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Study of the 1-K Phase Transition in the Heavy-Electron Compound UCus by
Muon Spin Resonance and Neutron Scattering
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The 1-K phase transition in UCus, showing up in specific-heat data within the antiferromagnetic state
below Tw =15 K, was investigated. Neither the average internal fields seen by the 4 * nor the magnetic
and nuclear Bragg reflections in the neutron-diffraction data reflect the phase transition while the muon
relaxation rates increase drastically below 1.2 K. These results are interpreted in terms of some addi-
tional small-moment magnetic order or spin-density-wave phenomenon, implying the coexistence of two
rather independent electronic subsystems: one involving “heavy” electrons, associated with the weak
magnetism, and another one associated with the “conventional” antiferromagnetic order.

PACS numbers: 75.30.Mb, 75.25.+z, 76.75.+i

Low-temperature specific-heat measurements charac-
terize the intermetallic compound UCus as a heavy-
electron system whose heavy-electron state, surprisingly,
develops at temperatures well below the onset of antifer-
romagnetic order which is observed at Ty=15 K.'
Specific-heat data c¢,(7) have further shown that a
second phase transition occurs at ~1 K, displaying hys-
teretic behavior but no latent heat.! The nature of this
phase transition has not been identified yet. The absence
of a latent heat in what looks like a first-order phase
transition and a strongly increasing resistivity below 1.2
K (Ref. 1) are, however, reminiscent of similar problems
arising in the transition between commensurate and in-
commensurate charge-density-wave (CDW) states.?
The second phase transition, including the rise in resis-
tivity, is only seen in high-quality UCus samples.

Earlier neutron-diffraction measurements on UCus al-
lowed one to identify the antiferromagnetic structure of
the U sublattice as consisting of ferromagnetically or-
dered (111) planes coupled antiferromagnetically with
alternating moment directions along the body diagonal
of this fcc compound possessing the AuBes crystal struc-
ture.> The U moment was determined in this earlier
study to be ~0.9u/U.? Previous muon-spin-resonance
(uSR) studies on a polycrystalline UCus sample of ap-
parently lesser quality, which did not show the 1-K
specific-heat anomaly, revealed two spontaneous preces-
sion signals below T with saturation frequencies of

vi=19.75 MHz and v,=13.65 MHz, corresponding to
internal fields of 0.146 and 0.100 T, respectively.* Both
components and a third, nonprecessing one (v=0)
displayed an essentially temperature-independent spin-
relaxation rate of ~0.4 us ~' from 30 mK up to 10 K.*
No distinct features showed up around 1 K.

The present measurements, intended to probe into the
nature of the 1-K phase transition, were performed on a
high-quality polycrystalline sample, produced at LANL
(Los Alamos) which showed the 1-K anomaly in the
electrical resistivity. The neutron-scattering work was
carried out on the multidetector powder diffractometer?
DMC located at the reactor Saphir of the Paul Scherrer
Institute (PSI) using a neutron wavelength A =1.703 A
selected by means of a vertically focusing Ge monochro-
mator (311). The sample was contained in a Cu can
mounted on the cold finger of an Oxford dilution refri-
gerator 200 NS. The SR work was performed with the
low-temperature uSR facility on the zM3 beam line of
the PSI 600-MeV proton accelerator.

As an example of our results we show in Fig. 1(a)
neutron-diffraction intensities for UCus at 10 mK. In
addition to the expected nuclear reflections from UCus
and Cu (sample container), we clearly observe antiferro-
magnetic superlattice peaks corresponding to a wave vec-
tor k=[% ¥ %] implying a doubling of the chemical
unit cell. The absence of the (+ + %) peak near 12° in-
dicates that the magnetic moments are predominantly
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FIG. 1. (a) Neutron-diffraction pattern at 7=10 mK. The
neutron wavelength is 1.703 A. The solid lines are guides to
the eye. (c) A blowup of the magnetic (3 3 §) reflection next
to a nuclear peak. (b) Difference neutron diagram /(10 mK)
—1(1.34 K).

directed along the [111] direction. These findings
confirm the experimental results by Murasik et al.*

The temperature dependence of the antiferromagnetic
order parameter indicates conventional behavior of the
sublattice magnetization. In particular, there is no
anomaly near 1 K. The difference scan in Fig. 1(b)
shows that the intensity of the magnetic scattering does
not change when the temperature increases from 10 mK
to 1.34 K within the accuracy of our measurements, i.e.,
within * 5%. The intensity of the nuclear Bragg peaks
is constant to within 0.1%. By means of a standard Riet-
veld profile analysis we confirmed the known nuclear and
magnetic structure and obtained for the moment a value
(1.55%0.05)up/U, which is significantly larger than the
value reported in Ref. 3. In the fitting procedure we
varied the position of the Cu atoms at the positions
(xxx), x=4%. We obtained for all temperatures (10
mK < 7T <25K) x=0.623 £ 0.001.

