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ZERO FIELD SPLITTINGS OF Am AND Cm? IN CUBIC SYMMETRY SITES IN CaF

N.vEdelsteln and’ W;ansley

Lawrence Radlatlon Laboratory
Unlver81ty of California
Berkeley, Callfornla

v September 1967

ABSTRACT

The g value anlsotroples of the ground crystal fleld'stateslof the j?j .
e

1ons, Am and Cm have been measured 1n cublc symmetry in

3dnom1nally 88

7/2

CaF2 at 35 Gec and magnetlc flelds of approximately 5500 gauss by epr spectroscopy.i?:rgf

From the magnltude of these anlsotroples the F6 - F zero fleld Spllttlngu of B

3+

f »13 b £0.5 em L and 18.6 +O 5 cm "L Lave been deduced for Cor” and A respectlvelyi',

- These splittings are about 250 tlmes greater than for the correSpondlng lan- ?;SL:»".'“
‘thanides, Gd5 and Eu +.' It is shown that the large;intermedlate coupllngvva

effects in the actinide ions.gan-account qualitativelYIfbr'theSe differences.
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T | INTRODUCTION
The lanthanidé sefieé has beeﬁ extensivel& invéétigatéd iﬁ Cryétélé-Of' _
the fluorite type by electron pramagnetic reséﬁéﬁcei(epf) and opticai
spectroscopy. The trivalent ions ih these crystals méylbe foﬁnd'in various'
symmetry sites depehding uponuthé conditions undér which thé crystalé were ' "
grown.l The dilvalent ions are found in sites of cubic symmetry. Two of_the,,“:

2 ’ .
most studied lanthanide ions are Gd5+ and Eu f, the half-filled shell

7 8

be') ~s_, ) configuration. For these ions in cubic symmetry the crystal field o
7/2 . : o

splittings are readily measuréd aithough the mechanisms._causing these split- -
2 | .
- tings are not well understood.
' 2
We have previously reported the spin Hamiltonian parameters for Am *

5+ 7 3+ 3

2
. and Cm actinide analogs for Eu % and G4 +. The earlier epr

, the 5f
measurements were done at 9.2 Gc and temperatures of 4° K and 1° K, and were
obtalned for these actinide ions doped in CaF2 in sites of cubic symmetry.
For Cm3+, spin Hamiltonian parameters for two different trigonal sites were
also measured.h No resonance lines due to actinide ions were seen at T77° K.
In this paper we report epr measurements made‘at 35 Ge on Am2+ ahd C'm;+ in
cubic crystal field sites in the CaF2 lattice. The larger magnetic field
mixes into the ground crystal field state (F6) the next highest cfys%al field
state (F8) which causes the measured g values to be anisotropic. From the
anisotropy of the g value we have defermined the zero field splitting in

these two ions. We also show that the simple point charge model qualitatively

explains the magnitude of the effects.
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Single crysfals of actlnlde dOped CaF ﬁere grown es orlented cyllnders'
by the Bridgman-Stockbarger technique. Optical‘quality pure CaF was used
for all experiments. 2 AL mm cyllnder of S1ngle crystal CaF in a known |
orientation (for example, the cyllnder axis parallel to the llO dlrectwon)
was placed in the bottom of a carbon cruc1ble.: Powdered CaF to which had
been added 2 wt percent PbFe, Vas placed on t0p of the crystal and an acld
solution of the actinide ion in mlnimum volume (lO )O K) was plpeted onto th
powder. The crucible was then placed 1n an evacuated tube furnaCe and ralsed
into the hot zone such that the powder and the top part of the orlented
c&linder melted. After soaking for about an hour or.so, the cruclble was
slowly lowered from this hot reglon down to a region near room temperature
A disk of the ovlented cylinder contalnlng the actlnide ions was cleaved from
the main crystal and placed in a thin-walled teflon cylinder which was plugged
with polystyrene fgamJ The teflon cylinder ﬁas glued with scopcock grease to
the hottom of a TEOln cylindrical'cavity such that the cylinder axis of the
crystal was parallel to the aiis of rotation of thebD.C. magnetic field.‘»lt
is estimated that the orientation of the crystal is known to about #2°. In
this way, the magnetlc fleld could be rotated in a partlcular plane of CaF

