
tential energy of the 4f electron in the field of di-
poles of four fluorines dynamicaOy polarized by the
moving point charge of the H ion the second-degree
terms are as follows:

—24vPf( )
—I,

(2) Gy 8g 3 48 l Q
3

Q 24~0 Q

+3@ 10

The meaning of the parameters 8, 8, D, u, v, and
K is indicated in Fig. l.
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Hyperfine, Superhyperfine, and Quadrupoie Iiiteractions of Gd3+ in YPO„

J. C. Danner, U. Hanon, and D. N. Stamires
Dogmas Advanced Reset'ch I aboxatot'ies, Mcaonmekl Doggtas Co~o~atiog,

Huetington Beach, California 92647
(Received 27 February 1970)

The electron-paramagnetic-resonance spectrum of Gd ln YPO4 shows a superhyperf3. ne
structure from two nearest-neighbor phosphorus nuclei vrhen observed with H paralle1 to the
crystal c axis. The spectrum for H perpendicular to the c axis is unusual because of quad--
rupole interactions in Gd' 5 and Gd 5~ @which are largex than the hyperfine interaction in these
iona. The measured Gds+-P interaction parameter I Tl~ l = 1.02 6 fits vrell a dipole-dipole in-
teraction mod81. The hyperflne parameters are A.ass = -4.7 6 and Ai57= -6»16. The quadrupole
interaction parameters are ( Q (

= 18.1 6 and t Q j =19,3 6, Fx'om these the ratio of the
nuclear quadrupole moments of Gd~5~ and Gd ~7 is obtained as 0.94 +0.01. This result is dis-
cussed in the light of quadrupole moments previously measured by optical and nuclear methods.

I. INTRODUCTION

Paramagnetic x'esonRDce of Gd lD YPO4 ha8 been
recently observed by several authors. l Variable-

frequency zero-field EI'R ' and conventi. onal EPR3
were used to determine the magnitude and sign3 of
the cxystal-field parameters b„. These yaram-
eters4 describe the splitting of the 'S, &3 ground



D STAMIRE SDANNE R, , RANON,

SpACF QROUp
Y3+SITE SYINIIETRY 02d

PO .FIG. Structure « ~ 4

0
= 5.885 A

c stal fjtate of Qd 'in the ry
ted sofar pn Gd 'a e

eriments repor e s
In

In the EPR exPer
a.s observed.tructure waYpO4, no hyper i

rt the observationthe present wo
Gd'" and Gd a,nd o~ cture of G

cture due to»
f h perfine stru

' teraction witerhyperf ine struc
the YpO4 lattice.i hbor P nucle~ in '

d,u pie
two nearest-ne'g o

t the nuclear quadrupofound tha
dd j sotopes is

ddltlon, lt was
1 rger than thejnerR

Ths is a ra,
ction of the pd

ther uncommonhyperfjne intera 'o

nusual spectrum.case and givess rise tp an unusua
f thete determination o

t' parameter Q

' le an accura e e
ofnuc lear quadrupo le-interRc ion

Furthermore, an accurate r
t b b

0
ru olemomen s

d 1yo g

Gd

I= —' H f' t tu
1 abundance. Each o

re from
o op es is not always reso ex

p
di

. Th t tyby ew

o)line (for e sth same electronic ran ' ' ' r

The crystal struc ure p

a resenta ion
Experimen at 1 ltate spin Ham'miltonian.

V.IV and are iscu ssed in Sec.given in Sec. a

II. CRYSTAL STRUCT URE

'
h is shown in'rcon structure whicY 4Po has the zircpn s

1 arameters are taken fromFig. 1. The cell param

„sto spac~yckoff. The sstructure belongs o
are-int symmetry. Rsite has DM ppand the yttrium s

3+ t this sj.te. Thereearth lons substitute
t ell but magnetically

efpr Y+a
ur

~ rptatjon ax
ch sites in the uni "

j,s ofthey are all equi '
el to the crystal c ax

uivalent. T e m
axi Sthe point sym;

of the spin Hamiltpnianthat the Princj. PRp R

is directipn.can be taken a,long th
n the intera. ction be-ill be interested inSince we w

'
hbpring phosphprustween the Gd' '

ns and neig
f f rst secpndshows the PPsition o

to the
nuclei, Fig. 2 s

p ns ln relation 0-nei hbornd third nearest- g
' hbor phosphorus

a,n

p nearest-neigGd ion. The two
= 2 ~ 99 A pne onted at a distance rq = ~ions are loca

dnn P

dnn P

~ y3+

d- and third-of first-, second-,
1 t' to aGd conbor P atoms xn g

a Y lattice site in 4 ~

' 'on of these neiighbors. Theshow e rth elative posztio
e lr I=magnitudes of the vectors are

i&, (=4.8s A..



