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Various even-even isotopes of Er, Dy, and Yb have been Coulomb excited to their first 2% states and
implanted into metallic foils of Cu, Al, Ag, and Rh. The attenuation of the subsequent y-ray angular
distribution was measured as a function of temperature and interpreted in terms of a predominant
time-dependent magnetic interaction with small admixtures of static and time-dependent electric
interactions. Correlation times have been extracted and quantitively compared to the electronic
relaxation times (T',) obtained from electron-paragmagnetic-resonance measurements of the same
impurity-host systems. Comparisons are favorable, provided crystalline-field effects are taken into

account.

L. INTRODUCTION
A. General

It has been known!~® for several years that the
angular correlation of the y rays from the first 2*
states (see Table I) of rare-earth nuclei implanted
in copper appear strongly attenuated when studied
with the ion-implantation perturbed-angular-cor-
relation technique (IMPAC). Most of the existing
data, with the exception of Gd and Yb, can be ex-
plained by the existence of temporal fluctuations
in the hyperfine field at the site of the rare-earth
nucleus. Fluctuation times are known to be on the
order of 10" sec at room temperature. Static
interactions are also present but in most cases are
dominated by the time-dependent interactions, Since
most of the hyperfine interaction in rare-earth ions
comes from the 41 shell, it must be concluded that
fluctuations in the hyperfine field arise from fluc-
tuations in the angular momentum of the 4f shell.

Reported here is the extension of the measure-
ments to the cases of rare-earth ions implanted
into Al, Ag, and Rh. Attenuation coefficients were
measured as a function of temperature between
77 and 450 K. The time-dependent interaction is
assumed to be explained by the simple Abragam
and Pound? theory as modified by Scherer® to take
into account admixtures of static quadrupole inter-
actions. Correlation times are then extracted from
the modified Abragam and Pound theory.

Temperature measurements from this paper and
from Ref. 1 indicate that the reciprocal of the cor-
relation time increases approximately linearly with
temperature for 7 >77 K, This linear relation can
be explained in terms of conduction electron ex-
change scattering from the 4f shell. A similar
effect has been observed in the electron-paramag-
netic-resonance (EPR) linewidths®? for rare-earth
ions in simple metals.

In this paper a quantitative effort is made to tie
together the EPR linewidth data and the data on
IMPAC correlation times. Reasonable agreement
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is obtained provided one includes the effects of the
crystalline field.

B. Experimental

The IMPAC technique has been well documented®~°
for g-factor and hyperfine-field measurements in
ferromagnetic materials. In these experiments
the technique is nearly the same but a slight dif-
ference merits a brief discussion.

Figure 1 depicts the scattering geometry used
in IMPAC. A 25-MeV oxygen beam produced by
the University of Wisconsin tandem accelerator
is used to Coulomb excite and implant rare-earth
nuclei into a suitable host metallic polycrystalline
foil. Implantation depths are on the order of
6000 A while stopping times are close to 1 psec. !
Final location is uncertain but existing informa-
tion®® for Dy in Cu and Yb in Fe indicates that 50%
or more of the rare-earth ions go into substitu-
tional sites. Although the impurity concentration
is negligible (<107%%), radiation damage near the
impurity site can be quite extensive.

The decay y rays from the Coulomb excited
nuclei are detected by four 13X 1i-in. Nal counters.
The y rays are detected in coincidence with back-
scattered oxygen ions using a standard ring-counter
geometry, Time resolution for the 80-keV y rays
was close to 3 nsec. The coincidence requirement
insures a highly anisotropic angular distribution
and a deep implantation,

In general, the angular correlation between the
decay vy rays and the Coulomb-exciting oxygen ions
can be written as an expansion in even Legendre
polynomials:

W(b, t)=1+A,G,(t)Py(cos8)+A,G,(t)P,(cosh).
(1)
The angle 6 is measured with respect to the beam
axis while ¢=0 is taken as the time the excited state
is created. The parameters A, and A, are the angu-
lar correlation ‘coefficients (including geometrical
corrections) and are well known, while G,(t) and
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TABLE I. Relevant nuclear properties of the implanted

nuclei,
Magnetic
Energy of Mean moment® Quadrupole
first 2* state lifetime® (nuclear moment
Nucleus (keV) (nsec) magnetons) (barns)
110gy 79.3 2,73 0,66 1.36°
182py 80.7 3.18 0.71 2.04°

B 'C) 76.5 2,58 0,64 2,23¢

Weighted average of all known direct measurements.

bweighted average of all measurements reported in
Ref, 19,

®Calculated from the B(E2) values given in Ref. 15.

