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\We, have observed the !*Yb nuclear resonance in dilute AuYb alloys using a phase-coherent:
spin-echo spectrometer in the frequency range 450—530 MHz, with external fields of 67—119
kOe and temperatures-of 1-2 K. At these field strengths and temperatures, the electronic mo-
ment is strongly polarized and the local-moment relaxation regime w, 75 >> 1 applies. The
resonance has been studied in both powders and single crystals. The field dependence of the
resonance frequencies can be fit with a crystal-field splitting A(I'y —I';) =83.7(22.5) K and a
hyperfine constant 4/h =—241.5(+1.0) MHz. These values agree well with those obtained in
electron-spin-resonance, Mossbauer, and magnetic-susceptibility experiments. The transverse
nuclear relaxation time varies as T, « T7! and Ty Hoz. The measured rates agree with predic-
tions for the S '-’—% nuclear transition based on a model involving local-moment fluctuations

within the T'; ground -state doublet using a conduction-electron exchange constant (J?)p?=0.018
derived from the reported thermal broadening of the ytterbium ESR. The absence of significant
contributions to the observed high-field relaxation rates from I';-I'g ﬂuctuations)provides strong
evidence that the local-moment—conduction-electron interaction in AuYb is pfincipa]ly of an an-
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isotropic form.

I. INTRODUCTION

Transition and rare-earth impurities which possess
magnetic moments describable by a distinct d or f
ielectronic configuration in a nonmagnetic host metal
are commonly referred to as "local moments." The
properties of such moments are strongly influenced
by exchange coupling with host conduction electrons.
This interaction is a perturbation on the local-
moment eigenstates and causes transitions between
them. Theories of local-moment fluctuations identify
two regimes distinguished by the inequalities
0. T§ << 1 (high temperature) and w75 >> 1 (low
temperature) where w, is the ‘electron-spin resonance
frequency of the local moment and T3 its inverse
linewidth.

Because of the hyperfine coupling between the lo-
cal moment and its nucleus, the impurity nuclear
resonance can be used to probe the local moment.!

It senses the static magnetization through nuclear
resonance frequency shifts, and fluctuations through
nuclear relaxation rates. To date, local-moment nu-
clear relaxation in the high-temperature regime has
been studied in the system Cu Mn.2 A lowest-order
exchange-perturbation analysis accounts for the-**Mn
relaxation rates with an isotropic-exchange constant
which is in good agreement with other experiments. .
Local-moment nuclear relaxation in the low-
temperature regime has been studied in the system

W 5°Co.? In this case, however, the analysis is subject
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to uncertainties due to higher-order contributions as-
sociated with a rather high Kondo temperature-

(B ~2 K). In order to avoid this complication and
thus provide an experimental test of predictions for
the low-temperature regime based on perturbation
theory, we chose to study the system Au !*Yb.* This
dilute magnetic alloy has a very low Kondo tempera-
ture (B¢ ~0.01 K).*> Moreover, most of the parame-
ters necessary for interpretation of nuclear-resonance
experiments are known from other experiments. Yt-
terbium dissolves in gold as a trivalent (J = %) ion.

Magnetic-susceptibility measurements by Williams
and Hirst® and Murani’ have shown the ground state
to be the I'; doublet; well isolated (A ~90 K) by
crystal-field.interactions from the I'q doublet and I'y’
quartet. The I'; g-value and 7'Yb hyperfine coupling
constant 4 (1"1Yb) have been measured in the
electron-spin-resonance (ESR) experiments of Tao,
et al.® We report here the detalled results of low-
temperature (1—2 K) spin-echo NMR experiments in
external magnetic fields of 60—120 kOe. Our experi-
mental conditions were chosen to satisfy T << A and
gupHo >> kg T assuring that thermal excitations out
of the local-moment ground state were insignificant
(i.e., our experiments were restricted to the
polarized-moment regime). .

Two forms for the exchange interaction have been
used to analyze local-moment fluctuations in’ AuYb.
Early ESR® and Mossbauer-effect®™!! (ME). studies
assumed the traditional isotropic interaction -g5. o,
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where S is the local-moment spin and @ the
conduction-electron spin. More recently, an
anisotropic-exchange Hamiltonian arising from co-
valent mixing has been proposed!?!* which combines
the effects of both spin and orbital exchange. In sup-
port of this model Gonzales-Jimenez et al.'* argue
that for Yb’* impurities, better experimental agree-
ment with ME linewidths is obtained using the aniso-
tropic form. Regardless of which exchange interac-
tion is assumed in deriving the exchange constant for
AuYb, essentially identical *Yb nuclear relaxation
rates due to fluctuations within I'; are predicted. The
calculated rates are favorable to observation of the
resonance in sufficiently strong applied magnetic
fields (T, ~100 usec for Hy~ 100 kOe and T ~1
K). However, significant differences between the two
exchange models are predicted at high fields when I'y
contributions to the relaxation are considered. We
shall show that our data can distinguish between the
two predictions. A major conclusion of our work is
that the isotropic-exchange model is inappropriate for
AuYb, thus adding to the growing body of knowledge
concerning the influence of orbital angular momen-
tum on the electronic properties of dilute magnetic al-
loys.12-16

Because of the rapid exchange-induced fluctuations
of the Yb** moment the rapid relaxation limit
w,T{ << 1 applies to our experiments, where w, is
the nuclear frequency and T9 the electronic spin-
lattice relaxation time. Accordingly, a single nuclear
resonance shifted by a time-averaged ytterbium
hyperfine field is observed as expected, in contrast to
the multiple hyperfine transitions previously ob-
served!” at much lower temperatures in AuEr. We
chose the isotope "*Yb because its resonance fre-
quency (~500 MHz) was more accessible experimen-
tally than that of 7'Yb (~1800 MHz). The very
large linewidths encountered and the use of single-
crystal samples combined to give very weak signals.
The experimental apparatus and techniques dictated
by these difficulties are discussed in Sec. II. In Sec.
III our observed frequencies as a function of external
field strengths are presented. An analysis of these
data yields more accurate values for 4 ("*Yb) and
A(T'g-T'7) than previously available. Evidence for a
slight anisotropy in 4 (*’*Yb) is presented. The inho-
mogeneous linewidths observed in our experiments
are summarized in Sec. IV and possible origins are
discussed briefly. The large quadrupole moment of
13Yb combined with unavoidably large field- and
lattice-strain induced-electric-field gradients at the im-
purity sites cause complete "wipe out" of the noncen-
tral transitions. This makes reliable measurements of
the longitudinal nuclear relaxation time, 7, extreme-
ly difficult. We measured instead the transverse re-
laxation time, T,, and these data are presented in
Sec. V. Using lowest-order perturbation theory, we
show that the observed field dependence of the relax-
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ation rates cannot be reconciled with an isotropic-
exchange model. On the other hand, we demonstrate
that an anisotropic-exchange model gives satisfactory
agreement with the data. Concluding remarks based
on a comparison of our NMR results with previous
ESR, ME, and magnetic-susceptibility studies are
presented in Sec. VI.

II. EXPERIMENTAL METHODS

A. Spin-echo spectrometer

A detailed description of much of our high-
frequency spin-echo apparatus has been given be-
fore.!® Our discussion here will emphasize those
components and techniques which were added for the
AuYb experiments.

To produce the required high-frequency
(450—530 MHz) phase-coherent rf pulses, lower-
frequency pulses were frequency multiplied at high-
power levels using a series of multiplier-amplifier un-
its. In typical experiments the ~25 MHz output of a
2—40 MHz gated, high-power transmitter was succes-
sively frequency quintupled, doubled, and doubled
again to yield ~500 MHz pulses. The final unit in
this chain was a commercial cavity multiplier (Mi-
crowave Cavity Labs. Model No. 5025). It can
operate either as a doubler or tripler and provides
500 W pulses into a 50 ) load in the range
400—1000 MHz. Since the cavity multiplier is easily
damaged by reflected power due to any impedance
mismatch in the load, the required isolation was pro-
vided using the bridge circuit shown in Fig. 1. The
three-port circulators A and B (E and M Labora-
tories) route pulses from the transmitter to the sam-
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FIG. 1. Schematic diagram of the high-frequency pulsed
NMR spectrometer.
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ple coil under matched conditions. If a mismatch oc-
curs at the sample-coil port of circulator B, the
reflected power is returned to circulator A where it is
absorbed at its third port by the 50-{) termination.
Because of saturation effects in the input circuit of
the receiver the impedance seen by the third port of
circulator B during the transmitter pulse is effectively
zero. This leads to almost total reflection at that port
and thus isolates the receiver from the transmitter.