HYPERFINE, SUPERHYPERFINE, AND QUADRUPOLE ~ ~ ~

In this section we first describe the spin Hamil-
tonian appropriate to our case. Next the evaluation
of the eigenvalues and transition is divided into
till 88 paZts. Tile splitt111g of tile S=f state 1s dis-
cussed first. Then eigenvalues and transitions of
the S,= + —,

' doublet are calculated for 5 along the
c axis, taking into consideration both hyperfine and
superhyperfine terms. Finally, eigenvalues and
transitions of the 8,= + —,

' doublet are calculated
for H perpendicular to e assuming ~Q[ & ~A(. The
calculations were limited to these cases in light
of the experimental results which are presented
in Sec. IV. No quadrupole effects are observed
when H is parallel to e, while no superhyperfine
structure is observed when H is perpendicular to c.

A. Spin Hamiltoman

In order to describe the experimental spectrum,
the spin Hamiltonian' has to be written in a form
which reflects the local symmetry at the Gd ' site
and include the various interactions both within the
ion and between the ion and its neighbors. Accord-
ingly, we write for the spin Hamiltonian

3'-- 3' +3' +3' +3-'

+, represents the crystal-field interaction
which in YPO4 splits the J=S =+& ground state of
Gd ' 'nto fo close doublets. It has the for

X = b30 2+ by 0 4+ be 0 6+b40 4+ b 60 6, (2)

where ba are crystal-field parameters '~ and 0„
are operator equivalents. The crystal-field param-
eters for YPO4, Gds' have been reported. ~'3 The
predominant term in (2) is b30= —0. OV28 cm ' (at
room temperature ), which ie between one and
three orders of magnitude larger than any other
of the b„" 's. This gives the local crystal field an
almost purely axial character.

The second term in (1),Xz, is the Zeeman inter-
action with the external magnetic field. Usually
only the electronic part of this interaction is re-
tained since the nuclear Zeeman interaction for
both the odd gadolinium isotopes and the phosphorus

each side of the Gd3' ion, along the c axis. In the
absence of oxygens, the two phosphorus iona are
related by inversion through the Gd3' position.
Therefore, they are equivalent as far as the direct
interaction with the Gd3'. ion is concerned. The four
second-nearest phosphorus nuclei are at a distance
F3=3.75 A from the Gd ' ion along the directions
[201], [201], [021], and [021). The radius vector
ra is at an angle 8z to the c plane such that cosea
= Q. 918. The four third neighbors are at a distance
r~ = 4. 85 A from the Gds ' ion along (110) and its
equivalent directions.

III. THEORY

nuclei is comparatively small. Also, it does not
shift the ordinary EPR transition in which the
nuclear-spin quintum number m does not change,
However, in the present case we shaI1 see that the
nuclear Zeeman term is not negligible and there-
fore is included in 3C&.

The Zeeman term in this symmetry is

Xs=g„ksII,S,+g~ Ps(II„S„+II„S„)-yg H '1, (3)

where 8 =+3 is the true spin of Gd ' in its ground
state, H is the magnetic field, p~ i.s the Bohr ma, g-
neton, g„and g~ are the principal values of the g
tensor in the local crystal-field coordinate system,
and y& is the nuclear magnetogyric ratio. In 8-
state ions, the electronic distribution is spherically
symmetric. Therefore, if the crystal-field split-
ting is not much larger than the Zeeman splitting,
the g tensor tends to be isotropic so that g„=g, .
This is the case here too withs gl~ —1 991.

Xh1 in (1) represents the hyperfine and lluadrupole
interaction for the odd Gd

' isotopes. It has the
form

Xhl =AS, Ig+ I3(S„I„+S I )+@[I~3—,'I(I+1)],—

which reQects the site symmetry. Because g is
F

isotropic, A. = 8 and 3C„, has the form

X~ = AS 1 +@[Iong
—3 I (I+1)],

where the second term represents the quadrupole
interaction.