G 4(t) are the attenuation coefficients. In this paper
G,(t) and G,(t) were measured both as a function

of time (time-differential mode) and averaged over
the nuclear lifetime (time-integral mode). Mathe-
matically this is described as

6;:-1 Gut)e ! ™vdt, k=24, (2)
TN 0

Most measurements were done in the integral mode
because it represents a considerable saving in ex-
perimental time over the differential mode. The
time-differential data was used only as a check on
the exponential decay of the angular-correlation
coefficients.

Integral measurements of G, and G, were car-
ried out as a function of temperature for "°Er,
82Dy, and !™Yb implanted into Cu, Ag, Al, and
Rh foils. Temperaturesdown to 77 Kwere obtained
using a cold finger attached to a cold trap. By
placing a heater on the cold finger close to the tar-
get the temperature of the target could easily be
raised to 200 K when the cold trap was filled with
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-224°
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FIG. 1. Schematic of the scattering geometry, top
view, The dotted cloverleaf represents an unattenuated
y-ray angular distribution from a 2*—0* transition when
the 2" state is Coulomb excited by only backscattered
oxgyen ions.

=3

liquid nitrogen. Temperatures as high as 450 K
were obtained by using the heater with the cold
trap empty. Temperatures were measured with
an iron-constantan thermocouple placed about

1 cm above the beam spot. Beam-heating effects
have been measured®® and are on the order of a few
degrees centigrade.

II. EXPERIMENTAL RESULTS
A. General

A summary of the integral measurements Gj
and (_;‘;" is shown in Fig. 2. This represents about
two thirds of our measurements, the rest being
omitted because they nearly overlap the existing
points on the figure. Variations in temperature
produce the range in the G3 and G} values.

The solid curve in Fig. 2 represents the theory
of Abragam and Pound! for a pure time-dependent
magnetic interaction. Abragam and Pound predict
that for nuclei under the influence of a fluctuating
magnetic hyperfine interaction G,(t) and G,(t) will
be exponentially varying with

Gk(t)=e-lkt ’
Ne= (k4 1)JT+1) (A/H)2T,, ®)
—G-:= 1/(1+ )\hTN) ’
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FIG. 2. Summary of the data taken in the integral
mode. The spread in experimental points for one impuri-
ty-host system was obtained by varying the target tem-
perature. The solid and dashed lines represent time-
dependent magnetic and electric interactions, respectively,
using the Abragam and Pound model. The dot-dashed line
represents a static randomly oriented -electric quadrupole
interaction. The dotted line is a combination of all three
for different values of w,Ty, the static quadrupole fre-
quency times the nuclear lifetime,
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where the hyperfine i 1nteract1on is assumed to be

of the form H=AI- J in which T is the nuclear spin
and %J is the electronic angular momentum, Time
t=0 is the creation time of the excited state, 7y is
the state’s lifetime, and 7., the correlation time,
is a measure of the time between fluctuations in the
hyperfine interaction, For the theory to be valid
it is necessary to assume that 7, < 1, and (4/7)
To<1. As will be pointed out later both conditions
are met. The solid line is a plot of G§ versus Gj,
with 23,=42 A, as the free parameter.

The dashed line represents the case of a pure
time-dependent electric interaction. For this case
Abragam and Pound also predict an exponential
decay in the G,(¢) with

s (eQV N+ )[4IU+ 1)~ klk+ 1)= 1]
M=3 T ( > PEI- 17 (4)

Here Q is the excited-state quadrupole moment,
V.. is the fluctuating electric field gradient, and
I is the spin of the excited state.