Magnetic fields Hy < 125 kOe were produced in a
NbsSn superconducting solenoid (Intermagnetics
Corp.) whose field strength was controlled by use of
a copper magnetoresistance sensor. The sample coil
was immersed in a pumped liquid-helium bath con-
tained in a separate sample Dewar. A length (/, =4
ft) of rigid 50-Q coaxial cable (Uniform Tubes, Inc.;
beryllium-copper conductors, silver-plated inner con-
ductor, and Teflon dielectric) connected the coil with
the top of the sample Dewar; a variable length '
(/;=6-8 in.) of flexible coaxial cable connected to
the matching network. By varying /, and the capaci-
tances C, and C, (JFD tubular piston capacitors), the
effective coil impedance could be matched to the 50-
Q circulator impedance. The relatively low-power
levels used in our experiments (see below) allowed
the use of small-diameter teflon-dielectric cables and
standard low-voltage tuning capacitors instead of the
vacuum-insulated components used in our original
version of the spectrometer. Nuclear spin echoes fol-
lowing two equal-width rf pulses appear at the third
port of circulator B. A coaxial limiter (Microdynam-
ics Model MD-30L33) protects the low-noise (1—2
dB nojse figure) broad-band preamplifier (E and M
Laboratories Model CA 2550) from the transmitter
overload without significant attenuation of the subse-
quent echo.

The sample coil geometry was optimized by observ-
ing the ferromagnetic nuclear resonance of dysprosi-
um metal'® in zero external field at 445 MHz. For
insulated powdered samples (% in. long and % in. di-
ameter), a single turn of copper foil of the same di-.
mension was found to be optimum; for % in. long
% in. diameter solid samples, a four-turn coil of

~% in. wide copper foil was found to be best. The

AuYb single crystals in such a coil were insulated
from the foil by teflon tape. Signal intensities were
found to be independent of the thickness of insulat-
ing teflon, in agreement with results obtained in low-
frequency single-crystal studies.?’ In general, all
proton-containing materials were avoided in the vi-
cinity of the solenoid in order to prevent interference
from proton resonances.

The ~—500 MHz reference needed for phase-
sensitive detection was derived from the ~25 MHz
master oscillator by use of a Hewlett-Packard Model
No. 1DS11A spectrum generator, whose 20th har-
monic was amplified by a Hewlett-Packard Model
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230B tunable amplifier. The phase of this reference
was adjusted by a trombone tuner. The remainder of
the receiver, consisting of a Communication Elec-
tronics, Inc. frequency converter (Type FE-26) and
receiver (Type 977) was the same as described ear-
lier.

Repetitive signal averaging was required to achieve
adequate detection sensitivity for the very weak >Yb
echoes. Following two equal-width pulses of time
separation 7, a Biomation 610B transient recorder
was triggered to digitize the detected and filtered
spectrometer output during a time interval centered
about the expected echo position. This digitized
spectrometer output was transferred to and stored in
a Nicolet 1070 signal averager using a Nicolet SD78
interface unit.

The severe inhomogeneous broadening of the
13Yb resonances in AuYb dictated the use of narrow
rf pulses. A minimum pulse width of 3 usec was
chosen because of transmitter power limitations and
the ~1 MHz Biomation bandwidth. (The echo width
equals the rf pulse width for our extremely broad
resonances.) The rf field H, in the sample coil was
optimized by adjusting the plate-supply voltage of the
final transmitter for maximum signal intensity. The
approximate rms power levels during the pulses were
found to be 400 W for powdered samples and 70 W
for the single crystals. These low-power require-
ments are due to the hyperfine enhancement?! of the
applied H, by the local moment. Since the electronic
relaxation times are much faster than the nuclear fre-
quency (w,T§{ << 1), the orientation of the electronic
magnetization follows the instantaneous applied field
Ho +H, and therefore creates a transverse hyperfine
field at the rf frequency of magnitude H; .5 ~ H,;

x (Hy/Ho), where Hy, is the hyperfine field.

Since H, .x equals approximately 25 H,; for a polar-
ized local moment in AuYb, one would expect the rf
requirements of our experiments to be comparable to
proton NMR. The required H, is actually reduced
further by a factor (I + %) =3 since we observed only

the central transition of an 7/ =% nucleus. Experi-
mentally, the optimum H; was ~% that of protons,

in reasonable agreement with predictions.

A series of digital pulse generators [10 MHz clock,
transistor-transistor logic (TTL)] was developed to
generate the time intervals for our experiments.??
When operating in the "pulse" or "delay" modes, an
input pulse resets the counter to start the time inter-
val. The output is high during the interval, and a
short (0.1 usec) pulse appears at the end of the inter-
val. In the "clock" mode, the units continually count
while putting out a short pulse at the end of each in-
terval and resetting the counter to begin the next in-
terval. With these units the repetition period of the
experiment, pulse width, pulse spacing, and timing of
the signal digitization could be controlled to within
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0.1 usec. Repetition rates for the two-pulse se-
quences were 50 sec™! for the powders and 200 sec™!
for single crystals. The absence of heating effects at
these maximum rates was established by comparing
signal intensities with those obtained at slower repeti-
tion rates. To obtain adequate signal-to-noise ratios
for T, measurements, as many as 4.x 10° echo sam-
plings were frequently needed. With this many re-

petitions, coherent noise in the form of damped ring-

ing following recovery of the receiver from the
transmitter overload was observed up to ~50 usec
after the second pulse. In order to avoid echo-
amplitude errors due to this interference only data
for which 7 > 50 usec were regarded significant.

B. Samples

The powder samples and the first single crystals
used in our study were prepared by arc melting ap-
propriate amounts of gold (99.9999%, Cominco
American) and '*Yb (99.9%, isotopically enriched to
~90%, Isotope Sales, Union Carbide, Oak Ridge Na-
tional Laboratory). Powders were obtained from
these alloy ingots by machine milling with a fine
tungsten carbide rotary cutter, from which 30 um
chips were obtained. Single crystals were obtained by
remelting the arc-melted ingots in a conical-tip %

in. diam graphite crucible, which was slowly lowered
from the furnace. All samples prepared this way
were studied carefully by x-ray diffraction and found
to be single crystals with the cylindrical growth axes
usually very close to [110] or [100]. Specimens -;- in.

long were cut from the central portion by spark ero-
sion and etched lightly in aqua regia.

The arc-melted ingots were subsequently found to
be contaminated with copper (0.1—0.5 at.%) which
was presumably introduced from the arc-furnace
hearth. To examine possible effects of the copper
contamination on the NMR data, additional single -
crystals were grown in the carbon crucible using the
pure elemental metals as starting material. The
resulting crystal was then inverted, remelted, and
grown again. Tweo such remelts removed the visual
evidence of ytterbium segregation. ‘Chemical analysis
of a nominal 0.1 at.% crystal grown in this manner -
indicated ytterbium concentrations of 0.10 at.% at ei-
ther end of the portion used for the NMR experi-
ments and 0.16 at.% at the top of the ingot. Copper
concentrations at these points ranged from 25 to 60
ppm. Other impurities found were trace amounts of
Mg, Si, Ag, and Ca. No 3d or 4f magnetic impurities
were detected. For a given ytterbium concentration
the integrated resonance intensities were consistently
greater in crystals grown from arc-melted starting ma-
" terials than in crystals grown from mixtures of the
elemental metals. Approximately half of the ytterbi-

um in the latter crystals was apparently not detected
in the NMR experiments. Arc melting evidently pro-
duced better mixing and resulted in greater dispersion
of the ytterbium impurities. The only other measur-
able differences between the two sets of samples were
greater NMR linewidths in the arc-melted crystals.
These can probably be attributed to the higher con-
centration of "isolated" ytterbium impurities. Reso-
nance frequencies and relaxation rates, on the other
hand, showed no significant differences.

