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195pt nuclear-magnetic-resonance measurements were performed on aligned single-crystal whiskers of
UPt; for temperatures from 4 to 50 K. A special alignment technique allows us to produce samples with
very good c-axis alignment and to work with the field parallel to the c axis with an excellent signal-to-
noise ratio. Combining the Knight shift and spin-lattice-relaxation data, we show a continuous cross-
over from paramagnetic behavior above 40 K toward a degenerate-Fermi-liquid behavior below 5 K.
Antiferromagnetic spin fluctuations appear to be responsible for this crossover process, and dominate all
low-frequency magnetic properties of this compound. The anisotropy ratios of both the spin-lattice and
the spin-spin relaxation rates are found to be temperature independent. Analyzing these ratios we find
that the imaginary part of the dynamic spin susceptibility is slightly stronger in the basal plane.

I. INTRODUCTION

Heavy-fermion systems have attracted considerable at-
tention since they exhibit unusual physical properties and
a variety of ordered states at low temperature.! For ex-
ample, in UPt,, superconductivityz_“ is found to coexist
with antiferromagnetism as inferred from neutron-
scattering experiments.’ The static antiferromagnetic or-
der is reported to set in below 5 K. Other neutron-
scattering experiments®’ have revealed the presence of
spin fluctuations at higher temperatures. Short-range an-
tiferromagnetic (AFM) correlations were observed be-
tween uranium atoms in adjacent basal planes, as were
ferromagnetic (FM) correlations between uranium atoms
in the same basal plane.” These correlations are thought
to be responsible for the formation of a coherent electron-
ic state leading to a degenerate Fermi-liquid regime.’ In
light of the possible significance of antiferromagnetic cou-
pling in the superconducting pairing mechanism,® it is
important to study the temperature region where the
crossover to the Fermi-liquid behavior occurs.

Nuclear magnetic resonance (NMR) has been an im-
portant probe of electronic structure and the low-energy
excitations of heavy-fermion metals through the measure-
ments of Knight shift, spectrum linewidth, and nuclear-
spin relaxation rates. However, *>Pt NMR on a powder
sample of UPt; is difficult to interpret due to the enor-
mous broadening from Knight shift anisotropy.”!© We
have discovered a way to align the UPt, whiskers, each of
which is a high-quality single crystal, and we have mea-
sured anisotropic Knight shifts and relaxation rates in a
temperature range of 4-50 K. These measurements
show a continuous crossover from paramagnetic behavior
above 40 K toward a degenerate Fermi-liquid behavior
below 5 K.
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II. SAMPLE PREPARATION AND MEASUREMENTS

Single-crystal whiskers were grown by a method re-
ported previously.”? The whiskers were less than 40 um
thick and their principal geometric axis is the crystalline
¢ axis. The small thickness of the whiskers allows com-
plete rf penetration at our NMR frequency of 11 MHz
throughout the measurement temperature range. The su-
perconducting onset temperature and the transition
width were measured for several whiskers to be typically
0.5 and 0.01 K, respectively. The residual resistance ra-
tio, defined as the ratio of the room-temperature resis-
tance to the resistance at the superconducting transition
temperature, was measured for one whisker to be 100.

The alignment of the c¢ axis of the whiskers was
achieved by rotating the whiskers, contained in a cylindri-
cal glass tube, in a magnetic field, with the rotation axis
perpendicular to the field. For UPt;, the magnetic sus-
ceptibility is largest when the field is in the basal plane.
Therefore, a static magnetic field, without additional ro-
tation, will bring the ¢ axis of the whiskers into a plane
perpendicular to the field. The c axis is randomly orient-
ed in this plane. This degeneracy can be lifted by a rota-
tion, perpendicular to the field, which tilts the ¢ axis of
the whiskers out of the plane. The only equilibrium
configuration is the ¢ axis coinciding with the rotation
axis and thus perpendicular to the field.