The main signature of the time-dependent inter-
action, at least when G, and G, are measured in
the integral mode, is the absence of a hard core,

e., both G5 and G5 can go to zero. Both ran-
domly oriented pure-static-electric and pure-
static-magnetic interactions give rise to finite
lower limits on G3 and G7 .

The dot-dash line in Fig. 2 represents the ran-
domly oriented static quadrupole interaction given
by

G,,(t):%} Spn COSRWE, G = E "onN)
3wg I e QV ®)
W, Q even wo=- YV, ,
“16wq I odd 4121- 1)1

where the S,,’s are tabulated in Siegbahn, !* The
dot-dashed line terminates at (G5 =0. 3714, G;
=0.4063), the hard-core value for the I=2 case
of the static electric interaction.

The data points for "Er and ®Dy lie closest to
the curve representing the time-dependent mag-
netic interaction. However, as canbe seen, agree-
ment between the data and a pure time-dependent
magnetic interaction is poor. Much better agree-
ment can be obtained by allowing for static elec-
tric and time-dependent electric interaction in ad-
dition to the time-dependent magnetic interaction.

A clue to the magnitude of the static electric in-
teraction can be obtained from the data for 74Yb in
Al and Ag. From Fig. 2 it appears that "Yb in
Al and Ag can be explained by a pure static quad-
rupole interaction, From this it is inferred that
no time-dependent interaction is present, so that
the Yb ion has a filled 4f shell and is in a 2+ ionic
state. The fact G and G are not unity means
that the ion is not in a site of cubic symmetry.

This can arise either from the ions going into in-
terstitial sites or from radiation damage, for Al
and Ag have cubic structure. Using our measure-
ments of G5 and G; for "*Yb in Al and Ag and the
known quadrupole moment?® of 1"*yb we obtain an
electric field gradient of V,,= 3. 5x10'7 V/cm?,
This field gradient is an average over all sites and
is probably nonaxial.

1t is very likely that the implanted Er and Dy
nuclei see an average field gradient close to 3. 5
%x10Y V/cm? along with a large time-dependent in-
teraction.

Scherer® has derived a functional form for G,(¢)
in the presence of both time-dependent magnetic
and static electric interactions. To within a few
percent his G,(t) reduce to G,(t)= G5 )G TP (¢),
i.e., asimple productof the attenuation coefficients
due to pure static electric (SE) and pure time-de-
pendent magnetic (TDM) interactions.

The dotted lines in Fig. 2 represent the modified
G,(t) for different values of wgTy. A small amount
of time-dependent electric interaction has been
added since a fluctuating 4f shell also produces
a fluctuating electric field gradient. The strength
of the added time-dependent electric interaction
was calculated using the 4f field gradients of
Giinther®® and the known quadrupole moments, *°

The curves generated assuming the presence of
time-dependent electric and magnetic and static
electric interactions fit the data much better than
any single interaction. However, deviations
still occur, especially for low values of 5‘; and 5‘;".
A good explanation for this is not known but one
possibility is that there is more time-dependent
electric and less static electric interaction than
we have estimated.

B. Temperature Measurements

Measurements of G and G have been carried
out for Y Er in Cu, Al, and Ag and *’Dy in Ag and
Rh, Values of A, were extracted from the G; data
using the modified functional form of G to take
into account electric quadrupole interactions. For
the static quadrupole interaction, a V,, of 3.5x 107
V/cm? was assumed, whereas for the time-depen-
dent electric interaction the Giinther'® values of
V., were used. In all cases the effect of electric
quadrupole interaction upon A, values was con-
siderably less than the effect upon A, values.

In Fig. 3 is shown a plot of 1/, versus tem-
perature. Since A4 is proportional to the correla—
tion time 7., it is apparent from Fig. 3 that 7
varies approximately 11near1y with temperature
for T >"T7TK.

Values of 7, were obtained directly from )\, using
Eq. (3). Values for A were obtained from EPR %18
data by multiplying by the ratio of the nuclear g
factors. That is, we took
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FIG. 8, Values of 1/, plotted vs temperature. A
static electric quadrupole interaction of w Ty =0.3 was
used in determining A, from Gy.