C. Signal intensities and measurement techniques

An important factor in our ability to observe the
13Yb signals is the hyperfine enhancement of the nu-
clear magnetization. Similar to the enhancement of
H,, the nuclear magnetization induces a much larger
transverse electronic magnetization. The enhance-
ment factor is again given by Hpy/H, = 25.

The best signal-to-noise ratios among the single

. crystals were obtained with a 0.1 at.% sample which

had not been arc melted and was oriented with the
external field along [001]. Averaging of 2 X 10° re-
petitive echos gave S /N ~8 as shown in Fig. 2. The
powder signal was comparable in strength, while the
signal from the arc-melted 0.1 at.% single crystal was
slightly weaker. Concerning the relative sensitivities
of powder and single-crystal measurements,2® dyspro-
sium NMR signals at 445 MHz were nearly ten times
stronger from powders than from a %-in.-diam solid
(polycrystalline) specimen. Comparison of '*Yb in-
tegrated signal intensities agrees with this ratio pro-
vided account is taken of the reduced single-crystal
linewidths.

The determination of resonance positions and
transverse relaxation times required the accurate
measurement of echo amplitudes as a function of
magnetic-field strength and pulse separation, respec-
tively. Due to extreme weakness of the signal, long
averaging times were required (up to 8 h for a T,
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FIG. 2. Signal averager output after accumulating 2 x 10°
repetitive Au 173Yby oo, spin echoes (copper-free single cry-
stal) at 492 MHz, H, (109.5 kOe) 11{001], and 1.1 K. The
timing marks indicate 5 usec intervals.
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measurement), making the results susceptible to
drifts in spectrometer sensitivity and other systematic
time-dependent errors. This problem was overcome
by use of an internal reference. For example, in trac-
ing out a line shape the field strength was alternated
at relatively short intervals between a given value and
a reference value chosen near the line center. The
two sets of echoes were accumulated in separate por-
tions of the signal-averager memory until their inten-
sity ratio was established with sufficient accuracy.
Examples of line shapes determined in'a point-by-
point manner from such ratios are shown in Fig. 3
for two crystal orientations.

In order to apply the ratio method to the T, meas-
urements, the echo corresponding to the shortest
pulse separation (7() was chosen as reference.  The
timing circuits were programmed to generate a repeti-
tive sequence of four suitably chosen pulse separa-
tions (7g, 71, 72, 73). The experiment was repeated as
necessary for different values of 7, keeping 7¢ fixed,
however. The Biomation transient recorder was trig-
gered at appropriate times for each r and the data ac-
cumulated in corresponding quarters of the Nicolet
signal-averager memory. By referring all amplitudes
to the 7, value the effects of long-term drifts were
essentially eliminated. Within our experimental accu-
racy, all echoes decayed exponentially [exp(—27/7,)]
and T, could be determined with an uncertainty rang-
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FIG. 3. Plot of normalized experimental !>Yb spin-
echo intensities for a copper-free Au 173Ybg g, single crystal
at 500 MHz and 1.1 K. A narrow resonance (@) was ob-
tained with Hy (118.5 kOe) 11 [001] and the broad resonance
(@) with Hy (95.0 kOe) 11 [111].

ing from +6% for the strongest to +20% for the
weakest signals. '

A significant problem encountered in our study was
the observation of spurious, nonresonant (i.e., field
independent) echoes of unknown origin. These were
essentially indistinguishable from "real" spin echoes.
Fortunately, in the worst cases these echoes had am-
plitudes which were only ~20% of the peak signal in-
tensity and necessary corrections were éasily applied.
Our initial attempts to detect the Au 1*Yb resonance
involved a tuned re-entrant cavity. However, the
spurious signals in this case were unacceptably strong.
For this reason the cavity technique was abandoned
in favor of the arrangement described above.

III. RESONANCE FREQUENCIES: EXPERIMENTAL
RESULTS AND ANALYSIS

A. Powdered samples

The first observations of '*Yb spin echoes were ac-
complished in 0.1 at.% powdered samples at 1.0 K.
At 490 MHz the resonance was centered at 102(4)
kOe, with a full width at half-maximum of approxi-
mately 25 kOe. It was not possible to determine the
frequency dependence of the field for resonance in
these samples. At higher frequencies the high-field
part of the resonance could not be observed because
of the maximum-field limitation of the solenoid
(Hy <125 kOe). At lower frequencies signal intensi-
ties became inadequate because of increasing relaxa-
tion rates. Moreover, the variation of T, with exter-
nal field strength produced distorted line shapes and
hence shifts in the apparent center of the resonance.

The observed linewidths in the powdered samples
were somewhat greater than expected. The anisotro-
py in the ytterbium moment due to field-induced ad-
mixture of the I'y quartet into the groundstate results
in a maximum calculated field spread at 490 MHz of
21 kOe. (see discussion of single-crystal data below).
Attempts were made to obtain a narrower powder
resonance by annealing, by melting and recrystalliza-
tion, and by decreasing the ytterbium concentrations
to 0.05 at.%. All gave essentially the same —25 kOe
linewidth. Powder studies were consequently aban-
doned in favor of single-crystal studies.

B. Single crystals

1. Ho 11 [001]

The resonance data for external fields paraliel to
the [001] crystal direction are presented in Table I.
The most accurate data were obtained with the
copper-free 0.1 at.% sample. Comparison of these



results with those obtained with other crystals
confirms the expected concentration independence of
the resonance positions. (The very small but sys-
tematic shift to higher fields in the copper-
contaminated 0.1 at.% sample might conceivably be
attributed to a slight crystal misalignment.)

In general, an analysis of ytterbium hyperfine in-
teractions must consider both magnetic-dipole as well
as electric-quadrupole contributions. Although the I';
~ ground-state wave functions exhibit cubic symmetry
and therefore produce a vanishing electric field gra-
dient (EFG), the field-induced admixture of T'g into
I'; breaks the symmetry and results in a nonzero qua-
drupole interaction between the nucleus and 4 f elec-
trons. Estimates of the interaction for du '"*Yb give

vo =3e%qQ[21(21 —1)h]"! =54 MHz: (3.1

at 100 kOe, where Q is the nuclear quadrupole mo-
ment, and q is the largest principal component of the
EFG tensor. In a manifold of constant J it is con- -
venient to.express ¢ in terms of the tabulated
reduced-matrix element a,”

=) PlaYCmH -y . G

We have ignored any antishielding effects, and taken
Q =3.0x10"%*cm? (r-3) =12.5a53, and
(JNlallJ)y =0.032. The field-dependent ground-state
eigenfunction was calculated as described below. ‘For
H, 11 [001] or [111]; symmetry requires that the EFG
asymmetry parameter be zero, and the orientations of
q, Hyr, and Hy coincide. The complete nuclear Ham-
iltonian is then diagonal in the I” representation. The
central transition (%“-’—%) is consequently unshifted
by the quadrupole interaction regardless of its
strength The noncentral transitions (m; ~ m; —1;
-) on the other hand, exhibit shifts which, to
ﬁrst order in the quadrupole interaction, are given by
Av=vy(m — —;—). The large magnitude of these cal-
culated shifts supports the conclusion that only the
central transition was observed in our experiments.
In the absence of quadrupole perturbations the nu-
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clear resonance frequency w, is governed by the fol-
lowing spin Hamiltonian:

J'C,,=A,,I-J‘—-y,,ﬁI-Ho(1+K) . (3.3)

The first term describes the hyperfine coupling '
between nuclear- and local-moment spins and is the
dominant interaction in Eq. (3.3). In the case of
Yb3* the orbital motion of the 41 electrons provides
the principal hyperfine mechanism, contributions
from the spin magnetization being relatively unim-
portant. Within a given J manifold we expect the or-
bital coupling constant (i.e., (r"3)) to be essentially’
independent of the particular eigenfunction, thereby
" justifying the isotropic form for Hy¢ in Eq. (3.3).
Any anisotropy in the NMR frequency is therefore
gominated by anisotropy in the expectation value of

The second term in Eq. (3.3) describes the nuclear
Zeeman interaction with the external field

[y(I*Yb) /27 =0.205 kHz/Oe]

corrected for any Knight shift (X) due to the con-

, duction electrons. The Knight shift can contain con-
tributions which are negative (due to the spin mag-
netization, of 5d electrons) as well as positive (due to
the orbital magnetization of 5d electrons and the spin
magnetization of 65 electrons). Although we cannot
determine either the sign or magnitude of K for the
Yb’* impurities in AuYb, an examination of Knight
shifts in Yb metal®* (0.0%), gold (+1.6%), and vari-
ous 5d metals?>~%" suggests a maximum range of
—1% < K <+3%.