UPt; whiskers were mixed in a diluted resin (nail polish
diluted in acetone) and rotated at a speed of 60 revolu-
tions per minute in a magnetic field of 10 KG until the
resin was dry. The magnetic field was horizontal and
perpendicular to the rotation axis. An almost horizontal
rotation axis is chosen to avoid premature sedimentation.
Due to the huge magnetization anisotropy, the whiskers
aligned quickly and then coalesced in the end of the glass
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tube. Their alignment was found to be within a half-
width of 5°, determined from NMR linewidth analysis de-
scribed later. Sample A, prepared by this method and
consisting of thousands of small whiskers, has a dimen-
sion 4 X2 X5 mm?® and weighed 70 mg. Sample B, 13 mg,
was prepared by manual alignment of 90 of the largest
whiskers we were able to grow, typically 4—10 mm long.
The alignment is considered to be within 1°, much better
than sample 4. Pt NMR measurements were per-
formed mainly on sample 4.

The samples were placed in a continuous flow cryostat
(Oxford CF200) and the temperature was measured and
maintained to an accuracy of 0.1 K from 4 to 50 K.
The NMR data were taken on a home-built pulsed spec-
trometer.!! The spurious signal from the strong rf pulses
was canceled by alternating the rf phases of both 7 /2 and
7 pulses in the spin echo sequence. In the relaxation mea-
surements, echo sequences with different delay times be-
tween pulses were executed consecutively. The whole se-
quence, including variable pulse separations, was repeat-
ed for signal averaging. Such a pulse sequence'? elimi-
nates long time drifts such as present in electronic
amplifier gain and improves measurements of relaxation
profiles. The 7 /2 pulse length was calibrated with a me-
tallic Pt sample and was typically 1.5 us. The spin-lattice
relaxation time 7, was measured by the inversion-
recovery method. Measurements were performed in a
temperature range of 4-50 K in an external field of
13-14 kG. A metallic *Cu signal, having a Knight shift
of 0.24% in this temperature range,'® was used as a refer-
ence for Knight-shift measurements. The coil and sam-
ple geometry allowed continuous rotation of the sample ¢
axis relative to the magnetic field at low temperature. It
is straightforward to find the orientation of the whiskers
that is perfectly perpendicular to the field using the an-
isotropy of the Knight shift as a guide. This position is
used as the reference for the sample orientation.

We found that eddy current heating of the sample
could be significant at the lowest temperature owing to
the large rf pulses which we have used. This was ob-
served both from a direct measurement of the sample
temperature with a carbon glass temperature sensor, and
from the changes of > Pt frequency as the repetition rate
of rf pulses varies. We reduced this heating by shielding
the sample with thin copper wires, which were thermally
anchored to a heat sink. Furthermore, the repetition
time was set long enough (up to 1 s) to ensure that the
heating effect was negligible. Throughout our measure-
ments, the temperature rise was less than 0.1 K.

III. ANGULAR DEPENDENCE
AND ALIGNMENT ANALYSIS

A typical '*Pt NMR spectrum for H lc is shown in the
inset of Fig. 1. The spectral linewidth of our aligned
single-crystal whiskers, defined as the full-width-at-half-
maximum (FWHM), is very narrow, ~50 kHz. Com-
pared to this result, the linewidth of a powder sample'* is
broadened by a factor of 20, to ~1 MHz at the NMR fre-
quency of 11 MHz.
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The angular dependence of the Knight shift was mea-
sured at 4.94 K and 12.46 kG [Fig. 1(a)]. As expected for
a uniaxial susceptibility,'> we found that K () is precisely
a linear function of (3 cos?6— 1), where 0 is the angle be-
tween the field and the ¢ axis. The narrow linewidth of
our sample allows small experimental error, typically
+0.1%, approximately the size of a data point in Fig.
1(a). We fit the angular dependence of the Knight shift to
the form:

K (0)=(2K,+K)/3+(K,—K)3cos’0—1)/3 . (1)

The fit is shown in Fig. 1(a). The Knight shifts are large
and highly anisotropic: K,=—1.8% and K, =—9.0%
at 4.94 K. Therefore, imperfect alignment results in an
additional line broadening which is angular dependent.
In Fig. 1(b), the measurements of the angular dependence
of the linewidth are shown; notice that a maximum
occurs at 45°. Analyzing the linewidth data as outlined
below, we have determined the degree of alignment for
sample 4.