For the experiments descrlbed in this paper we used approximately
equimolar amounts of AnP? (nuclear spin I = 5/2) and Cm.gm1L (x = 05 in one
crystal. When the crystals were inifially grown or annealed, the actinide
ions were in the tri&alent state. However, due to the high level of radio-
activity caused mainly by the alpha emission from the Cm.2m+ nucleus (tl/Q

part of the Am§+ was reduced to the divalent state and part of the Cm5+

= 18.1 yr
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by bt _ ,
was oxidized to Cm +. At the time the measurements were done, the ratio of

2 +
An=T to Cmo

in cubic siteslwas approximately 10:1.

The epr measurements were made at 1° K with a cohﬁentioﬁal Superheterodyne
spectrometer operatlng at approximately 34.5 Ge. The magnetlc fleld was pro-
duced by a 12-inch rotating magnet and measured w1th an nmr gaussmeter whose
frequency was monitored by a frequency counter. A small piece oijm
CaF2 was placed in‘the cavity and thevisotroﬁic ?egbgancé:ffoﬁ:thé FT state

6 . : L .
was used as an internal reference. The frequency of the signal klystron was

measured with-a high-Q wavemeter;V

. PRELIMINARY DISCUSSION AND RESULTS
A free ion placed in a crystalline electric fleld undergoes a splltting

of its total angular momentum J which is dependent upon the symmetry of ﬁhe
electrostaﬁic field. We are interested in the case of a J = 7/2 state placed
in a cubic symmetry site in the CaF2 lattice. From ngup theqretigal argu-
ments, the J = 7/2 étate in.zero magnetic'fieldvﬁill split into two doubly
degenerate states,F6 and F7, and one quartet state, f8f The»Hamiltoﬁian-for
this problem including the Zeeman effect caused by an éxterndl magnetic field |
may be written -

H = ngif.? + ,Bu(ohe +5 o;*) + 136(:060,:-'21 o6lf) | . (1’)
The first térm represents the Zeeman 1nté;éction Where.gJ is the Landé 8

value for the lowest free ion level, B is the Bohr magneton, and H is the _



external magnetic field. The lsst_two terms represent the effect of the
cubic crystalline fleld on the 7= 7/2 manifold, where we consider‘Bh and

B6 as adjustable parameters related to the strength of the crystalllne field.
The - O terms are angular momentum operators of ‘the approprlate symmetry.

For the zero magnetic field case we find an .exact solution for this
Hemiltonian applied to the J.= 7/2 manlfold, the energles of the levels belng.
given in terms of b = 6OBu and b6 = 126OB6 " The energy level d"agr?m.ls shown ?:°'
in Fig. 1. If we choose the energy of the T6vstate to equal zero, the second
column in Fig. l shows the relatlve energles; If the crystal fleld spllttlng ”
is much greater than the Zeeman 1nteractlon, then the zero field wavernCtlons
will be an accurate representatlon and can be used to calculate g values of

the crystal field energy levels.'7

For the cases under‘cons1deratlon herevwe ,e

have neglected J mixing by thevcrystal.field,hecause the next free ion level

is on the order of 17,000 em™t higher in energy.s. We have used-the zero

field wavefunctions to calculate g values and 1nterpret our. epr results at

X Dband, 9.2 Gc and approx1mately l5OO gauss, and have shown Lhat the F6

state has the lowest energy for Am? and Cm 1n cublc symmetry and is - v

isotropic o within our experinental errorQEN Our earlier. results ere glven in Tnh]c';.
At higher magnetlc fields the Zeeman term w1ll become 1mportant and v1ll

cause an anisotropy in the epr spectrum of .the P6 state since thls interaction

will mix the 18 with the T6 state. From the magnitude of the anlsotropy we

can determine the splitting of the F6 - F8 levels. The'experimental data are

" shown as circles in Fig. 2. We have plotteo'the'gvvalne.of the T' state

for both Cr0T and An°T as a function of the angle of the magnetic field with

respect to the unit cell axis of the CaF, lattice. The magnetic field was.
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rotated in the [llO].plane ofnCaf t‘vThe'hyperfiue coupling-constantroP'A;?AB'
was isotropic to within our experrmental error. of ~l% on this partlcular’»'
measurement. In order. to determlne the’ values of the parameters bh,' 6’ and ‘}"