In summary, the neutron-diffraction data indicate nei-
ther a structural nor a magnetic phase transition near 1
K. However, the ordered moment u=(1.55+0.05)uz/
U is significantly larger than the value quoted in Ref. 3.
We do not understand the origin of the discrepancy.
There is the possibility that u depends rather strongly on
the crystal quality. A strong influence of sample perfec-
tion on magnetic behavior is well known in other heavy-
electron compounds.

Next we turn to the uSR results.® The zero-field mea-
surements were performed from 0.4 to 1.95 K by scan-
ning between these temperatures in order to detect possi-
ble hysteretic features. No such features were seen.
Compared to previous results in Ref. 4 both similarities
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FIG. 2. Temperature dependence of the u *-spin precession

frequencies (a) v; and v; and (b) vi. The dashed lines in (a)

represent the earlier data of Ref. 4; the dashed line in (b) the
present v, values. The solid lines are guides to the eye.

and interesting differences have to be noted. Again the
vi=19.75 MHz, the v,=13.65 MHz and the v=0 com-
ponent are observed. The temperature dependence of v,
and v, are displayed in Fig. 2(a). Essentially the new
data agree well with the earlier ones. There is a slight
deviation between the new and the old v, below ~1 K
which is less than 0.7%. At present it is not clear wheth-
er it should be considered as significant in view of the
limited statistical accuracy and in view of the absence of
such a deviation in the better determined v, component.
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Figure 2(a) shows in particular that no discontinuous
features appear around 1 K. This implies that the aver-
age fields at the u ¥ position, as manifested in each com-
ponent, is not affected by the phase transition, at least
not within the present level of accuracy. (For all com-
ponents the u* position is suggested to be at the center
of the small Cu tetrahedron, to be discussed in a future
paper.) This seems to be consistent with the neutron re-
sults, supporting the conclusion that the antiferromag-
netic structure is not involved in the 1-K phase transi-
tion.

The analysis of the data leads to the identification of a
third precessing component with v3=19.5 MHz, which
is close to v; [see Fig. 2(b)]. This component is, in fact,
related to v, as follows from the behavior of the signal
amplitudes 4(v;) of the various components v;: While
A(v;)=2.3% and A4(v=0)=3.8% independent of tem-
perature and A(v;) =A(v3)=5% for T<1.15K, A(v)
and A(v3) show a complementary temperature depen-
dence for T>1.15 K such that A(v;)+A4(v3)=10%
=const. At 1.9 K we find 4(v;)=6.5% and A(v;)
=3.5%. This remarkable feature seems to be a first in-
dication of the 1-K phase transition. Details of the rath-
er involved multicomponent analysis will be reported in a
future full account of this work.

The most dramatic effect of the phase transition, how-
ever, is seen in the relaxation rate data, which are
displayed in Fig. 3. In sharp contrast to the earlier uSR
data,? the relaxation rates of the components with vy, v,
and v4=0 rise drastically as the temperature is lowered
through 1.15 K. In parallel the relaxation function
changes in appearance from Gaussian (or Kubo-Toyabe
type® for v=0) above 1.15 K to exponential below 1.15
K. The latter is not taken as evidence for dynamically
induced relaxation, since there is still an unchanged
time-independent fraction of u * polarization. This frac-
tion associated with those u* spins which—in a poly-
crystalline sample—happen to be aligned along the
internal field direction and hence do not precess. Fluc-
tuating internal fields would also render this fraction
time dependent. The increase in relaxation rate below
1.2 K must, therefore, reflect an increased inhomogene-
ous line broadening, i.e., an increased static field spread
experienced by the u* ensembles contributing to each
component. The fact that use of an exponential relaxa-
tion function provides a better fit (in terms of x2) does
not necessarily imply a Lorentzian field distribution.
Rather on the basis of similar observations made, e.g., in
the mixed phase of the high-T, superconductors, it seems
to signal the presence of a more complicated than Gauss-
ian field distribution. But, as emphasized before, the
average fields remain unchanged. The observed Gauss-
ian relaxation rates above 1.15 K can be attributed to
just the Cu nuclear dipole fields as indicated by second
moment calculations.