The last term in (1), Xp, represents the super-
hyperfine interaction with the phosphorus nuclei.
It can be written in the forme

(8)

where the summation is over all the interacting
phosphorus nuclei. It is assumed that the phos-
phorus nuclei do not interact with each other. T~
is the superhyperfine interaction tensor between
tile 11llclells of tile phosp~llorus loll P; %101 llllcleal'
spin I, and the Gd '.

T& will have a different form
for each of the groups of P nuclei shown in Fig. 2.
We shall be mainly interested in the two nearest
neighbors, and for these the principal axes of T~
coincide with those of the local crystal field. Fur-
thermore, the symmetry at these nuclei is axial.
Therefore, for these nuclei (6) can be written in
the same coordinate system as (3) and (4) in the
for m

Xp =28 ~ T 'I = 2[T„S I +T~(SPIP+SPIP) ], (7)

where the subindexi is omitted; T„and T~ are the
principal values of this interaction tensor and a
factor of 2 is included because two equivalent P
nuclei are involved.
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B.Energy Levels and Transitions

l. Splitting of S = +a State in an Asia/ Field

The splitting of an S =estate by a crystal field
has been widely discussed in the literature. ' '

In the present case, where the term 530& is the
predominant crystal-field interaction, the S =+~

state is split into four doublets with eigenfunctions
~ +S,). The separation between the doublets is

a(M+ I)) — +M) = (2M+ I) b~

respectively.
The usual magnetic-dipole EPR transitions are

~M = + 1. With the external field oriented parallel
to the c axis, the spectrum consists of seven elec-
tronic transitions separated by 2hz from each other.
Small shifts from this even separation are caused
by other terms of K, .

The position of the I-,')-
~

——,') transition is not
affected by the crystal field in first order, because
it is the only transition in the spectrum within a
Kramers doublet. Therefore its line shape and
linewidth will be the least affected by crystal
strains and irregularities of the crystal field. It
is thus the best transition for observation of weak
hyperfine, superhyperfine, and other interactions.
Indeed, the lines due to interaction with neighboring
P nuclei, as well as the hyperfine lines of Gd" and
Gd'", were best resolved on it. For this reason
we confine our analysis to this transition.

2. Eigenvalues and Transitions for S, =+-,'
Doublet With Hyperfine and Superfine

Interaction, IT II c

The spin Hamiltonian is now

3C=g~ paHS, +AS I+@[i,—3I(I+ 1 )]

(8)

In the present case the quadrupole and nuclear
Zeeman terms can be omitted. Since A is very
small in gadolinium, there is negligible admixture
between the nuclear states by the hyperfine term
in (8). Therefore, the EPR transitions will be of
the ~m =0 type, and they are not affected here by
either of these two terms.

The last term in (8) has the axial form given in

(7) and describes the interaction with the two
closest P ions. The role of the more distant P
ions is discussed in Sec. V.

If it is also assumed that ) T„), ~ T, ~«H, the
term in T, can be neglected and (8) will have the
form

X= (gP, e H +AIg + T~ IP, + T„P ~) S, ,
(9)

3. Figenvalues and Transitions for S,=+-,'
Doublet With Hyperfine Interaction,

IA I
& I Q I, Hi c

The spin Hamiltonian is

(12)

with the magnetic field perpendicular to the crystal
e axis. For the purpose of calculating eigenvalues
of (12) it is most convenient to transform the spin
Hamiltonian into a coordinate system where the
direction of H is the quantization axis. This trans-
formation has been treated by Bleaney. ' Apply-
ing the transformation to the present case, the
spin Hamiltonian (12) is

X=gpsHS, +AS, I, +2A(S„I +S I, )

—
2 Q [I,—,' I (I+ 1)]+4 Q—[I,+I ] —y„HI, . (13)

Here S, and I, are the operators S„+iS, and I„+iI„
respectively.

The off-diagonal term in A can be neglected
since A«g &~II. But now the nuclear states are
admixed by the quadrupole term, and the admixture
depends on the ratio Q/A. Bleaney has calculated
the eigenvalues of (13) for A» Q in a general case.
We are interested, however, in calculating the
eigenvalues when Q &A. This is easily done for
S = —,

' and the neglect of the off-diagonal elements
of A. The 4x4 matrices for S,= —,

' and S,= ——,
' are

reduced to 2x 2 matrices connecting nuclear states
(m, m —2). The secular equations for S,=+ —,

' are

where the last two terms stand for the two nearest-
neighbor P nuclei.