(“°Er)A(mEr)
&n("'Er)

=(1.73+0.06)X10°® ergs,

162 £.(***Dy) A(***Dy)
A(TDY) == Ty

=(1, 310, 05)x10°% ergs,

A(170Er)= &n

(6)

using values of g, which have been reported pre-
viously. ¥

Figures 4 and 5 show the experimental values of
7. multiplied by the temperature T plotted against
T for " Er in Ag and ®2Dy in Ag. The solid lines
in Figs. 4 and 5 are the results of theoretical cal-
culations based upon existing EPR %7 linewidth data
and are explained in detail in Part I

C. Ytterbium

As was pointed out in Sec. IIA the Gy and G
data for "*Yb in Al and Ag are characteristic of
a pure static quadrupole interaction. Temperature
measurements for both "Yb in Al and Ag show
that the interaction frqeunecy wg increases by about
10% in going from 450 to 77 K. This seems to be
consistent with the idea that Yb in Al and Ag is in
a 2% ionic state and hence exhibits no time-de-
pendent interaction,

In Fig. 6(a) is shown a plot of G,(¢) vs G,(t) for
"4y} in Al. This plot was obtained from data taken
in the time-differential mode and represents a time
span of around 10 nsec. As can be seen the data

are completely consistent with a pure static quad-
rupole interaction,

In Fig. 6(b) is shown the same plot as in Fig,
6(a) except for Yb in Cu.? There is a clear
deviation from the pure electric quadrupole in-
teraction. Temperature measurements for "*yb
in Cu indicate a much larger variation in the 5;"
with temperature. From this it is concluded that
at least some of the ™*Yb nuclei are under the in-
fluence of a fluctuating hyperfine interaction. Con-
sequently, Yb is present in a 3* ionic state when
implanted into Cu.

It is interesting to note that Yb in Au has been
observed by Tao’ to be paramagnetic and hence in
a 3* ionic state, whereas Yb in Yb metal is known
to be in a 2* ionic state. Chuhran® has shown
using the perturbed angular correlation technique
that "2Yb in Tm metal is also in a 2* ionic state.

III. CALCULATION OF 7,

As discussed in Sec. II A, the coefficients X,
associated with the fluctuating hyperfine field can
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FIG. 4. Experimental values of 7,T plotted vs tem-
perature for mDy(s") in Ag. The solid lines represent
theoretical values based upon the EPR relaxation times
T, of Davidov (Ref. 6). The top line assumes no crystal-

. line-field effects while the bottom line assumes that crys-

talline-field effects are present. The quantity “x” com~
pares the sixth-order and fourth-order cubic field terms
and is defined in Ref, 22. A value of 0.6 for x was
determined from the work of Williams and Hirst (Ref.
21). The dotted error bar represents the error in the
solid line and reflects the error in 7).



7 STUDY OF RARE-EARTH IONS...

be written
A=A/ BRI+ V)RR +1)T, 7)

for a scalar hyperfine interaction AI- J. In the
cases of cubic or spherical symmetry the param-
eter 7, loosely identified as a correlation time,
is expressed formally by the integral®

To= 3 (370 + VI [ (Tu0.08))dt ®)

where the brackets () denote a thermal average
and J,(t) is given by

J‘(t)___elﬂf/th e'iﬂt/ﬁ’ (9)

with H being the electronic Hamiltonian.

The purpose of this section is to outline the analy-
sis of 7,. It will be shown that the fluctuations in
the electronic angular momentum almost certainly
arise from the exchange scattering of the conduc-
tion electrons. A connection will be established
between 7, and the EPR linewidth associated with
the ground manifold of the rare-earth ion. By ex-
ploiting this connection “theoretical” values are
obtained for 7, which compare favorably with ex-
periment in the two cases studied in detail, '™ Er ®*
and 162py®* in silver.