For a polarized '*Yb local moment the Hamiltoni-
an (3.3) leads to a nuclear-resonance frequency

o(1Yb) =[4 ("*Yb)/H (0|J7]|0)

+|y(Yb) |HZ (1 +K) 3.4)

where w=2#v, and the angular brackets denote a
matrix element computed for the electronic ground
state. The coordinate system X, Y,Z defines the

TABLE I. Summary of experimental !”>Yb NMR data in AuYb for Hy 11 [001] at 1.05 K, and
comparison with theory using A; =83.30 K, 4/h =—241.47 MHz, and K =+1.0%.

v (MHz) H, (kOe) H, (kOe)
(calc.) , (obs.) .
c (at.%) =0.05 0.1 : 0.12 ° 0.22
362.20 0.0
450.0 66.97 66.98(0.10) 67.40(0.50)
475.0 91.13. 91.23(0.10) 91.45(0.30) :
' 4920 '109.41 i 109.41(0.10) 109.75(0.30) 109.95(0.60)
500.0 118.62 118.72(0.10) 118.51(0.12) :

aCopper-contaminated samples.
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orientation of J in the presence of the external field

(01%|0) = 01770} =0 , , (3.5)
(0177]0) = ((014%10)? + (0|10)2 + (0] F|0)D) 12 .
(3.6)

The x,y,z coordinates refer to any convenient set of
crystallographic axes. In the present case they were
chosen to coincide with the [001] direction. For an
arbitrary field orientation J and Hy are not necessarily
colinear, of course. However, since w(’>Yb) is dom-
inated by the hyperfine term any transverse field
components of Hy have a negligible effect on w, and
were therefore neglected in Eq. (3.4). Moreover H{
and .H{ vanish for symmetry directions such as

Ho 1 [001] or [111].

Both terms in Eq. (3.4) contribute to the observed
field dependence of the !*Yb resonance. The nu-
clear Zeeman term gives rise to a linear variation
with field. The hyperfine term, on the other hand,
becomes nonlinear at sufficiently high field strengths
because of higher-order field-induced admixture con-
tributions to (0|JZ|0) arising from the electronic Zee-
man term

%z =gusHo T, _ 3.7

where g; =% for Yb**. In other words, the Van
Vleck susceptibility becomes field dependent for large
gusHo/A. A slight nonlinearity is indécd exhibited
by the experimental data in Table 1. In order to ex-
tract hyperfine and crystal-field parameters from ex-
periment it is necessary to compute (0|J%|0) as a
function of external field strength, treating the two
crystal-field energies A, =A(I3—TI7), A, =(Ts—T7)
and the hyperfine constant 4 ('"*Yb) as adjustable
parameters. This calculation is most conveniently
carried out in a crystal-field representation. The

J =—;— cubic crystal-field eigenfunctions, which we
denote by |M;) (i =0, ,7) are tabulated in Table
11 in terms of J? basis functions.?® Also listed are the
eigenvalues of the standard equivalent-operator Ham-
iltonian

Icp=B4(0§ +50F) +Bs(0¢ —210¢) , (3.8)
where B4 and Bg are the fourth- and sixth-order

crystal-field parameters, respectively. A I'; grouvnd
state implies B4/B¢ = 25—‘ (i.e., x =0.20, in the nota-

tion of Lea, Leask, and Wolf?°), The Zeeman interac-

tion (3.7) for magnetic fields parallel to [001], pro-
duces pairwise couplings of the crystal-field levels
(Mo “"Mg,M] ‘_’M4,M2 ""M6,M5 ""M7) and the per-
turbed eigenfunctions | M;) and eigenvalues can
therefore be expressed in closed form. The latter are
plotted in Fig. 4 as a function of the external field.
For the ground state we find

01770y =—L — 8P +1)(16P2 +4P +1)"12 , (3.9)

where

PEg]‘LBHo/Al . ) (310)

. Since the I'; and I's doublets are not coupled for the

[001] field orientation the ground-state expectation
value of JZ is independent of the position of T.

The [001] nuclear-resonance data in Table I therefore
yield no information about A,. Using Eq. (3.4) to-
gether with Eq. (3.9) a fit to the observed frequencies
can be obtained with the parameters listed in Table I.
In order to display the relative magnitudes of the
various contributions to »(!’Yb) we consider the 500
MHz resonance. The nucléar Zeeman term contri:
butes 24.6 MHz which is most likely increased by 1%
due to the conduction-electron Knight shift (X).
Pure T'; states give (0|JZ]|0) =-—% for Yb** and
hence, in the present case, a zero-field hyperfine fre-
quency of 362.2 MHz, corresponding to a hyperfine
field of +1768 kOe. The I's admixtures due to the
118.6 kOe external field increases (0|J%|0) to —1.969
giving rise to the additional 113.2 MHz (i.e., +551
kOe) Van Vleck contribution.

The accuracy with which the model parameters can
be determined is limited by the unknown value of K.
Moreover, in the field range accessible in our experi-
ments variations in 4 (1*Yb) and A, are not com-
pletely distinguishable as regards their effect on the
quality of the fit. This is illustrated in Fig. 5 which -
shows the interrelationship of the three parameters
K, A('Yb), and A;. The boxed area indicates
ranges of 4 (1"*Yb) and A, for which satisfactory «
agreement with our data can be obtained, assuming X
lies in the range —1% to +3%. The three dark bands
give acceptable values of A (\7Yb) and A, for specific

TABLE II. Cubic crystal-ﬁeld elgenfunctxons | M) and
eigenvalues E; for J=

i (M) E(M,) — E(Mg)

—
=\
(=}

G- -Pl+d 0
A+ -D-2)

—

Fg 2 (Y =2) = (Y2 +3) 12008, +35 2808

3 DN+ +ne -3
4 (‘)I—j>+(3)1/2|+’>
5 (_)l/2| + 2)_( )1/21 __>

‘Tg 6 (—5)1/21——)+( )1/2|+ 1y 1920B,—10 0808

i

7 )‘/2|+ Ly + (G2 - 3)
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FIG. 4. Field dependence of the J =% cubic crystal-field

eigenvalues for Hy I [001], assuming A; =83.3 K and"
A;=90.0 K. The states are labeled in accordance with the
|M,) states (Table II) from which they are derived.

values of K. These bands are seen to narrow with
decreasing K; in fact, no fit is possible for K <—3%.
We note that any crystal misalignments in our experi-
ments would decrease (0|/Z|0) and consequently
result in underestimates of 4 (\’*Yb) and/or A;. In
order to assess the sensitivity of our analysis to such
errors the spin Hamiltonian cf +3C; was diagonal-
ized using numerical techniques for field orientations
corresponding to rotations about the cylindrical axis
of the AuYb crystal. (Closed-form solutions are only
obtainable for Hy1[001].) The resulting eigenvectors

were used to compute (0|J%|0). The displacement of -

allowed parameter values for a 4° misalignment is in-
dicated by the dashed lines in Fig. 5. Reproducibility
of our data on reinsertion. of single-crystal specimens
into the NMR probe suggests that alignment errors in
the 0.1-at.% (copper-free) experiments did not
exceed 2°. Since the variation in the derived parame-
ter depends quadratically on misalignment this source
of error therefore appears to be relatively unimpor-
tant. Nevertheless, in order to achieve maximum
internal consistency in calculating the [001] error
bounds in Fig. 5 we restricted ourselves to the 450 ,
475 , and 492 MHz data since these were obtained
without disturbing the.crystal alignment. The 500

K=-1%

050 1070 1090 o 30
A/(gypa)  (kOe)

FIG. 5. Relationship between values for 4 (173Yb) and
A, consistent with the [001] resonance data for three as-
sumed Knight shifts. The dashed lines indicate the effect of
a 4° crystal misalignment on the parameter fit, as discussed
in the text. :

MH:z measuremeﬁt followed removal of the crystal
from the probe and served as a final check.