The effect of the c-axis distribution on the linewidth is
calculated as a function of angle 8 between the magnetic
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FIG. 1. (a) The angular dependence of the Pt NMR shift at
4.94 K. The line is a fit to Eq. (1). Inset: the Pt NMR magni-
tude spectrum at 4.94 K and 12.46 kG for Hlc. The linewidth
is 50 kHz. (b) The angular dependence of the linewidth
(FWHM). The linewidth was measured from a fit to the spin
echo (open circles) and a Fourier transform spectrum (filled
squares). The light line indicates the contribution from
misalignment and the dark line is the fit to the total linewidth
discussed in the text.
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field and the average c axis of the whiskers. Let ¢ and ¢
be the polar and the azimuthal angles of the c axis of each
whisker with respect to the average c axis of the ensemble
of whiskers. Also let ® be the angle between the field
and the ¢ axis of each whisker. Then, cos®
= —sinBsinysing+cosOcosy. The '°°Pt resonance fre-
quency of a whisker at the angle ® in a fixed magnetic
field, o(®), is determined by Eq. (1). The second moment
of the linewidth is

Aw*=(w?)—(w)*= A?[{cos*® ) — (cos’®)?] ,

where 4 =K, —K and { - - - ) is an average over ¥ and
@ for a specific distribution function describing the c-axis
orientation. The average over ¢ is easily performed as-
suming a random distribution. For the average over v,
we choose, for convenience, the Onsager distribution'®
for the probability density P for the c axis at angle 1,

P(¢) < cosh(a cosy) . (2)

Here a is a constant determining the half-width of the
distribution, ¢, ,=cos '[1—In(2)/a]. Then, the
linewidth can be expressed analytically as a function of @
with the parameter a. In addition to this extrinsic effect,
we also include an intrinsic contribution to the second
moment, (Aw?,)'/?, which, for example, comes from the
195pt nuclear spin-spin coupling and lifetime broadening.
The total linewidth (FWHM) is defined as Aw,y,
=2.36(Aw?,+Aw?)!”2. We obtained a fit to the angular
dependence of total linewidth with two parameters:
¥, ,=5"and (Aw?,)!”*=25 kHz. This narrow half-width
for 1, , demonstrates the high degree of alignment ob-
tained by our technique. For sample B, which was manu-
ally aligned and for which the alignment is considered to
be better, the linewidth for Hlc was found to be similar
to that of sample A4 at Hlc. This indicates that for H lc,
most of the contribution to the linewidth comes from the
intrinsic width and not from imperfect alignment. The
intrinsic width we have obtained is very large compared
with the Van Vleck second moment!’ due to nuclear
dipole-dipole interactions, ~0.3 kHz. Therefore, the
linewidth must be determined by other mechanisms. As
we will show later, this is largely due to the extremely
fast spin-lattice relaxation rate 1/7;, the so-called life-
time broadening effect.

IV. KNIGHT SHIFT AND SPIN-LATTICE RELAXATION

In Fig. 2, we show the temperature dependence of > Pt
Knight shifts for H||c and HLlc. The shifts are negative,
indicative of the core polarization process'® which is typi-
cal of metals with unfilled d orbitals where d electrons
polarize the core s electrons. The large magnitude of the
shift is due to the large effective mass of the conduction
electrons. The Knight shift is strongly temperature
dependent for Hlc and H|lc. Our measurements of K
and its temperature dependence are consistent with the
powder results of Kohori and co-workers,'*!° but much
more accurate due to the narrow linewidth of our spec-
tra.