The energy levels of (9) can be obtained by in-
spection:

& (+ ~, m, mg, m2) = ~[gpsH+Am+ T„(m, +mr) ]
(IO)

and the EPR transitions are

hp=gpeH+Am+ T„(m, +mm) .
If j T() I & l A ~, the superhyperf inc interaction will

give rise to a structure on the hyperfine lines of

superhyperfine term will cause a splitting Tlf be-
tween superhyperfine lines. The eigenvalues of
m&+m& are 1, 0, 0, —1, so that each pair of near-P P

est-neighbor P nuclei should give rise to a triplet
of superhyperfine lines with an intensity ratio
1:2: 1.

for (m, m —2) = (-', ; ——,
'

) (14)
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and

y g pBH + ~ A+ Q —y„H —2E vSq

agpeH+ —', A —Q+3y„H —2E
=0 for (m, m —2) = (-', , —-', ) . (15)

From (14) and (15) the energy levels can be cal-
culated assuming Q &A. If terms up to tbe order
A~/Q3 are retained, the energy levels for S,= + —,

'
are

E, (+)=~ .'gu,-H+Q+h (v)+n(+),
E2(+) = ~-.'gli, H+Q $ (+) —n(~), (16)

( (w ) = 3(A v 2y~H) /8Q,

iI (v ) = 3(A w 2y„H) /128Q (18)

E, (~)=+ ,'g I,-H q+ -,'(A+-y, H) &(~-) —n(+),
E(4y ) = + ,' g pe H --q - -2 (A w y „H) —$ (v ) + q (w ),

where

tensities of the lines are plotted as a function of
q/A.

The transitions fall into two groups. These are
indicated by the solid and broken lines in Fig. 4.
We shall refer to these as group (a) and group (f),
respectively. Group (a), which has maximum in-
tensity for Q = 0, corresponds to the so-called
"allowed" (bm =0) transitions in EPR. As the
quadrupole interaction increases, group (f), which
corresponds to the so-called "forbidden" (hm = 2)
transitions, gains in intensity while the intensity
of group (a) decreases. At the same time, the
lines of group (a) move sharply away from tbe
even-isotope lines, as seen in Fig. 4(a). For
[ Q/A i

= 0. 5, the intensities of tbe two groups are
The energy levels of (16) are plotted in Fig. 3
assuming Q & 0.

In order to calculate transition probabilities, the
eigenfunctions of the E, (a) states are required.
These are easily obtained from (14) and (15). The
eigenfunctions are given as combinations of the
four nuclear states ~ + —,

' ) and I a —,
' ) in the two elec-

tronic states S,=+-,' and S,= ——,', and aredesignated
((+) and g(-), respectively.

We get

g, (+) =cosP(a) a-', )+sing(a) v-,'),
g, (+) =cos8(a) a —,') +sin8(+) v-,'),
g, (~) = —sing(~) t-,)+cosP(~) +-,), (19)

g4(a) = —sin8 (a) a-,')+cos8(a) v-', ),
where

cosy (+)=Q/(3[q —(-,'A —y„H))'+Q')'i',

sing ( —) = v 3 q/{ [q+(-,'A+y„H) ]'+3Q'}'~',

and

cos8(+)= vSQ/([q-(-,'A-y„H) j'+3Q'P",
sine(-) = q/(3 [q+(-,'A+y„H)]'+q'}"'.

('
S.='h] —„-

Q

J i/2A

, 'jgA~

Q

Ss=-'/s

2l

I 2A-2&f~I

+-2A,]

+(-s/s)
)E

In calculating transition probabilities we have omit-
ted the nuclear Zeeman term y„H because, within
the experimental accuracy, its contribution to the
line intensity is negligible.

From the matrices of (14) and (15) and from
(20) we have calculated the position and intensities
of the various 4~= 1 transitions as a function of
the ratio Q/A. In Fig. 4(a) the separation b.H of
the lines from the even-isotope line (at r H = 0) is
plotted in units of A. . In Fig. 4(b) the relative in-