2. Holll111]

The data obtained with Hy Il [111], Table III, are
less accurate than the [001] data because of broader
lines and weaker intensities. For this reason experi-
ments with a 0.1 at.% copper-free crystal were carried
out at only one frequency. A comparison of the
[001] and [111] data reveals a large anisotropy of the
NMR frequency. At a constant field strength these
two orientations represent extrema with respect to
(0|J%|0y. Admixture effects are strongest for
Ho !l [111], giving (0]JZ|0) =—2.10 at 115 kOe, which
compares with (0|J%|0) =—1.96 for the [001] orienta-
tion. )

TABLE III. Summary of experimental 17>’Yb NMR data
in AuYb for Hy ll[111] at 1.05 K, and comparison with
theory using A, =83.30 K, A, =90.0 K, 4/h =—240.1 MHz
and K =+1.0%.

v (MH2) H, (kOe) "~ H, (kOe)
(calc) (obs.)
c(at.%) =0.1 0.1

360.15 0.0

470.00 - 73.67 74.0(1.5)
485.00 '84.12 - 84.0(1.5)
500.00 94.71 95.0(0.5) . 94.0(1.5)
515.00 105.46 105.0(1.5)
530.00 116.37 114.5(2.0)

2Copper-contaminated sample.
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In fitting the model parameters to the [111] data
we initially chose A; =90 K as suggested by the tem-
perature dependence of the magnetic susceptibility.
Because of our relatively large experimental uncer-
tainties it was found that agreement with the data was
possible over a considerable range of parameter
values. This is demonstrated in Fig. 6 for K =+1%
and a range of A, values consistent with the [001] fit,
which is shown for comparison. It is apparent that
there exists no common solution for the two orienta-
tions. Two explanations suggest themselves: (i) The
calculated magnitude of (0]JZ|0) is too large because
of an incorrect estimate for A,. (ii) The hyperfine
constant is smaller for Hy !l [111] than for H, 11 [001]
(i.e., 4 is anisotropic). As shown in Fig. 6, however,
the disparity is not removed even if maximum values
are assumed for A, (A, =%A1;x =1). The depen-
dence of (0]J%|0) on A, is exhibited explicitly in Fig.

17, assuming A, =83.3 K. The relative insensitivity
over the entire range of A, values consistent with a
I; ground state (0 <A, <$4;;02<x<1) isa
consequence of the fact that neither JZ nor J t have .
nonvanishing matrix elements directly connecting the
I'; and T levels. We are forced to conclude that the
hyperfine constant in Eq. (3.3) is anisotropi¢. The

2421

241t
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2401

-A/h

239

238f

1050 1070 1090 10 1130
A/lgyug)  (kOe)

FIG. 6. Relationship between values for 4 (!’3Yb) and
A, consistent with the [111] resonance data, assuming
K =+1.0%. The two cross-hatched regions correspond to
_different assumed values for A, (see text). For comparison,
the solid band is shown representing the K =+1.0% fit for
the [001] field orientation.

29 Ho=115 kOe : 1

28 - (A/gype)=1085 kOe |
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FIG. 7. Variation of (/%) with A,. The calculation as-
sumes A; =83.3 K and Hy(115 kOe) 11 [111].

magnitude of the anisotropy can unfortunately not be
determined unambiguously from our results since A,
A,, and X are not known independently. For illustra-
tive purposes we may assume A; =83.3 K, A,=90 K,
K =+1% and obtain A4/A4 =0.0054. Such small an-
isotropy could conceivably arise from higher-order
contributions of the hyperfine interaction®® [e.g.,
terms of the form 7%(J%3]. Among mechanisms
leading to an intrinsic anisotropy in A4 are a possible
orientation dependence of the local conduction-
electron spin-polarization contribution to the ytterbi-
um hyperfine field (i.e., anisotropic local- moment—
conduction-electron exchange), or an explicit

TABLE IV. !3Yb resonance widths.

Sample Orientation Applied field * Width
(at.%) (kOe) - (kOe)
0.05 ~ [oo1] 119 1.1(0.2)®
0.1 [o01] 67118 0.7—1.4%
[111] : 95 - 4.000.5)
0.12 [o01] - 67-110 3.500.5)
[111] 75-115 12.0(1.0)
0.22 [oo1] 110 7.0(1.0)
0.05 ' -
o1 P(.)wde'r 102 25

2Copper contaminated.
bSee Fig. 8.
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dependence of the 4/ radial wave functions on the
particular crystal-field level, leading to small
differences between the I';, I'¢, and I'g oribital
hyperfine fields.

IV. RESONANCE WIDTHS

The linewidth data (full width at half-maximum)
for T =1 K are summarized in Table IV. We begin
the discussion of possible broadening mechanisms by
examining the narrowest lines first.

The widths for the copper-free 0.1 and 0.05 at.%
samples obtained with Hy I1 [001] are plotted in Fig. 8.
The line through the data suggests a linear field
dependence, although a residual linewidth at zero
field cannot be ruled out. A likely explanation for
this field dependence, which does not appear to be
strongly concentration dependent, is a variation in A;
values at different Yb sites. This could result from
lattice strains (which occur easily in gold) and would
lead to a distribution of hyperfine fields. If so, our
measurements suggest a A, variation of approximate-
ly £0.5% in A;. The fact that the high-field
linewidths for the two copper-free compositions are
essentially identical suggests that broadening due to
the ytterbium impurities is relatively unimportant at
these low concentrations. In this connection we note
that the arc-melted alloys exhibit significantly greater
linewidths, which are field independent but concen-
tration dependent. With Hy !l [001] the observed
widths are 3.5(0.5) and 7(1) kOe for the 0.1 and
0.2 at.% samples, respectively. Sources of field-
independent broadening include Ruderman-Kittel-
Kasuya-Yosida (RKKY) and dipolar fields of nearby
Yb impurities, which would be field independent
since the moments are always polarized in our experi-
ments. The arc-melted samples have a different

10 20 30 40 50 60 70 80 90 100 10 120
Ho (kOe)

FIG. 8. Plot of 173Yb spin-echo linewidths (full width at
half-maximum) as a function of applied field strength at 1.1
K and ﬁo 11{001] for copper-free samples. The triaﬁgle and
circles refer to ytterbium concentrations of 0.05 and 0.1
at.%, respectively. The solid line represents a linear fit to
the data.

linewidth than the copper-free sample presumably be-

_cause of a higher dissolved Yb concentration.

The most puzzling feature of the linewidths is the
extreme angular dependence. When the arc-melted
0.1 at.% sample is oriented with Hy Il [111] the field-
independent linewidth becomes 12(1) kOe. It de-
creases to 4.0(0.5) kOe in the copper-free sample at
95.0 kOe, but is still anisotropic as shown in Fig. 3.
We are unable to offer an explanation for the ob-

served anisotropy.

V. TRANSVERSE RELAXATION TIMES

A. Experimental results and general remarks

The most accurate relaxation rates were obtained
with the 0.1 and 0.05 at.% copper-free 4uYb single

H, (kOe)
50 80 IQO ' 120

TTT—T T T T

200} :
%
I8o}  [ool] / 1

140} S L) ]
120} / } ]

2ol ) /}{ -

20} y | 1

@
O

20 40 60 80 100 120 140
H5  (10° 0e?)