The relaxation rates associated with v3 are much
larger in the whole temperature range and must be relat-
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FIG. 3. Temperature dependence of the u* relaxation rates
associated with frequencies (a) vi, (b) v, (c) v3, and (d)
va=0. The solid lines are guides to the eye (see text for de-
tails).

ed to the magnetic state. One possibility is that this
component is associated with the magnetic domain struc-
ture, i.e., with regions in which the antiferromagnetic
propagation vector k changes from, e.g., (111) to
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(11—1), etc. An obvious problem with this explanation
is the near equality of 4(v;) and A(v3) below 1.15 K. It
would imply rather small domain sizes while the neutron
data do not allow for domain sizes smaller than ~600
A. Whatever the true explanation might be it must in-
volve a mechanism which is coupled to the 1-K anomaly.

How can the present findings be understood? Obvi-
ously, the 1-K phase transition is not associated in a visi-
ble way with a change in magnetic structure. Neither
does a structural phase transition seem to take place.
One possibility to explain the increased field spread
below 1.15 K is to postulate the evolution of small ran-
dom static displacements of the u* position, while keep-
ing the average position unchanged. This would immedi-
ately cause a distribution in the dipolar fields at the u*
arising from the ordered U moments. Calculations show
that random displacements of at least §=0.07 A are re-
quired to cause the observed relaxation rates. In line
with the discussion of the ¢, anomaly (see introductory
remarks) one may speculate that these random displace-
ments are caused by the onset of a charge-density wave,
producing similar shifts, e.g., in the Cu positions. Such
shifts should have resulted in an effective Debye-Waller
factor which, given the magnitude of the required shifts,
should have been easily seen in the neutron-diffraction
data. However, the diffraction data yield an estimate of
only §=0=%0.02 A. Hence the absence of any observ-
able effects in the neutron data renders this explanation
very unlikely.

The most probable cause for the increased field spread
may therefore still be looked for in the framework of
magnetism. Previous uSR and neutron studies in
U -Th,Be3, " UPts,”? and URu;Si, '*!" have provid-
ed evidence for the evolution of some sort of small-
moment magnetic order at low temperatures, involving
effective moments of the order of (10 73-10"2)uz. Al-
though the small-moment ground states appear to be
different in each case, it may not be unreasonable to as-
sume that— mutatis mutandis—some similar phenome-
non might also occur in UCus, albeit in coexistence with
a well established antiferromagnetic order involving
much larger effective moments. Placing the weak mo-
ments on the Cu sites, their magnitude would have to be

of the order of 10 ~"?ug, i.e., too small to cause any visi-
ble effect in the present neutron-scattering data. On the
other hand, when placing the weak moments on the U
sites their magnitude would have to be about 10 times
larger, which would be at the edge of being detectable in
the neutron data. Alternatively, the increased field
spread below 1.15 K may also be explained in terms of
the evolution of a small-amplitude spin-density wave.
The latter may indeed be associated with a more compli-
cated field distribution rendering the apparent exponen-
tial relaxation quite reasonable.

The specific-heat and the uSR data together imply
that the “weak magnetism’ must be carried by the heavy
quasiparticles. Since, on the other hand, the antiferro-
magnetic order is unaffected by the 1-K phase transition,
one is led to speculate that the heavy electrons in this
compound form a quasi-independent subsystem which
settles into a peculiar ground state below 1.15 K, pos-
sessing a perhaps random but static order of very small
effective moments or being associated with a static spin-
density wave. In this picture the more or less conven-
tional antiferromagnetism of the U-5/ moments below
15 K is unrelated to the heavy-electron subsystem. In
conclusion, we conjecture that the occurrence of two
rather independent types of electron states might be the
cause of other anomalous features seen in heavy-electron
compounds.

'H. R. Ott et al., Phys. Rev. Lett. 55, 1595 (1985).

2See, e.g., W. L. McMillan, Phys. Rev. B 14, 1496 (1976).

3A. Murasik et al., Phys. Status Solidi a 23, K163 (1974).

4S. Barth et al., Hyperfine Interact. 31, 397 (1986); S. Barth
et al., J. Magn. Magn. Mater. 76 +77, 455 (1988).

3J. Schefer et al., Nucl. Instrum. Methods Phys. Res., Sect.
A 288, 477 (1990).

6A. Schenck, Muon Spin Rotation Spectroscopy (Adam
Hilger, Bristol, 1985).

"R. H. Heffner et al., Phys. Rev. B 39, 11345 (1989).

8R. H. Heffner et al., Phys. Rev. B 40, 806 (1989).

9G. Aeppli et al., Phys. Rev. Lett. 60, 615 (1988).

10D, E. MacLaughlin et al., Phys. Rev. B 37, 3153 (1988).

I'C. Broholm er al., Phys. Rev. Lett. 58, 1467 (1987).

2457