Before entering into the details of the analysis
it should be pointed out that Eqs. (7) and (8), al-
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FIG. 5. Experimental values of 7,T plotted vs tem~-
perature for 1"Er®®® in Ag. The solid lines represent
theoretical values based upon the EPR relaxation times
T, of Davidov (Ref. 7). The top line assumes no crys-
talline-field effects while the bottom line assumes that
crystalline-field effects are present with x=—0. 4.
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FIG. 6. (a) Gy(t) vs G4(¢) for 1Yb in Al. The data
were taken in the time differential mode and represent
a time span of about 10 nsec. The top line corresponds
to a static electric interaction while the bottom corre-
sponds to a time-dependent magnetic interaction. (b)
Gy(t) vs Gy(t) for 1™ Yb in Cu.

though appearing to be quite general, nevertheless
have important limitations on their applicability.
In (7), as was mentioned, it is assumed that

(A/7h) 1, <1; that is to say, the short-correlation-
time limit applies. The second assumption is con-
nected with the appearance of the thermal average
in Eq. (8). For this to be appropriate it is neces-
sary that the time it takes for the 4f shell to come
to thermal equilibrium with its environment is much
shorter than the nuclear lifetime 7y. Since the
mechanism responsible for 7, also gives rise to
thermal relaxation this second condition is equiv-
alent to 7, < 7. In the systems studied it was
found that (A4/7%)~ 10° radsec™, 7,~3x%10 sec,
while 7,5 10" sec, so that both conditions are
satisfied.

As noted, Egs. (7) and (8) are, strictly speak-
ing, appropriate only for cubic symmetry. When
the symmetry is lower than cubic allowance must
be made for a tensor coupling between TandJas
well as for a variety of correlation times associ-
ated with the various components of the angular
momentum. It was mentioned previously that
there is an electric field gradient at the rare-earth
sites, which points to the absence of perfect cubic
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symmetry. The theoretical expressions for 7,
will be derived assuming the rare-earth ions are
at cubic sites. However, the results are quanti-
tatively insensitive to small deviations from cubic
symmetry and appear to remain qualitatively cor-
rect for large deviations provided the strength of
the coupling between the rare-earth ions and the
conduction electrons is approximately the same as
at the cubic sites.

The formal analysis of 7, begins with the inte-
gral in Eq. (8). In evaluating this integral the in-
fluence of the hyperfine interaction on the dynamics
of the electronic angular momentum can be ne-
glected. This being the case the Hamiltonian H that
appears in Eq. (9) is of the form

H=HCF+H1nt ] (10)

where Hqy is the interaction with the static crystal
field and Hy,; is the part responsible for the dy-
namics. In insulators the orbit-lattice interaction
causes the fluctuations in 3, which arise from the
scattering of phonons by the paramagnetic ion, In
metals the orbit-lattice mechanism is present but
often is obscured by the exchange scattering of the
conduction electrons. Since the correlation time
associated with phonon scattering is a rapidly vary-
ing function of temperature (typically T"° or e%/”
for T >10 K) whereas 7, for electron scattering is
approximately proportional to 7™}, it is often pos-
sible to decide which of the two mechanisms is the
more important on the basis of the temperature
dependence of 7, alone. Such appears to be the
case with our measurements which point to con-
duction electron scattering, a result substantiated
by the analysis.

In the calculation of 7, only the lowest spin-or-
bit multiplet of the rare-earth ion, assumed to be
in the trivalent state, is considered. The crystal
field splits the 2J+ 1 degenerate levels into crys-
tal field multiplets labeled by T, #n(I'), where T
denotes a particular representation of the cubic
group and z(I') labels the levels within that repre-
sentation. The role of Hyy; is then to induce transi-
tions between the various crystal field levels. To
see how this comes about the correlation function
- (JJ,(t)) is expanded in terms of the states |n(I')I'):

Godot))= 20 2

PrATn(T) | J, |n(X*)T*)
Ty’ n()yn(r?) .

x(I'n(I) | ,(t) [2(T)T), (11)

where Pr is the probability that a level in the T’
manifold is occupied. It is given by
“Ep/kT
e T
P.= S~ L E./kFT - (12)
T IrZame T/*

Qualitative insight into the calculation of 7, can
be gained by making the approximation
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Tn(I) |J,@) | n(T)T)= (TR (T’) | J, |2(T)T)
x et B Ep/MgmIt /T (13

This approximation amounts to assuming that the
scattering induces an exponential decay in the z
component of the electronic angular momentum,
The rate of decay 7 is a typical “average” cor-
relation time, and is on the order of 7,. With this
form for the matrix element 7, is given by