FIG. 9. Field dependence of T, in Au '"3Yb single cry-
stals at 1.05 K with Hq 11 [001]. The triangle (A) and circles
(@) refer to copper-free crystals with respective ytterbium
concentrations of 0.05 and 0.1 at.%; the squares (@) refer to
a copper-contaminated 0.1 at.% crystal. The lines represent
theoretical calculations for the isotropic exchange model as
discussed in the text. Dashed line: contribution from pure
I’y level; dotted line: T'; contribution including field-induced

admixture effects; solid line: complete theory, including
effects from virtual transitions to excited crystal-field levels.
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crystals and a [001] field orientation. These T, data
are plotted versus H? in Fig. 9 for T =1.05 K. Also
shown for comparison are [001] data for a 0.1 at.%
arc-melted single crystal; measurements on this latter
sample with a [111] field orientation gave results,
Fig. 10, which were essentially identical. The data
suggest that 7, may be slightly longer at high fields
for [111] than [001]. In view of the experimental
uncertainties such conclusion must be regarded as
speculative, however. Finally, relaxation experiments
were performed on a 0.2% arc-melted single crystal in
a [001] orientation, again yielding essentially identical
results. Exponential spin-echo decays were observed
in every case. (The uncertainties for the arc-melted
crystals are generally somewhat greater than for the
copper-free crystals because of the smaller echo am-
plitudes.) We conclude that the transverse nuclear-
spin relaxation in 4u Yb is insensitive to sample-
preparation technique and essentially independent of
field orientation. The temperature dependence was
examined in the range 1.05—2.0 K. (Accurate meas-
urements at higher temperatures were precluded by
signal-to-noise considerations.) As shown in Fig. 11,
the observed rates are consistent with a constant
value for T,T.

Ho (kOe)
50 80 100

T

200¢

180F  [in]

160t

80
60 / 1

40

N

20 40 60 80 100 120 1490
HZ (10°0¢?)
FIG. 10. Field dependence of T, in a 0.1 at.% copper-
contaminated single crystal of Au 173Yb at 1.05 K with

Hy!l[111]. The notation for the theoretical curves is identi-
cal to that in Fig. 9.

o /]

40t » =
201 —
! L L I | L | ! | 1
O 02z 04 06 08 10
T (K

FIG. 11. Temperature dependence of T, in a copper-
contaminated 0.1 at.% Au 73Yb single crystal at 492 MHz
with Hy(109.8 kOe). 11 [001].

The measured relaxation rates are seen to be quite
rapid. We have considered relaxation due to direct
hyperfine coupling with s- or d-like conduction elec-
trons as a possible mechanism. However, compari-
son with nuclear spin-lattice relaxation rates in 5d
metals?* 263! shows that this mechanism is too weak
by several orders of magnitude. We may therefore
assume that the Au '"’Yb rates are determined by
local-moment fluctuations.

The transverse nuclear relaxation rate can be ex-
pressed as

' =Tyt +m, T, s

where T ! and T ! are contributions from longitudi-
nal and transverse fluctuations of the hyperfine field,
respectively.’>3* The transverse term is enhanced by
a factor 7, in cases where spin diffusion among the 2/
nuclear transitions is inhibited by inhomogeneous
broadening. For the m; < m; —1 transition we find
(for odd 1)

nl(m,'-'m,—l)=21(1+l)-2m,(m1—1)—1 . (52)

In the case of AuYb we have argued above that only
the +% '-°—% transition is observed because of strain
and field-induced electric quadrupole "wipe-out"
effects. Thus », =17.

In the low-temperature regime, longitudinal fluc-
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tuations vanish for a polarized moment according to>*
T“—l o« exp(_gl-"BHo/kB T) . (5-3)

This rapid dependence on Hy/T is absent in Figs. 9
and 10. Moreover, calculations based on the theoret-
ical models discussed below yield negligible estimates
for T;! at our field strengths and temperatures.
Thus, we arrive at the conclusion that the observed
rates are due entirely to transverse fluctuations,
Ty' =m TN

It has been shown?* that for a polarized moment
T ! is determined by virtual excitations of the local
moment under the combined influence of the ex-
change and hyperfine interactions.

1 =2 S e E-E) . (54
if

where 3¢ is the second-order matrix element

IO (f[3ex + Fui|m) (m | 3Cex + IHCpel i)
P =2 -
m EI Em

(5.5)

Here 3C.x and 3 ¢ are the conduction-electron ex-
change interaction and hyperfine interaction, respec-
“tively, and |i ) and |f ) specify initial and final states
of the combined nuclear—local-moment—conduction-
electron system. In order to simplify the notation we
have made the usual implicit assumption that / = %
and the initial and final nuclear spin states in (5.4)
are therefore m; =+-;- and —-;—, respectively. The
results, of course, are quite general (i.e., independent
of ). The intermediate states, Im), correspond to
virtual transitions of the local moment from its
ground state. For the special case of a completely po-
larized Yb** local moment the sum over |m) spans
the excited states of the J = -;- manifold in the pres-
ence of crystal-field and Zeeman interactions. Be-
cause of the Am; =+1 selection rules for the
angular-momentum matrix elements in Eq. (5.5) only
a single intermediate state would contribute for a
given |/) and |f) in the absence of crystal-field split-
tings. The possibility of multiple virtual transitions is
a direct consequence of the fact that the crystal-field
eigenstates |J,M) are linear combinations of the
|J,m;) free-ion states. It is this feature that distin-
guishes the present treatment from earlier discus-
sions** 3% of local-moment nuclear relaxation.

B. Isotropic exchange model

We now compute T;! for the case of an isotropic
local-moment—conduction-electron interaction:
@) =-9(g-1T- 3 3 ¢l FCr, . (5.6)
, Xk oo !

Here the local-moment spin (§) has been projected
on the total angular momentum (7J) in the usual

1385

manner
S=(g—-1DT . (C))

As in Sec. II1, the external-field orientation defines
the axis of quantization for the angular momenta
(e.g., J¥=J¥+iJY). The conduction-electron
creation-annihilation operators (C'/C) have been
defined in a plane-wave representation |l-(', o).
Denoting the 2J +1 local-moment crystal-field +
Zeeman eigenstates by Isn), the states in Eq. (5.4)
may be specified in the following way:

li) = |+%rm0'i’ —';.); if) = ‘%:fmo-i'» +-;.)a and
[m) =|—%.9, K, —3) or [+3.9,,K', +3),
depending on whether the local-moment ground state
Jno) is connected with a given excited state |9n,,) by
the operator J* or J~ in (3¢, + 3Cns), respectively.

An important feature of the isotropic form (5.6) of
the local-moment—conduction-electron interaction is
the fact that X and o are independent of 9n, and
determined entirely by overall energy conservation
requirements in Eq. (5.4),

Egg—Eg,=ho, . (5.8)

The summations over |1') and [f ) in Eq. (5.4) may
therefore be carried out separately from that over
|m) in Eq. (5.5) yielding

Tfl = 1

ry ANg —1D2@) p*ksT

U
k

x [ 3, (| *19) [+ Gy o) |
m#= )

2
x [E@m,,) —E(@mx)]!| , (5.9)

where (9%) indicates an average of 92 over the Fermi
surface, and p is the conduction-electron density of
states for one spin direction at the Fermi energy. It
is evident that contributions from different intermedi-
ate states add coherently [i.e., the terms within the
large parentheses in Eq. (5.9) are summed before
squaring]. As a consequence of this interference, ex-
cited crystal-field levels make a fractional contribu-
tion to 75! of order H/A, rather than (H/A)? if the
terms added incoherently.

1. Holi[001]

When H, 1110011, J* and J~ connect the I'; ground
state with the other I'; level (91;), two of the I'g lev-
els (9M,,91;), and one T level (o). The I'g cou-
pling vanishes in zero field, and this level therefore
contributes only because of field-induced admixture.
Using Eq. (5.9) we have computed 75! (=1777!) as
a function of field strength, treating admixture effects
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on the matrix elements and energies numerically as
before. Choosing A; =83.3 K, A,=90 K, and
A/h=241.5 MHz (i.e., 4 =160.0 x 1072 ergs) from
our frequency analysis (Sec. III), and (92)p?=0.018
from ESR and ME broadening measurements, yields
the solid curve in Fig. 9. For field strengths relevant
to the present discussion the I's contribution to the
low-frequency fluctuation amplitude is small; the
rates are for practical purposes insensitive to the pre-
cise position of the I'¢ level (e.g., at 100 kOe the I'g
contribution is only 5.3% of the calculated rate in Fig.
9). It is apparent that the theory underestimates the
relaxation time, the relative disagreement becoming
greater with increasing field strength. The disparity is
too large to be attributed to uncertainties in the
model parameters. For example, it would require at
least a 33% decrease in (9%) p® to account for our
high-field data. This corresponds to approximately
twice the uncertainty in the ESR thermal-broadening
data (F%)p?=0.017 £0.003). The fact that the vari-
ous analyses of the ME spectral broadening suggest a
slightly larger value ((9*)p?>=0.019) than used here
also argues against this explanation. Finally, we note
that the experimental relaxation times are essentially
proportional to H¢ in contrast to the strong curvature
in this representation predicted by the theory.

