.1213 993.7 535.6 7.9 2.2
(1.6) 0.3)
6 4 9.5618 5.1201 998.1 536.1 20.3 14.6
(3.5) (2.2)
Best 9.5475  5.1212 996. 6 535.6 . .
values (207) (11) (2.6) (1.4)

3B/h is assumed to equal 184, 2 MHz to calculate A/h.

ENDORS? results for the J=§ state. Also in Table
II, the following are given for comparison: (a)
the values of g, calculated by Eisenstein'? for the
J=3 and ¥ states; (b) the values calculated pre-
viously® for g, for the J=4 and ¥ states; and (c)
the values of g, and g, calculated by Halford® for
the J=% state. The calculations of g, by Eisen-
stein!? included the Coulomb, spin-orbit, and crys-
tal-field interactions within the f3 configuration.
The previous calculation of g, for the J=4 state
employed the eigenvectors of the crystal field giv-
en by Halford® within the manifold described by J
=%, 3%, and % only. The previous calculation® of
g, for the ¥ state was very crude, neglecting in-
teractions with other J states.

The EPR values of g, and g, given in Table III

represent the best determinations of these quanti-
ties. The present value, 3.9946, for g, is in con-
siderably better agreement with the early value, !
3.996 with standard deviation 0 =0.001, than with
the value 3. 9903 with 0 =0. 0005 given by the EPR
measurements of Halford. * The present value 1. 7613
with 0= 0. 0001 for g, is in reasonably good agree-
ment with both the early value! 1.763 with 0 =0.001
and the value 1.7635 with 0=0.0012, given by Hal-
ford.®

We have given in Table IV some comparisons of
spin-Hamiltonian parameters for the two isotopes
and for the T, 11 ¢ and H, L ¢ orientations of the ex-
ternal field. It is to be noted that the value of the
ratio A/B of the hyperfine interactions for the par-
allel and perpendicular orientations approaches the
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TABLE III. Summary of best values of parameters in the spin Hamiltonian, Eq. (1), for
143Nd*3 and *5Nd*? in LaCl, single crystals, from the present and previous®® work, and some

calculated™® g values.
are taken from Table II.

(Experimental valuesfor |g,l,lg,|, and 1A |/h,

from Table II or appropriate references, except for the case of J=

number was estimated from a priori consideration of the magnetic lee

|B | /k for 143Nd®
The numbers in parentheses are the standard deviations taken

&y, in which case the
1d measurement

method. )
143Nd¢3 145Nd4~3
I=Ng" [Al/h IB1/h [Al/R IBI/h
J Method lgul g, | (MHz) (MHz) (MHz) (MHz)
% EPR 10.1892 1.3447 1344.7 184.2 828.1° 111,3°
7) “eo 4.0) 4.3) (5.0) 2.0)
1.2_3 Cale. 10. 26 1.196° oee vee coe cee
£  EPR 9.548 5.1212 996.6 535.6 620, 9 335, 3°
(1) 1) 2.6) (1.4) 4.0 2.0)
1?5 Cale. 9.67¢ 4, 426° eoo e ces ces
3 EPR 3. 9946 1.7613 1273.4 499.4 oo e
@) @) 0.9 (0.4)
2+  ENDOR cee eoo 1272,143% 499,532*  790.736%  310.540%
(0. 008) (0. 040) (0.016) (0. 048)
¥  Cale. 4.1016 1.7925

2Reference 3.

value of the ratio g,/g, of the g factors more close-
ly as J increases. As first pointed out by Elliott
and Stevens, ! the departure from unity of the ratio
of these two ratios implies that the eigenstates are
not eigenstates of J. The admixture of the differ-
ent J states can be produced only by the crystal
field and cannot result from breakdown of Russell-
Saunders coupling or from configuration interac-
tion. The three energy separations of the adjacent
J levels of the ‘I manifold are almost equal. ®~1°
Thus the change in the departure of this ratio from
unity from 0. 12 for J=§ to <0.01 for J =4 indicates
a reduction in the admixture of different J states
with increasing J value.

The fact that there are no second-order correc-
tions® ! to the parameter |B| in the spin Hamilto-
nian (1) leads to the conclusion that the ratio of the
values of | Bl for **Nd*® and **Nd*® is equal to the
ratio of the nuclear magnetic dipole moments for
the two nuclear species. The constancy of the val-
ue of this ratio for the J=%, ¥, and ¥ states thus
again confirms the consistency of all of the mea-
surements for the three J states.

The fact that the second-order corrections to A
for the J=% state are relatively small® results in
the experimentally observed fact that 34/°4 is
equal to the ratio of nuclear magnetic dipole mo-
ments and to **B/°B to less than the standard de-
viations of the measurements. We expect and find
a similar situation for the J=3 and ¥ states as
summarized in the fifth and sixth columns of Table
Iv.

The comparisons of spin-Hamiltonian param-

bReference 5.

°Reference 12,

eters, including P and g,, for the J=4 and 4
states with more detailed calculations of crystal-
field eigenstates and with ENDOR determined val-
ues of nuclear moments and moment ratios for the
ground J =% state must await the outcome of
ENDOR measurements on the excited states.

The lifetimes of the excited states and the energy

TABLE IV. Summary of comparisons of spin-Hamil-
tonian parameters which fit EPR measurements for
l":‘Nd‘3 and "*5Nd*in LaCly single crystals and for Ho e
and Holé (Numbers in parentheses are standard de-
viations computed from the standard deviations given in
Table III for the factors in the numerators and denomina-

tors.)
, AgL Il”B| III&A | |NiSAI45B|
J Species Bg, 1B 1547 | T8R4
2 143 1.12288
) (12)  1.60859 1.6088 09 1.0001 4
28) (34) (18)
2 145 1.12273
) 20)
Y 143 0.963
(22)
1.655 1.623 0. 981
(49) (1) (30)
£ 145 0. 982
(19)
2 143 0.9980
43)
1.597 1.605 1.0048
(10) (11) (93)
1 145 0. 9932

ol

(90)
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transfer properties of the cosubstituted U*3
ions are consistent with those previously® re-
ported and discussed. Further discussion of
these effects must await the results of studies
designed to elucidate more details of these phe-
nomena,

C. A. HUTCHISON, JR. 8
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