Te=[3d W@+ 1)]™?
X2 2

'HI'* n(r)n(T?)
XT/[1+ T8EL-Ep)PE %] . (14)

Apart from accidental degeneracies, which are
almost always removed by the noncubic perturba-
tions, the splittings between different crystal-field
manifolds are large in comparison with #/7 for
realistic values of 7,. As a consequence only the
terms with IV =I"' make important contributions to
Te. Thus 7, becomes

Pr [(Tn(T) |7, |n(T)T7 ) |2

Teo[5J+ 1)

OPEEDY

Pr |{Tn(T) |J, |"(D)T) |27, (15)
T n()n’(T)

where the results of the Appendix have been antici-
pated by allowing for a correlation time associated
with each manifold. [In this equation 2(T") and
n’(I") label various sublevels in the I' manifold. ]
Equation (15) is to be compared with the expression
obtained when the crystal-field splittings are set
equal to zero. In this limit Eq. (14) reduces to

T=[3J@+ )T 2 2 [F/(2d+1)]

T'HT? n(T)n(r’)
x{(In(T) |, [n(T")T") |?
=T. (16)

The calculation of the parameters 7, appearing
in Eq. (15) is-outlined in the Appendix. The ex-
pression that is obtained for 1/7, Eqs. (A8) and
(A9), is seen to be of the form

1/7=TCouf(T, T) » amn

where C,,; is a temperature-independent multiplica-
tive factor which is proportional to the square of
the exchange integral connecting the rare-earth
spin and the spin of the conduction electrons.
The function f(T', T) depends only on temperature
and the crystal-field parameters but varies from
manifold to manifold, in a way which is easily cal-
culable

Rather than calculate C,; directly it is prefer-
able to obtain an empirical value by making use
of the fact that 7 is equal to T, the low-field EPR
linewidth for the I"' manifold, By fitting the ob-
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served linewidth to the functional form shown in
Eq. (17) an “experimental” value for C,, can be
obtained which can then be used in the calculation
of the correlation times for all of the manifolds.

Because of the availability of crystal-field data
attention has been focused on Dy and Er in silver.
Values of the crystal-field parameters for the
cubic sites in silver have been published by Wil-
liams and Hirst. 2! Also, measurements of the
EPR linewidth of the I'; multiplet have been re-
ported for Dy®* by Davidov et al., ® and for Er
by Davidov et al.” The calculation of 7, was car-
ried out using the crystal-field wave functions of
Lea, Leask, and Wolf. 2> The parameter x, de-
fined in Lea, Leask, and Wolf, was determined
from the Williams and Hirst data (x~- 0.4 for Er
and x=0. 6 for Dy). Values of C,; were inferred
by fitting the experimental values for the tempera-
ture dependent term in the linewidth to the theo-
retical expression for 7, evaluated at 4 K.

The results of the theoretical analysis using
the EPR data are shown along with the angular
correlation data in Figs. 4 and 5, where we have
plotted 7.T vs T. The theoretical curves were ob-
tained from Eqs. (15), (A8), and (A9). Also
shown are the values that were found when degener-
ate free-ion states were used in place of crystal-
field states in the evaluation of 7,, C,; remaining
the same. In each case the uncertainties in 7,T
reflect the uncertainties in the experimental data
for T, and hence C,,.

It is seen that for both ions the experimental and
theoretical curves agree to within a factor of about
2. A difference of this magnitude is not unex-
pected considering the variation in crystal-field
parameters and exchange integrals arising from
the distribution in rare-earth sites. Somewhat
surprising and not understood is the observed
temperature variation of the experimental values
of 7.T in Dy. One of the more significant features
of the results is the comparison between the “free-
ion” values for 7.7 and the values obtained with
the crystal-field wave functions. With Dy the two
values differ by more than a factor of 40, where
as in the case of Er the ratio is closer to one
hundred. In both cases the size of the ratio is a
dramatic indication of the importance of including
crystal-field effects in the analysis of 7.