Contributions to the '*Pt Knight shift can come from
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FIG. 2. The temperature dependence of Pt NMR shift for
(a) Hlc and (b) H||c. The NMR frequency was fixed at 11 MHz.

both spin and orbital interactions with the conduc-
tion electrons: K, =K3 +K{P=43} xi + 470K,
where K| | and K f'}l’ are the spin and orbital shifts, and
Ay, and 4 j-)rlli, are the corresponding hyperfine fields.
The orbital shift depends on orbital currents and scales
with the Val Vleck orbital paramagnetism.!” It is usually
small, positive, and independent of temperature. The
temperature dependence of the measured shifts is very
similar to that of the dc susceptibility.!® In Figs. 3(a) and
3(b), we show a plot of K| and K| vs Y with temperature
as an implicit variable. Data for the dc susceptibility is
taken from Ref. 15. The data points fall on straight lines
indicating well-defined hyperfine fields and that the orbit-
al shift is a constant within this temperature range. Thus
the temperature dependence of K and K, comes from
the spin degrees of freedom. Kohori et al.1® have found
that the Pt Knight shift for H lc is proportional to the dc
magnetic susceptibility up to 150 K. For comparison,
these results from Kohori et al.!® are shown as dashed
lines in Fig. 3(a). With the high precision of our shift
data for both orientations, we determine Aﬁ and A4 from
the slopes:

i?l=—69 kOe/ug, A3;=-—92 kOe/up (3)

showing a small but significant anisotropy in the
hyperfine field.

However, the orbital shift, K ‘l’rlll’ cannot be obtained
from such an analysis without an independent determina-
tion of )(fflll’. Since the values of K i‘}l’ are important in the
interpretation of the spin-lattice relaxation rates, we try
to set a bound on K ‘j’lli’ Due to the large effective mass of
the conduction electrons, the dc susceptibility is dominat-
ed by contributions from the spin degrees of freedom and

the orbital contribution is relatively small and can be
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FIG. 3. The Knight shift vs dc magnetic susceptibility with
temperature as an implicit parameter. (a) Hlc and (b) H||c, re-
spectively. The slopes of the fits (solid lines) determine the
hyperfine coupling constants, and the dashed lines are from Ref.
19.

neglected. Hence, the ordinate intercept of the linear fit
in the K-y plot provides an estimate of the orbital shift,
from which we find K{™=3.5%, and K{®=5.5%. If
the orbital susceptibility is considered then these values
are nonzero bounds for the orbital shifts.

Spin-spin and spin-lattice relaxation rates were mea-
sured and the results are shown in Fig. 4. Both relaxa-
tion processes were found to be exponential for up to two
decades of change in signal amplitude. For the tempera-
tures explored, we found 1/7, to be essentially tempera-
ture independent for both orientations. We found 1/T,
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also to be independent of temperature above 20 K and to
decrease linearly with decreasing temperatures below 8
K. We were particularly careful to explore the region
near 5 K to search for signatures of the AFM ordering
indicated by neutron-scattering experiments.’ In this sec-
tion, we focus on the temperature dependence of 1/T
and the Knight shift. Discussion of 1/T, will be found
in Sec. V.

In Fig. 5, we show the temperature dependence of the
anisotropy ratio of 1/7T, and 1/T,. These ratios are
found to be independent of temperature for the tempera-
ture range 4-20 K. Our anisotropy ratio of 1.4 for 1/T,
is consistent with that by Vithayathil et al.?° measured
for temperatures below 4 K. If we are to neglect the g
dependence of the hyperfine coupling, the anisotropy of
the spin-lattice relaxation rate is given by

T, /T =2A43x]/(AIx+ Alx/)=1.4,

where Y'’ is the imaginary part of the dynamic suscepti-
bility at the NMR frequency. Therefore, x| /x|’ =1.3,
taking into account anisotropy in the hyperfine field.
This indicates that magnetic fluctuations are slightly
stronger in the basal plane.

The nuclear spin-lattice-relaxation rates measure the
imaginary part of the dynamic spin susceptibility at the
Larmor frequency averaged over momentum space.
Within a free-electron model, T; T and K are constant in
temperature. The product T, TK? is called the Korringa
product, given by {,=(v,/v,)*#%/(4mky), where y, and
v, are the gyromagnetic ratios of electron and nucleus,
respectively, # the Planck constant, and kz the
Boltzmann constant. Deviations of {=T,;TK? from ¢,
are known to come from electron correlations and other
many-body effects. For uniaxial anisotropy, two such

products should be considered:?°
§1=K%T1,|1T ’ @)
—r2 -1 _p—1y—1
SI=K\TQRT [ —Ty) .