It is instructive to exhibit explicitly the contribution
from the I';-T'g fluctuations to"the calculated rates in
Fig. 9. Neglecting the I'g level (i.e., letting
Ay, A, — ) reduces Eq. (5.9) to the expression

T =O9n/80 A% (g —1)? (%) p*(gyupHo) ks T ,
(5.10)

and yields the dashed line in Fig. 9. Including the
field-induced admixture of the I's and I'; levels in the
calculation of the I'; transition matrix element 3¢
produces a slight increase in the calculated high-field
rates, as shown by the dotted curve in Fig. 9. Be-
cause of the excellent agreement between experiment
and the I';-only theory we may conclude that the
principal shortcoming of the isotropic exchange
model lies in its overestimate of contributions from
I';-T'g virtual transitions.

In the foregoing discussion we ignored the g shift
due to conduction-electron exchange which, in princi-
ple, affects all of the Zeeman energies in the prob-
lem. This correction is relatively unimportant, how-
ever, as can be verified by noting that the shift is
given, approximately by3¢

Ag/g =g, -1 /gl (I)p . (5.11)
Assuming (9) p =—(9?%)/2p =—0.134 yields

Ag/g =0.017, corresponding to a ~3% increase in
the nuclear relaxation rate Eq. (5.10).

2. Holll111]

For this field orientation J* and J~ connect the I'y
ground state with all of the excited levels because of
extensive admixture effects. Nevertheless, the I';-I'g
and I';-T¢ fluctuations are less effective in contribut-
ing to nuclear relaxation in this orientation than
[001]. The results of a numerical calculation based
on the exact eigenstates are shown in Fig. 10. (We
have chosen the same parameters as in the [001] cal-
culations, ignoring the anisotropy in 4 because of its
small magnitude.) The influence of admixture oh the
I';-only rate has the opposite sign to that exhibited by
the [001] rates; its magnitude, however, is very
small, and the two I'; relaxation rates (i.e., with and
without admixture) are consequently difficult to dis-
tinguish on the scale of Fig. 10. It is interesting to
note that whereas (J?), and hence the static hyperfine
field, are largest for Ho Il [111], the calculated relaxa-
tion rate appears to be a minimum in this orientation.

As in the case of the [001] data a comparison of
theory and experiment for Ho I [111], Fig. 10, strong-
ly favors the I';-only theory. Because of the larger
experimental uncertainty for the [111] orientation
this conclusion is, of course, less definitive. We also
note that contributions from I';-T'y virtual transitions
and/or I's admixtures into the I'; levels lead to appre-
ciable anisotropy, the calculated high-field relaxation
times being longer for the [111] orientation than
[001]. This effect is in agreement with trends sug-
gested by the experimental observations.

C. Anisotropic exchange model

We now demonstrate that the ineffectiveness of the
excited crystal-field levels in contributing to local-
moment nuclear relaxation in AuYb is a consequence
of the orbital degeneracy of the Yb** ion. This de-
generacy leads to orbital exchange scattering and
hence an anisotropic form for the local-
moment—conduction-electron exchange interaction,
as discussed, for example, by Coqblin and
Schrieffer.!? These authors treated the case of dom-
inant covalent-mixing exchange in the limit of jj cou-
pling. This scheme is appropriate for
Ce** (471 =3) and Yb**(41%J = 1) because J = j
in each case. An extension of this approach to incor-
porate the effects of crystal-field and Zeeman split-
tings of the 4.f states was subsequently carried out by
Cornut and Cogblin.!* Their result takes a particularly
simple form in a partial-wave representation

s Loisd) = 33 Jmon Clon'CohComCiam . (5.12)
kk' g’

We have limited Eq. (5.12) to those terms which
cause transitions among the local-moment states.



Here lsu) defines the local-moment eigenstates as
before, and Iktm) the conduction-electron partial
waves whose rotational symmetry is identical to that
of the localized 4 f orbitals (/ =3) in.the presence of
crystal-field and Zeeman perturbations. The Hamil-
tonian (5.12) describes a conduction-electron spin
and orbital-scattering process in which the angular-
momentum index Mis exchanged with the local-
moment. This selection rule contrasts with the
Am;=0, 1 selection rules of the isotropic interac-
tion (5.6). Another difference is the dependence of
Jomox' on the states being coupled. Cornut and Coqb-
lin®® derived an explicit relationship for the exchange
parameters

Imam *—IVkII’(Eu‘+Eu) (5.13)

where Vj, is the conduction-electron—localized-
orbital mixing matrix element (assumed to be in-
dependent of M) and Egx(<0) the :
interconfigurational energy (41 —41™ for Yb**) re-
lative to the M th local-moment level. A relationship
between Joo and the isotropic exchange constant §in
Eq. (5.6) may be obtained by equating the respective
relaxation rates for an isolated I'; doublet.

Joo=(2)12(g, ~1)2J +1)128

=) forJ=1 . (5.14)

In deriving Eq. (5.14) it is necessary to adjust p? in
the anisotropic case by a factor 2/(2J +1) to account
for the different statistical weights of the | kom)
states.!

For 'the present purpose the most important conse-
quence of the anisotropic interaction (5.12) is the in-
coherence between contributions to the second-order
matrix element Eq. (5.5) from different virtual transi-
tions. Because of the exchange of the index M only
a single excited local-moment state Ism ') can partici-
pate in the conduction-electron scattering process
|k'sn'y — |kaw). Although inconvenient for compu-
tational purposes, the essential role of orbital ex-
change scattering in the loss of coherence is easily
demonstrated by transforming Eq. (5.12) into a
plane-wave representation Iia) for the conduction
electrons. In this representation contributions from
different local-moment transitions are found to be
coherent for a given conduction-electron spin-flip
transition ¢ — o' as in the isotropic case. However,
as shown in the Appendix, in the anisotropic case all
four possible conduction-electron transitions
i% -’i% (i.e., spin-flip as well as non-spin-flip) are
effective in driving the nuclear spin-flip transition
m —m *1, with conservation of angular momentum
resulting from appropriate changes in the orbital an-
gular momentum of the conduction electrons. On
summing Eq. (5.4) over these four distinct processes
the interference terms arising from different local-
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rﬁoment transitions are found to vanish.
We proceed by combining Eqs. (5.4), (5.5), and
(5.12) to obtain

7! ==%lﬁ/12(21+1)-1 (%) ks T
x ZOR:(I<m|f+lmo)lz+l@umlf'lm>lz)
m [
x [E(9w,) — E (o)l 2 , (5.15)

where R, =d9,,/900. We observe that the selection
rules are determined by J¥ in 3¢, as in the
isotropic-exchange theory.

In their analysis of the 4u '°Yb ME linewidths
Gonzales-Jimenez et al.!* simplified Eq. (5.12) by as-
suming the I'q’'and I'g levels to be degenerate, and
guided by Eq. (5.13) defined three exchange con-
stants 3 g0, Joi, and &i;, where 0 and 1 denote the T’y
and I's + T levels, respectively. 'We have adopted the
same parametrization, thereby ignoring possible field
dependences in dy; o through Eq. (5.13) as was also
done by Bhattacharjee and Coqblin®’ in their analysis
of the Au !"'YDb high-field ME relaxation rates. With
this simplification the R,, in Eq. (5.15) are reduced in
number to the single parameter R =gy/Joo.