(3+)

IV. SUMMARY

The results of this paper fall into two categories.
First, experimental data on the decay of the angu-
lar correlation were reported for ™yb, "°Er,
and 2Dy implanted into Al, Ag, Cu, and Rh. The
contributions to the decay arising from time-de-
pendent-magnetic, time-dependent-electric, and
static-electric interactions were established. Sec-
ond, a detailed theoretical analysis of the corre-
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lation time of the time-dependent-magnetic inter-
action was carried out for Er and Dy in Ag. The
conclusion of this analysis was that the fluctuations
in the hyperfine field arose from the exchange scat-
tering of the conduction electrons by the rare-earth
impurity.

The favorable agreement between experiment and
theory in the cases of Er and Dy in Ag suggests
that it may be possible to use IMPAC techniques
to obtain estimates of the rare-earth-conduction-
electron interactions in cases where the EPR ex-
periments are not feasible, However for such a
program to work, information must be available
about the crystalline-field parameters associated
with the rare-earth sites. As emphasized in Sec.
III any quantitative analysis of 7, requires the use
of crystal field wave functions and energy levels.

APPENDIX

In this Appendix the calculation of 7, the cor-
relation time for the I' manifold, is outlined, As
noted 7 is equal to T, the EPR linewidth for the
I’ manifold. Calculations of 1/T, appropriate to
the present problem have appeared in the litera-
ture, 2'2* However, these have been limited to
very low temperatures where only intramanifold
transitions are important. In the temperature
range of this experiment, 775 75450 K, both
intra- and inter-manifold transitions must be in-
cluded since 2T 2typical crystal-field splittings.

Since only the magnitude of 7, relative to the
magnitude of T, for the ground multiplet is of
interest, it is sufficient to take the interaction
responsible for the fluctuations in J to be of the
form

Hy(t)= 3 ﬁ(t) , (A1)
where ;I(t) is a random operator with the proper-
ties

(HE))=0, (A2)

(Hi(O)H (")) = 04j (H3)f(E- ') . (A3)

The normalized correlation function f(¢) is char-
acterized by a decay time on the order of #/Er,
where E is the Fermi energy of the host. The
appearance of the scalar product in (A1) is in-
dicative of the fact that the role of Hy,, is to simu-
late the exchange interaction between the rare-
earth ion and the conduction electrons.

The anglysis begins with the expansion of the
operator J,(t):

F (t)=e Hert 0 (1) et Hert I (A4)
To second order in Hy,, this becomes
3.0)=dp+ /M) [t [y @), ;]
+Q/RP [lat [t ()T, At
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- (l/ﬁ)a fotdt' fot' dat'! {ﬁ mt(t,)ﬁlnt(t”)Jz

+ T Byt At} (A5)
where
ﬁm(t)=e-mcrt/hHm(t)e»,wcpt/n. (A6)
An expression for 7p is obtained from the sum

2 (Tn(D) |, |n'(T)T)

n(r)n’ ()
x{(Tn'(T) | J,¢) [n(D)T)),

where the second brackets denote an average over
the fluctuations in H. The usual approximation,

DTt wy,nirr = TCq (E 2

T’ n(r*),n*’ (T)

SCHERER, HUBER, HEESTAND, AND BORCHERS

|3

1-x=e™, leads to the desired result

2 {({Tn(D) |J, [n(T)T)

n(r),n’ ()
x(Tn(T) | J,(t) | n(D)T))

=”(r) ‘(r)|(I‘n(I‘)1IJ |nl(r)r> lz =1t /7y, r, (A7)

where

1 :En(r).n‘(r) (In(T) 1 J, II”'(P)F>D(P)n'(I‘).n(r)
s

T Zamwm (D) 17, 1n(O)T) 12

. (A8)!
with

(D! (T) | h- T |n(@)IYy @0 (@) |£-F [n/(T)T)

x(Tn'"(T) |J, | n(T)T)+ (Tn'(T) |, [n*" (D)D) (T (T) | &+ T |n(T)T7)
(Ep+ — Ep)/kT

X (Tm(r') |k 3 |n(D)T)) @rsp 7 5

-22 L @@k T |n@)r)

T n(r*),n’ (")

X (T'(I) |7, | n/ (DT (Tt () | - Jln(r)r>—m%.—g-f:,r7)/—ﬁ2—)> ,  (A9)

where  is a unit vector and the symbol oo
denotes an average over all directions of 2. The
constant C,; appearing in front of (A9) is tempera-
ture independent and is proportional to the integral
of (H;({t)H;(0)). The sum on I' is over all crystal-
field multiplets. The terms with I''=T character-
ize the elastic scattering of the electrons, whereas
those with I'V # I" describe inelastic processes.