They separately measure the longitudinal and the trans-
verse components of the dynamic susceptibility. A plot
of £, and §; is shown in Fig. 6. Data for K| above 20 K
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(1/T,) relaxation rates as a function of temperature for Hlc
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FIG. 5. The measured anisotropy of the relaxation rates,
T,,./T,, (squares) and T, /T, (circles), as a function of tem-
perature.
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FIG. 6. Temperature dependence of Korringa constants:
§1/8o (squares) and &, /&, (circles). Data for K, being used in
§, /8o above 20 K (closed circles) are obtained using the suscep-
tibility data and the hyperfine coupling constant. /&, above
20 K (closed squares) are obtained assuming the same anisotro-
py ratio of 1/7T as below 20 K.

was obtained from the susceptibility data and our
hyperfine coupling constants. The data for §; are extend-
ed to 50 K by assuming the same constant anisotropy ra-
tio of 1/T; from 20-50 K. In making this plot, orbital
shifts for both orientations are accounted for and the
nonzero value of K°V affects the Korringa products
significantly for both §, and ;. If we were to choose
K{™=0% (or K¢ =0%), &, (or £,) would be reduced by
a factor of 5 (or 2-3). However, the overall temperature
dependence remains unchanged.

From Fig. 6, £, is found to be strongly temperature
dependent. It increases as the temperature increases and
shows a maximum at 40 K and then decreases at higher
temperature. On the other hand, §; is only weakly tem-
perature dependent and increases slightly as the tempera-
ture increases. It is worth noting that the extrapolations
of £, and §; to zero temperature are very close to o, the
value expected for a simple metal.

The spin fluctuations are important in the crossover
process from paramagnetic to a coherent Fermi liquid.
Neutron-scattering experiments® have indicated antifer-
romagnetic fluctuations of energy ~1 meV below 20 K in
UPt,. These measurements® have shown that the fluctua-
tions increase as temperature is lowered and that antifer-
romagnetic order forms at 5 K. Such fluctuations, for ex-
ample, the  antiferromagnetic fluctuations at
Qar=(1/2,0,1), directly enhance the dynamical suscep-
tibility at nonzero Q and hence reduce the Korringa
product. The observed temperature dependence of §; and
&1, shown in Fig. 6, is consistent with this idea suggesting
that spin fluctuations are responsible for the low-energy
magnetic properties in this temperature range.

It has been argued?! that the temperature dependence
of 1/T, suggests a crossover from the degenerate Fermi-
liquid regime below 8 K, T';T=const, to an incoherent
spin fluctuation regime at higher temperature. However,
this is not the correct picture since the Knight shift de-

pends strongly on temperature. The temperature depen-
dence of both the Knight shift and 7'; must be taken into
consideration, as expressed in the Korringa products §;
and §,. In Fig. 6, it is evident that §, and §; vary mono-
tonically in the region of 20 K indicating that this pro-
cess is a continuous one, starting from 40-50 K. The
peak in the Knight shift and susceptibility at 20 K results
from a trade off between two effects: uncorrelated local
moment paramagnetism at high temperature and the de-
velopment of antiferromagnetic correlations at low tem-
perature. They are of opposite sign, balancing one anoth-
er around 20 K which should not be considered as an in-
dication of a phase transition or the onset of a spin-
fluctuation regime.

V. SPIN-SPIN RELAXATION RATES

The spin-spin relaxation rate was found to be extreme-
ly fast for both orientations largely due to lifetime
broadening. For comparison, T, determined from the
homonuclear dipolar interaction, is around 800 us, much
larger than the measured values and in fact can be
neglected. For the field parallel to the average c¢ axis,
1/T, was smaller than 1/7T;. This is unusual and is the
result of anisotropy in 1/7;. According to the Redfield
theory,17 contributions to 1/7T, from a randomly fluc-
tuating field ~ with a correlation time 7 are given by