$2pJI t

I

4 Q-A+ P-

4Q+A+Ps

H

FIG. 3. Energy levels. and transitions of the spin
Hamiltonian (13); HJ.c, assuming Q &A; S= y, I= &.
Splittings by successively smaller terms are shown from
left to right. Splittings are not to scale. Intense and
weak transitions are shown by thick and thin arrows,
respectively. A schematic spectrum showing the vari-
ous splittings is given at the bottom of the figure. The
parameters and eigenfunctions are discussed in the text.
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fqyAJ=

a4. hp =gps H- 2Q —(~ A —yNH) —p + X

where

p, = ((+)+5(-), &.=n(-) -t)(+) ~

The transitions ln group (f) ar' e

f&. hp=gp&H+A —pt —X~,

ya: h~=gqsH+&s+4

fs. hp=gp&H+pt —Xy,

f4. hp =guru~ H
—A —py+ Xy q

where

p, = ((-)-0(+), &I=tt(+)+tt( ), -
and hp is the microwave quantum energy. From
the field separation of different lines the various
spin-Hamiltonian parameters can be determined.
For example,

a4-a, =4Q+A+2p, ,

as-at = ~ -A+2pg,

Q4 gs A 2fp'H 2Ag

Q2 Q 1 g+ 2fgH + 2Xo

(23)

fg —f, = 2A —2X~,

f3-fr=2&y .
(24)

The transition groups (a) and (f) and the separation
(23) and (24) are also shown in Fig. 3, where X,
was neglected.

FIG. 4. (a) EPR spectrum described by spin Hamil-
tonian (13); BJ.e, with 8= ~, I= & showing the position of
lines in terms of the parameter )A I as a function of
j Q/Al. Note change of scale for IQ/AI&1. (b) Relative
intensities of the two groups of lines in (a) as a function
of l Q/A l. The solid and broken curves indicate the
normal hyperfine lines and the quadrupole-induced lines.
They correspond to group (a) and group (f) in the text,
respectively.

already equal and there is really no meaning to
the terms allowed" and "forbidden" transitions.
For I Q I

& 0. 5 IA I the forbidden lines become allowed
and vice versa. It is interesting to note that the
outermost lines in group (f) approach asymptoti-
cally an over-all splitting of 2A as IQ/A I in-
creases.

The transitions in group (a) are

a&. hv =gp sH+ 2@+ (~A+ yzH)+ p, +X„

aa.'hv=g psH+2@ —(~A+y~H)+ p, —X~,

as'.hv =gg&H- 2@+ (~A, —p„H) —p, —X, , (21)

Dt. EXPERIMENT AND RESULTS

The experiments were done on a Varian EPR
spectrometer operating at K, band. Most of the
data was taken at rooxn temperature. A few runs
were done at 4. 2 and 1.O'K. No major differences
in the spectrum were found by going from room
temperature to the low temperatures.

As stated earlier, the I k) - I ——,') electronic
transition was the one studied in detail. The ob-
served spectrum of this transition for II along the
c axis is shown at the bottom of Fig. 5. The way
this spectrum, 18 constructed froQl the hyperfine
splitting of Gd"' and Gd" and the superhyperfine
interaction with the two neaxest-neighbor P nuclei
is shown at the top of Fig. 5. From the spectrum
and from Eq. (11)we get

~"'= -6.1 0,
~155 4 7 6

~r„~ =1.O2+0. 03 G.
In the spectrum of the I —,') I

——,
' ) electronic

transition, for IJ perpendicular to the e axis, no
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~Gd EVEN ISOTOPES

G~155

TABLE II. Eigenfunction coefficients for
Gd and Gd ~ in YPO4.

SUPERHYPERFINE ~-
STRUCTURE
FROM TWO P
NUCLEI

i i&III
r~a

C

I Jlf, 'I I

G~157

cosP(+)

0.552
0.545

0.834
0. 838

0. 893
0.889

sing(+) cosg(y) sine(+)

0.450
0.45V

i I I I
I

-10 0 +10 GAUSS

0.564
0.555

0. 826
0.832

0.899
0. 895

0.439
0.44V

YP04. Gd

P SUPERHYPERFINE SPLITTING,

CENTER FIELD 12 400 Gauss

Hp II c Axl$

FIG. 5. EPH. spectrum of Gd+ in YPO4 at Ea band with

H parallel to c showing the superhyperfine splitting from
adjacent P nuclei.

= 3. 2, and eigenfunction coefficients which are
given in Table II.