One feature of (A9) which merits special com-
ment is the presence of the factors

(Epe—EL)/RT

e®r "El"hki -1

They appear when the fluctuation-dissipation theo-
rem is introduced to convert the integral over the
correlation function to an expression involving the
imaginary part of the dynarBic susceptibility as-
sociated with the operator H, or equivalently, the
imaginary part of the dynamic spin susceptibility

of the electron gas. 2% In obtaining 7 in the form
shown, explicit use has been made of the fact that
the imaginary part of the spin susceptibility is
temperature independent for 2T <« E and a linear
function of w for %w < Ep, #2 Finally it should be
pointed out that 7, can be written

25,

=[3J@+ D) L T PrTrn(J% (A10)
r
while 7 takes the form
1 Trp(J). D) (A11)

T Tro(d,)% ’

where Try denotes a trace over the states of the
T" manifold and (J,); is the projection of the angu-
lar-momentum operator onto this manifold, The
presence of the traces in (A10) and (A11) indicate
that the results are insensitive to noncubic per-
turbations as long as there is negligible admixing
of states from other manifolds.
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Nuclear Magnetic Resonance of 'B at the Three Boron Sites in Rare-Earth Tetraborides
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An experimental study has been made of the ''B Knight shift at the three different crystallographic
boron sites in polycrystalline NdB,. The three central transitions strongly overlap and cannot be"
analyzed, but it was possible to derive three different Knight shifts [+0.33(3), +0.26(4), and +0.23(3)
% at 77 K for the sites 4e, 8j, and 4h, respectively, uncorrected for pseudocontact and
demagnetization fields] from the satellites, which are separated from each other by their different
quadrupole interactions [v,=420(6) kHz and n=0 for site 4e, v,=443(10) kHz and =0.51(2) for
site 87, and v,=622(6) kHz and 1 <0.05 for site 4k, at both 296 and 77 K]. A detailed account is
given of the method of extracting the various shift and quadrupole parameters from the powder satellite
spectra. We first analyzed LaB,, in which the shifts are zero (4-0.02%) with respect to Na,B,0, and
in which the quadrupole interactions are vy=343(4) kHz and 1=0 for 4e, vy =412(4) kHz and
n=0.53(1) for 8j, and v, =>544(4) kHz and 7=0.045(20) for 4h (4-300 K). In NdB,, relatively large
anisotropic contributions to the shifts are found to originate mainly from dipolar fields due to the
rare-earth magnetic moments. After correction for pseudocontact shifts, the isotropic hyperfine fields at -
boron per unit spin S are about —2 kG. Preliminary measurements on GdB, and HoB, give the same
sign for this field. An attempt is made to fit the observed isotropic shifts in NdB, within the

Ruderman-Kittel-Kasuya-Yosida scheme.

I. INTRODUCTION

It is well known that the localized 4f moments in
rare-earth intermetallic compounds interact via
the conduction electrons. For a description of
magnetic properties, the Ruderman—Kittel-Kasuya-
Yosida (RKKY) model® is often used. One of the
consequences of this model is a nonuniform con-
duction-electron~spin polarization which, in the
case of crystallographically inequivalent sites, can
lead to a difference in spin polarization at these
sites.

In principle, Knight-shift measurements of nuclei
of nonmagnetic atoms such as 27Al can give experi-
mental evidence of such a nonuniform conduction-
electron-spin polarization. The orthorhombic
compounds R3Aly; (R is a rare earth) have been
studied? for this purpose but they are complicated
as they have two R and four Al positions, whereas
only two overlapping nuclear-magnetic-resonance
(NMR) lines were observed,

In some respects the presently investigated
tetragonal RB, compounds seemed to be better
suited for the purpose. Their structure gives rise