gy which would reproduce the experimental- data;‘the Hamiltonian (Eq. l) was iAf' ;:J.
applied to the J = 7/2 manlfold whlch resulted in an 8 X 8 matrlx w1th elements
in terms of the above parameters, the magnetic field H, and the.dlrection »
cosines of H relative to the cubic axes of Canr_‘A computeerrogram-was |
written which diagonalized the 8‘x 8 matrix and calculated tte,g?value.for“the?:
ground Krauers doupletvstate._ Tﬁe_values of b#’,b6’ and g& were varied uﬁtilsil
the best fit to the erperimental data was found.9- The calculated fits for Am?
and Cm.5+ are shown in Fig. 2 along with the values for the parameters The:
solid line is the calculated g value for Am? . the dotted llne 1s for Cm: .

Unique values of bh and b6 could not be determlned from this analys1sl_

as the anisotropy depended only on the F6 -.fé splitting. Therefore, there
are any number.of values of b,+ and b6 Which can give the same splittﬁ The
T, level 1s so relatively high in energy that our data are, not sensitive to |

7
its position. We have determined the magnltude of the F6 - P spllttlng as

13.4 0.5 em™t for Cm ":CaF, and 18.6 0.5 cm -1 for AmoT :CaF,,. The gy values

2
were found to be 1.9261 #0.0Q01 and l.9258 +0.00L forv-C'm.B+ and Am?+, respectively;
Tﬁe absolute values of gy are measured to the accuracy shown; however, the_‘
relative measurement of the two 81 values is about one order of magnitude |
better. | |

In the lenthanide series a recent survey has shown that forvtrivalent 1
rare earth ions inacubic sites in the CaF2 lattice, the fourth order'term bu

1
is sbout an order of magnitude larger than the sixth order term b6. This
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ratio is also true for Eu in the CaF lattice.. We have‘made this assumption, L

3+

b6 < bh’ for Cm™ and Am and show in Flg. 3 the energy level alagrams for.

the crystal field levels with the values of b6 = O and -.1 cm i._ For the’  }5.-f'
purpose of comparlson, we show the energy dlagram of Gd3” and Eu2 doped 1n

CaF in Fig. 4. It is instructive to see how the Zeeman 1nteractlon mlxes

the crystal fleld levels for Cm? . Flg. 5 shows the energles of the crystal :;Tflf“ ,

field levels as a functlon of magnetlc field applled 1n the [lOO] dlrectlon

Our experlmental results show that the crystal field%spllttlngs of the iﬁe'ﬂ_f

nominally 8S actlnlde 1ons are approx1mately 250 txmes larger than the '}j a

/2 |
corresponding'lanthanldes Clearly such a large effect must arlse from t
dlfferences of the electronlc structures of the two sets of 1ons Such dlf—' Ej'
ferences are quite s1gn1flcant and arlse because of the 1ntermed1ate coapllngf,
effects induced by the relatlvely large spln‘orblt coupllng energles of the -
actinide ions. The spln orblt 1nteract10n matrlx elements are dlagonal in i- ff«tiu
but are not diagonal in L and S, 50 states of the same J but different L and' ;

S will be mixed. 10 Tor example, the leadlng terms of the ground state Wave-.e

3+

function of G4 have been glven by Wybourne asll

?,D(Gd5+,J=7/2)‘ = 6798715;33)1}}.o.iée]ép}ﬂ'.”.-0-'.'01:5!‘6135_; (2)

P b ESReledt L TR T 8 B ol
which shows that for Gd: the ground state 15 approx1mately 98% pure 87/2’ T
,7+

3 3 :
Recent work on.the_optlcal spectra of Cm” has shown that the leadlng terms .