The relative intensity of the observed lines in

groups (a) and (f) is in good agreement with the

theory. From the eigenfunctions we get, for the
relative intensity R = (f)/(a), R"'=99:1.2 and
R" =98:2. It is difficult to compare the intensities

of the (f) lines, but one can compare the intensities
of the weak (a) lines of both isotopes. Since the
Gd"' and Gd" isotopes are of almost equal abun-

dance and have the same nuclear spin, the 8
numbers represent the actual intensities. As can
be seen from Fig. 4 and the calculated 8 values,
it is very sensitive to the value of IQ/A I. There-
fore, (a)"'/(a) "is also sensitive to this value,

and can serve as a good test of the theory. Com-

superhyperfine structure is observed. The spec-
trum is shown at the top of Fig. 6. At the bottom
of this figure, bar spectra are shown for the two
isotopes 155 and 157. The lines for each isotope
correspond to the transitions shown in Fig. 3.
The center two lines of Fig. 3 are masked in the
actual spectrum by the even-isotope line, and
therefore are not shown in the bar spectra.

From the spectrum and the various expressions
in Sec. III B, we obtained values for Q and A. The
nuclear Zeeman contribution was calculated from
the nuclear magnetic moments of Gd' and Gd"~
determined by Baker et al. and the sign of the
A parameters taken from their results.

The parameters A and Q are given in Table I.
From the results we obtain IQ/A I"'= 3.9, IQ/A I"'

GAIN x 10 Ii GAIN x 1 II GAIN x 10

TABLE I. Spin-Hamiltonian parameters for Gd'

in YPO4, g II
= 1.991.

G

~i55

-4. 6V

+0.03

I
@issI

I
@isVI

-6.09 18.1 19.3 1.02
+0.03 + 0.1 +0.1 +0.03

10 cm -4. 34 -5.66 16.8 1V. 9 0. 95
a0. 03 +0.03 +0.1 +0. 1 +0. 03

Gd155

Gdl57

I I I I I I

-50 -40 -30 -20 -10 0 +10
GausS

I I I I

+20 +30 +40 +50

FIG. 6. EPR spectrum of the I & ) '-I —~ ) transition
of Gd in YPO4 at 35 GBz and room temperature measured
with the magnetic field perpendicular to the crystal caxis.
Note change in instrument gain for weak lines.



2148 DANNE R, RANON, AND STAN IRK 8

parison of the (a) lines in Fig. 6 with the calculated
ratio (a)"'/(a)"~= 0. 6 shows rather good agree-
ment.

(p~/r ) (3cos28 —1), (25)

where pp is the phosphorus nuclear magnetic mo-
ment, x is the P-Gd separation, and 8 is the angle
between the direction of the field H and the P-Gd
radius vector. The nuclear magnetic moment of

P is +1.&566p, N.
~ The distances z, of the

first-, second-, and third-nearest-neighbor P ions
are, respectively, s x, = 2. 99 A, ~~ = 3. 75 A, ' and

x3=4. 85 A. . We have then

p, /~,'= 0. 25 G,

p, /r,'= 0. 13.G,

V. DISCUSSION

A. Superhyperfine Interaction

The observation of superhyperfine splitting from
the nearest-neighbor P nuclei when H is along the

c axis, and the absence of such splitting in the per-
pendicular plane, requires a closer investigation
of the P-Gd interaction.

Assuming a dipole-dipole interaction between the
phosphorus nuclei and the gadolinium electrons,
the magnetic field due to a P nucleus at the Gd site
is given by

When the magnetic field H is in a perpendicular
plane, cos 8, =0 and h= —0. 25 G. The four second-
nearest-neighbor P nuclei act now as two equivalent
pairs. If the field H is along [100] or [010],
cos 8~=0. 84, h&=0. 2 G and eos 8~=0, h2= —0. 13 G,
respectively, for each of the pairs. Along these
directions the four third-nearest-neighbor P nuclei
are all equivalent with cos~83 = 0. 5 and h3 = 0.03 G.
If H is oriented along [110], all four second-near-

/

est neighbors are equivalent, with cos 8~=0.42 and

h, = 0.03 G. The third-nearest neighbors act like
two pairs with cos 83=0 and h, =0.06 G, respec-
tively.

The only significant contribution to the superhy-
perfine structure for H perpendicular to c could

thus come from the first and second neighbors.
The maximum possible splitting for either group
should still be ha.lf (or less) than that along c. The

EPR lines observed with H perpendicular to c are
much broader than those for H along c. This broad-
ening is mainly because of large second-order
crystal-field shifts, and it easily obscures any

small superhyperf inc structure.