1/Tog =yihit+1/2T, =1/T,, , (5)
1/Tog,=yihir+1/2T, | =1/2T, ,+1/2T,, , (6)

where /7 is the mean square average of the fluctuating lo-
cal field. The second equality in each of Egs. (5) and (6) is
obtained assuming the correlation time 7 much shorter
than the Larmor period, i.e., w,7<<1. From Fig. 4, we
have found that 1/T,, is slightly enhanced from that of
Eq. (5) above 15 K, while 1/T, , is much larger than the
value given by Eq. (6). There are two possibilities for this
to occur. One is that o, 7 is of order 1; or there are addi-
tional contributions from other relaxation mechanisms.
If w,7~1,1/T, and 1/T, should be field dependent. We
checked this possibility by comparing with the measure-
ments at around 0.25 T by Kohori et al.?' The two re-
sults are in good agreement with each other. This rules
out the possibility of w,7~1 and indicates that other
mechanisms dominate the enhanced relaxation rate
1/T,,. We can remove the Redfield contributions and
the enhancement, 1/7T,,=1/T,—1/T,g, for both orien-
tations is shown in Fig. 7. An increase in 1/7T,; below 20
K is evident.

An indirect coupling, such as a nuclear spin-spin cou-
pling mediated by electronic interactions, might be re-
sponsible for this enhancement. Such effects have been
discussed recently in the context of YBa,Cu;0,,2? where
the indirect coupling between copper nuclear spins in the
copper oxygen plane is believed to be strong. Should this
be the case in UPt;, the anisotropy of this enhancement
to 1/T, indicates that this indirect coupling is strongly in
the basal plane. The origin of this coupling might be re-
lated to the development of the AFM spin fluctuations
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FIG. 7. Enhancement to 1/T, given as 1/T,;,=1/T,— 1Ty,
found by subtraction of lifetime broadening: H lc (squares) and
H||c (circles).

discussed earlier. However, we would like to be cautious
about interpretation of the temperature dependence
shown in Fig. 7 which is mainly derived from subtracting
the Redfield contribution from an otherwise temperature
independent 7',.

Lastly, we discuss the antiferromagnetic ordering at 5
K, as observed in inelastic neutron scattering experi-
ments.’ Usually, antiferromagnetic ordering is signaled
by an abrupt change in the Knight shift or linewidth due
to the presence of a static internal field, and possibly
1/T, and 1/T,, due to the slowing down of magnetic
fluctuations. We do not observe any significant change in
Knight shift, linewidth, or 1/7T;. Kohori et al. 19 recent-
ly studied this problem by comparing the '*>Pt spectra in
U(Pty ¢5sPdg o5); and UPt;. The antiferromagnetic order-
ing in U(Pt, gsPd, os); broadens the °>Pt resonance line
and the internal field at the Pt site was determined to be
30 kOe. Comparing the ordered moments of 0.02ug /U
in UPt; (Ref. 5) and 0.65u5/U in U(Pty ¢sPd o5); (Ref.

23) and assuming the same spin structure, they estimated
that the internal field in UPt; at the platinum site would
be 900 Oe attributed to such ordering. They observed at
most a small additional broadening of 10 Oe (Ref. 24)
which appears to be inconsistent with static magnetic or-
der. It is likely that the static magnetic order observed in
neutron scattering is in fact fluctuations with a longer
correlation time than the time scale of the neutron exper-
iment but still much shorter than the NMR time scale.

VI. SUMMARY

We have developed a special technique for the align-
ment of the ¢ axis of UPt; single-crystal whiskers so that
the complete angular dependence of the Knight shift and
relaxation rates can be studied. We report measurements
of the >Pt Knight shift, spin-lattice and spin-spin relaxa-
tion rates in the temperature range of 4—-50 K. We have
determined the anisotropic hyperfine coupling constants
parallel and perpendicular to the ¢ axis. The Korringa
products, appropriate for the anisotropic case, show a
continuous evolution from a randomly fluctuating
paramagnetic regime above 40 K to a degenerate Fermi-
liquid behavior below 5 K. We argue that the low-energy
antiferromagnetic spin fluctuations dominate both
Knight shift and relaxation rates. The anisotropy of T,
and T, is found to be 1.4 and 0.45, respectively, and tem-
perature independent. Analyzing these anisotropy ratios,
we find that the dynamic spin susceptibility is 30% larger
in the basal plane.
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