The results of calculations based on Eq. (5.15), us-
ing b)p’= (%)2 % 0.018 and treating R; as an adju-
stable parameter, are shown in Figs. 12 and 13 for
the [001] and [111] field orientations, respectively.
(To facilitate comparison with experiment we have
reproduced our data in these figures.) The large de-
crease in the I';-T'g fluctuation contribution is im-
mediately apparent on comparing the R;=1.0 curves
with the corresponding curves in Figs. 9 and 10. Un-
fortunately, the reduced sensitivity to the I';-T'g
exchange-coupling prevents us from establishing the
magnitude of the anisotropy constant R;. Although
the value R, =1.5 suggested by Gonzales-Jimenez
et al.'* would appear to fall outside the error limits of
our [001] experimental results, this conclusion is
dependent on the assumed value for g )p?. Actu-
ally, the Gonzales-Jiminez et al. result
(9o ) p? =0.0035 (corresponding to (§2) p>=0.019)
would shift the theoretical T, curves toward shorter

. relaxation times by approximately 6% thus increasing

the disparity between the Ry =1.5 predictions and ex-
periment. On the other hand decreasing (J )p? to
its lower bound (=0.0026) set by the ESR thermal
broadening experiments ((§%) p> =0.017 +0.003)
raises the R; =1.5 curve into the range of our T,
results. Despite the uncertainty regarding the magni-
tude of the anisotropy in the exchange constants it is .
clear that the anisotropic form of the exchange Hamil-
tonian provides an unambiguous explanation for our

.experimental observations. To be consistent with our

results, it follows that any isotropic contribution to
the exchange interaction must be relatively small,
although not necessarily zero.
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FIG. 12. Comparison of the [001] data in Fig. 9 with
theoretical predictions of the anisotropic exchange model for
three values of the parameter Ry =dg/J0-

VI. CONCLUSIONS

The present work demonstrates the feasibility of
single-crystal transient NMR studies of polarized lo-
calized moments in dilute alloys. The information
derived from our experiments divides naturally into
two kinds. (i) The resonance frequencies probe the
static local-moment susceptibility x(0); (ii) the
transverse nuclear relaxation rates probe the local-
moment fluctuation amplitude at w, or, equivalently,
the spectral density ImX*~(w,)/w,. In contrast, ESR
probes ImXx*~(w)/w in the vicinity of the electron-
spin-resonance frequency o = w, whose thermal
broadening meastires (T5)~'. The ME linewidths, on
the other hand, are related to the lifetimes of the
local-moment states and thus to T{.

The static NMR measurements for the [001] orien-
tation yield values for the Au !>Yb hyperfine con-
stant and crystal-field splitting A, which are more ac-
curate than previous determinations based on ESR,
ME, and susceptibility measurements, as summarized
in Table V. The error limits for the NMR-derived
hyperfine constant span the entire range permitted by
uncertainties in A; and K. (If allowance is made for
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FIG. 13. Comparison of the [111] data in Fig. 10 with
theoretical predictions of the anisotropic exchange model for
three values of the parameter R =y;/9g0.

the small hyperfine anisotropy the error limits for A4
increase slightly as can be deduced from Fig. 6.) The
same consideration applies to the quoted error limits
for the crystal-field-parameter splitting A;. The NMR
results are unfortunately insensitive to A, and the ex-
act position of the I'¢ level therefore remains uncer-
tain.

The nuclear relaxation rates depend on the magni-
tude and functional form of the local-moment—con-
duction-electron exchange interaction. Our results
establish unequivocally the dominance of the aniso-

TABLE V. Compaﬁson of experimental hyperfine and
crystal-field parameters for Au 173Yb.

—A/h(MHz) A, (K) A; K)

Present work 241.5(1.0)  83.7(2.5)
Susceptibility (Ref. 6) 80(9) 83(6)
(Ref. 7) : 94 91
ESR (Ref. 8) = 247(4)
ME (Ref. 9) 241(7)
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tropic exchange form for AuYb. More specifically,
the observed ineffectiveness of the excited crystal-
field levels in contributing to the high-field !"*Yb re-
laxation provides strong evidence that all four ¢ — o'

conduction-electron spin-flip channels participate in a

given local-moment transition. The absence of any
selection rules on, Ao can be attributed to orbital
terms in the exchange Hamiltonian which assure con-
servation of total angular momentum. This result is,
of course, independent of the magnitude of the an-
isotropy as expressed by the 9,9M' dependence of the
exchange parameters Jonsy-

As concerns fluctuations between the I'; doublet
levels, our results provide additional support for the
values of Jy derived previously from ESR and ME
experiments. The agreement with the ESR thermal-
broadening measurements? is especially noteworthy
considering that these experiments probe Imx* (w)
at much higher frequencies and in the presence of
much weaker magnetic fields than is the case for our
NMR experiments.

Regarding the anisotropy parameter R,, only quali-
tative conclusions can be drawn from the NMR
results. As pointed out in Sec. V C the observed field
dependence of the 7>Yb relaxation rates suggests a
value near unity. A .value as large as that obtained
by Gonzales-Jimenez et al.'* requires a somewhat
smaller value for g than assumed by these authors.
This disparity, though small, would increase should
any isotropic terims contribute significantly to the ex-
change interaction. According to Eq. (5.13) an aniso-

" tropy R;=1.5 implies Eo/E; =2 or, equivalently, a
4134 f'* interconfigurational energy comparable in

1389

magnitude to the I';-T'g crystal-field splitting. Such a
value for E(-E, appears in our judgment surprisingly
small. In this connection it is noteworthy that Stohr3?
was able to account for his high-field ME data with
R;=1.0. Finally we remark that Stohr’s data com-
bined with the theoretical analysis of Bhattacharjee
and Coqblin®’ demonstrate that contributions to the
local-moment relaxation rate of third order in the ex-
change interaction become unimportant for field
strengths above ~10 kOe. This result justifies the
neglect of higher-order terms in our perturbation cal-
culation.
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APPENDIX

Following Cogblin and Schrieffer,!? the
anisotropic-exchange Hamiltonian (5.12) can be
transformed into a plane-wave representation by first
noting that the local-moment eigenfunctions for the
case of jj coupling, are given formally by linear com-
binations of J?= M eigenstates

|7,9%) = 3, &rem|J, M) (A1)
M
=3 tumlanllM ++,0, - 3) +BullM — 3,0, + 1)) , (A2)
M
where a,, and By are Clebsch-Gordan coefficients relating the ll, o,J,M) and |, m;, o,m,) representations.
The partial-wave operators are therefore
Clm=23 3 o5, 3 Eum L YH2H(QD 8, 1o + Bu YM12(QD 85, 11pad (A3)
()l-(. o M

where Y,’"’(Q;) are the angular-momentum eigenfunctions, and Qg specifies the orientation of the conduction-
electron wave vector with respect to the z axis. We therefore have

xgw=—3 3 3 Fn" " L, CiCon CRr -
xxoomom’

where

(A4)

IWgR =4 omon S, tion Enrm Loy YHV2(QD 86, 12+ Bu Y 2(QQ 84, 41
MM

X [ap YHH2(Qp) *80, 212 + Bar Y V2 ( Q) *801pa (A5)
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We wish to prove that the use of Eq. (A4) in the calculation of the second-order matrix element H® [Eq.
(5.5)] leads on summing over i, f according to Eq. (5.4) to a cancellation of all interference terms arising from
different local-moment transitions. For this purpose we only need to examine the M' = M" cross terms arising

from Eq. (5.4), the relevant parts of which are

_._.,_,_.,,

v

3 2 I3 EI Sk = (4m) Sman Jmom 2 |§M‘m' Eve b (BBl + Blrads + by +aMaM) (A6)

ﬂ?, I)—k~. a0

In deriving the right-hand side of Eq. (A6) we made
use of the orthonormality property of the spherical
harmonics

[ a0evrQR Y7 (0 * =8y - (A7)

The four terms in the parentheses in Eq. (A6) arise,

. vy 1
respectively, from the o— (r' transmons +5

l ——‘—l —— — — —-.— —b———
+5 3 2 +1 , and , The sum of

r
these terms is seen to equal 1 and thus to be indepen-

dent of M and M’ because of the normalization relation

o% + B} =1. It follows that Eq. (A6) vanishes ident-
ically because of the orthonormality of the local _
moment eigenstates b

S tw bt =dmegm e (A8)
2

completing the proof.
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