8. Quadrupole Interaction

The quadrupole-interaction parameter Q is re-
lated to the nuclear- quadrupole moment Qo by the
relation"

Q = 3eQoq/4I(2I —1), (27)

yp/t'~ =0.06 G.

When the external magnetic field H is along c, the
angles 8 are such that cos 8&=1, cos 8~=0. 16, and

eos 83=0. The magnitude of the field at the Gd

site due to each P nucleus is thus

&.= '3»N ve I 0(P) I, (26)

where
I g (P) I

' is the density of the Gd 4f electrons
at the P nucleus.

From the data of Freeman and Watson, ' this
contribution amounts to less than 50 mG.

Ag = 0 5 G Ag= 0.07 G A3= 0 06 6,
The field from the nearest-neighbor P nuclei is

seen to be one order of magnitude larger than that
from the more distant neighbors.

There are two equivalent nearest-neighbor P
nuclei, and therefore their h, contributions add

algebraically, giving a total field of 1,0, or —1

6 at the Gd. These should be the separations T,
of the superhyperfine lines from the hyperfine lines
and they are seen tobe in excellent agreement with the
experimental results.

The hyperfine parameter T also includes a term
due to contact interaction between the Gd electrons
and the P nucleus. This term is

wbere e is the electron charge and q is the gradient
of the electric field at the nucleus.

The determination of the parameter Q is done

in the present case for two isotopes of equal nuclear
spin I, in the same host lattice and the same oxi-
dation state. Therefore, it is safe to assume that

q is the same for both isotopes. With this assump-
tion, we have

I'"Q/"'Q
I

= I"'Qo/"'QOI = 0.94 0.01. (28)

The quadrupole moments of the odd Gd isotopes
were previously reported by Speck' and by Kali-
teevskii et a/. Both obtained the data from opti-
cal measurements. Speck gives the values Qo
= l. 1 b and "7QO = 1.0 1with an accuracy of 30%. Our

results indicate though that "VQo &"'Qo.
The work of Kaliteevskii et al. gives a ratio

'"Q,/'"Q, =0.78+0.06, which does not agree with

our result.
In general, the determination of interaction param-

eters such- as A and Q from EPR spectra is much

more accurate than that from optical data. For one

thing, the resolution in EPR spectroscopy is much

greater. Also, the approximations involved in de-
scribing the one Stark-level cluster in which EPR
is obser ved are usually much better than those taken
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from the two levels involved in an optical transi-
tion.

Finally, it is interesting to compare our result
(28) with the one obtained from nuclear-Coulomb-
excitation measurements. Collective nuclear -model
calculations show that the transition probability for
an electric-dipole transition between two nuclear
levels I; and I& in the same rotational band is given
byl6

B(E2;Ii- j~) = (5/16m) e QtQ,

where 8 is the transition probability, E2 designates
it as an electric-dipole transition, e is the electronic
charge, Q, is the intrinsic nuclear quadrupole mo-
ment, and 0 is a matrix element connecting the two
states.

The intrinsic quadrupole moment Q, is related to

the quadrupole moment Qc in the nuclear ground
state by'

1(PZ - I)
'(I+ I)(2t+8) ' (2O)

It follows then that if one compares transition
probabilities between states I, and I& for Gd"~ and
Gd", where I, I„and Iz= I are the same in both
isotopes,

[g(E2)155/Ii(E 2)
f 57]1/2 q155/@157

From the tables of Alder et a/. ' we have

II(E2. 5 $155j~(E2.5 3 )157 8 8/2

The square root of this ratio is 0. 97, in very good
agreement with our result.
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ing, University of Southern California, Los Angeles,
Calif. 90007.
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Using 2Cf as a source of heavy ions, the stopping cross sections were determined for stop-
ping media of gold, silver, and carbon. The dependence of stopping cross sections on the nu-
clear charge of the heavy ions was observed at approximately 1.3cm/nsec. The results are
in reasonable agreement with the theory by Lindhard. In some cases, better agreement can
be obtained by using a formula published earlier by Bridwell and Moak.

I. INTRODUCTION

During the past few years technological develop-
ments, such as the transuranic heavy-ion accelera-
tor, certain chemonuclear systems, and the fission
electric cell have created the need for more infor-
mation concerning energy loss by heavy ions in

various types of stopping materials. The differen-
tial energy loss or the stopping power of a material,
is the amount of kinetic .energy lost per unit path
length and is given by the formula

dF. = SO',
dx