@

=1
[
I
1

B ) A £

. R 8
- for the Cm.5+ ground state wavefunction are

Tagl e

wew ™, 3=7/2) = o._8§1"i8S'>  +, d_‘,vuiu-;%)‘-5;'-.._9;1696_163) + NG

sc that 1t 1s only 79% pure 887/ . However; the fourth order crystal field operator
will not split any of the three terns llsted above nor w1ll there be any non-
Zero matrlx elements between any comblnatlon of them Therefore, the contri-
bution to the zero field splitting from the 1ntermed1ate coupled wavefunctlon
will come from a large number of small terms; We willvnow-calculate_the zZero
field splitting caused by these terms using the eiectrostatic poiﬁt charge
model. |
_The theoretical expression for B4 in the approxima$ion of the electfé-

static model may be writtenle
By, = Ao(rh) (1. a),) (?//' l'sllw. ') (3)
. b LTS AT il J o ,

where AZ represents the sum of all the chafges in the léttice at a particular

point (r ) is the expectatxon value for the magnetic electrons, <¢J”B|Vj

is the fourth degree operator equlvalent factor. - The expression (l-cu) takes

into account shielding effects, where.cu 1s the fourth degree shielding

pacumeter. Since we have a good wave function for Cm:+, we will carry out the
above calculation for the ions Cm3+ and Gd5+,, We will assume cu'% 0 (no shielding
eiiects). |

Bleaney12 has performed the lattice summation for the CaFE'lattice con~

sidering the first four shells of ions surrounding the trivalent ion. He has
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also estlmated the polarlzatlon effects of vccupylng a Ca v

}p051tlon. He gives: the formula for trlvalent‘lons (1n“cm l)

s .-'6"5_9<;r“>‘<ip3||jé;|t¢;'i‘>.: T

where r is expressed in ﬁngstroms Dr. M Wilsonlj from Argonne Natlonal

Laboratory has performed a Hartree-Fock calculation and prov1ded us w1th the"

2+‘. et ..

value (r ) = 69 a.u. for- the trlvalent Cm 1on The matrlx element remalnlng'f?,ﬁ

(¢5H5H¢ ) ‘may be«mrltten as’ the summatlon of terms of the typelo sk

W(2rk):| Y2 S+L +J+k

© e ('l)...v (2“1) {L Ls} <f%ﬁan‘k’nf“a w') ()*..‘_{_-‘%

”ov....‘r, S e

where k = 4. The values of the reduced matrix elements for k = 2 »3; h,),_and 6”v'

have been tabulated for, all f configuratlons by Nlelson and Kooter 12 A
9

computer program has been wrltten Whlch will calculate 0perator equlvalent

factors for intermediate coupled wavefunctlons Theivalues of the operatov‘

equivalent factors, &, B, 7y for the 50-term Cm§+ wavefunction are*giveu in

Table IT. A similar calculation for Cm.B+ but with a wavefunctionfwhich was

derived from extrapolated parameters has been performed‘bvar;.S. Feueuille.l6

We have checked the relevant parts of his calculatiop uith ours. We also llst
‘ 5y

in Table -II the operator equivalent factors for Gd” calculated from an

intermediate coupled wavefunction which was obtained from electrostatic and

spin orbit coupling parameters which best reproduced the spectra and intensities

17

f this ion in solution.

T




We how,calculatef jf

l'tuf(cm§+) 603 (c

and similarly .

1.'where ve have used for Gd.5 (?_) %_if52f§“ﬁ' bﬁfaiﬁ

' map and_Watsontl8 JThese7numbersicah1be*Coﬁﬁgredfﬁéiﬁbéfé#ﬁéfimentéifVaiﬁééA“:_ e

IR S
P (O Jogy 7112 en ™

e O el
By (687 o = -6 X 207 em

We may also take the ratlo of the calculated parameters:and compare them wmthhr__ ;..

_ the ratlo of uhe evperlmental pa“ameters._ We find

K-l oanc

e >c;ns+ sl gt
‘.~5;<? >Gd f f%j”§J“¢j‘)Gd)+:
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The signs of the calculated bh parameters agree w1th experlment but uhe
magnitudes are off. However 1t has been shown that the lattlce summatron term '
(Au) in the simple point charge model is notta good approximation and one

19

must consider the'extendea-nature of the icduced moments. For this reason'
the comparison of the ratlo of the calculated bh terms to ﬁhe ratﬂo of the
experimental bu terms is a more valld'crlterlon. We flnd that these ratios
differ by*approximately‘a.factor of two. Con51der1ng the uncertainties in’
the parameters used, this- agreement shows the 1ntermediate coupling mechanisnm
accounts qualitatively in a very satlsfactory manner for the difference in ‘.
the crystal field splittings between the half filled shell- conflguratlons of
the lanthanide and actinide ions:

For the case of G~ in La(C H sou) 9H 0, Wybournell has pointed out
that the intermediate coupling mechanism gives rlse_@ova contrrbution of tﬁe7 '
wrohg sign to the vaiue of b2O (relative to the erperimental value) because

the Stark levels of the.6P state are orderedioppositely to those of the

/2

87/2 ground state. Apparently the sign of b2° is determined by another
mechanism. Xim and Moos20 have recently measured beo'for Eu2+ in LaCl5 and
have found that it is approximately fifty times larger than that for éd5+ in
LaClB. They have attributed this ratio to the difference in electronic
properties of Eu2+ and Gd5+; specifically to the lowering in energy of the
eycited ccnfigurations in Eu2+;. They show that their resalts are in accora.
with the assumption that configuration interaction and intermediate coupling
are the dominant mechanisms for the observed‘splittings but suggest that

the relative importance of these two mechanisms are different for the ground

and excited staﬁes. Accordingly, they suggest that Wybourne did notvcompletely
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account for the effects of configuration intefacﬁion._ It has been showm £hat

configuration interaction effects for rare earth ions are, for the most part,

o}

linear and can be accounted for,in terms of a shielding factor which for b2

is written as 02.21 It has also been shown that 02 > Gh > 56.22’23 The

result of our calculation for the value of bu (Gd5+ in CaFe) is qualitafively '
consistent with the arguments of Kim and Moos,2O in fhat we would expect the
configuration interaction méchahism to be less importaht'for bu; and, thereforé}
the intermediate coupling mechanism might,dominaté;. We have shown that the
intermediate coupling mechanism gives at.least the corrégtisign. This qpali-:”
tative argument is supported by the fact that bu (G'd5+)‘f_».b4 (Euef) for.cﬁbi¢:_  '
sites in Can- |

The gJ values mentioned earlier %re in qﬁite_good agreement'with the
earlier values of &y for Cm3+ ﬁeasured by Abraham, Judd,:éhd Wickmanzu and by »
Conway et al.8 However, it 1is rather surpriéing that the relétive values
of g; found for a2t ana Cm5+ are to within experimental error (*.0002) the
same. From the arguments of Judd et al.gu we would expect the 8y value of
Cm”” to be less than that of Am-'., The reason for this is that the spin
orbit coupling constant for trivalent Cm is larger than for divalent Am and
so intermediate coupling effects should be more important for Cm;+. We list
for‘comparison in Table IIT the gJ'values for Am 125 (spectroscopic notation)
and Am IIT and a number of lanthanide-atom—divalent iphs, thé electronic
configurations differing only by a filled»s shell. The 81 vaiues.fqr the

A

ions were calculated from epr data using zero field crystal field wave-

functions.7’12’28

7

We see the difference between 85 for Am I - Am III

(57 752 - 5f7) is as large as the largest lanthanide atom-ion shift,
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Ho I - Ho III (hf 6s° - L£"). These shlfts and also the CmfIV, Am IIT . .
shift mlght be ascrlbed to covalent bondlng, but an orblt lattlce 1nteractlon

29 30

of the type described by Inoue and Blrgeneau produces the same sort of
experimental results. It is 1nterest1ng to note that Am III whlch is . 8pProX= :tJE,f;'”
1mately 80% pure 88 has a gJ shift relative to the atom that is as large as L

that :E‘ound 1n Ho III, hfu

CONCLUSION

In thls paper we have descrlbed measurement whlch‘_lve the zero fleld

fleld spllttlngs of the 5f7 1ons, Am and Cm§ 2 1n cublc symmetry 1n CaF

The parameters deduced from these expevlments have been calculated u51ng the‘
point charge approx1mat10n It has been shown that 1ntermed1ate coupl ng,v_
that is the m1x1ng of states of the same J 1nto the-ground state by Spln orblti,
coupling, can account qualltatlvely for the large dlfference 1n zero fleld '

splittings between the lanthanlde and actlnide 1ons of nomlnally 88 character

oL B . -
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








