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Abstract
The pseudobinary series U(Pt1xPdx)3 demonstrates a wealth of magnetic and superconducting properties that are
exemplary for heavy-fermion physics. In this paper, I present a survey of recent neutron-diffraction and mSR
experiments, conducted to study the evolution of magnetism, and its interplay with superconductivity, in UPt3 doped
with Pd. The small-moment antiferromagnetic order (SMAF) with TN B6 K reported for pure UPt3, is robust upon
alloying till at least x ¼ 0:005: The small ordered moment mðxÞ grows from 0.018mB/U-atom for x ¼ 0:00 to 0.048mB/
U-atom for x ¼ 0:005: TN of the SMAF phase does not vary with Pd content. The increase of mðxÞ correlates with the
splitting DTc of the superconducting transition and provides evidence for a Ginzburg–Landau scenario for
unconventional superconductivity with magnetism as symmetry-breaking ﬁeld. The absence of a signal of the SMAF
phase in zero-ﬁeld mSR spectra provides strong evidence for a moment ﬂuctuating at a rate >10 MHz. A second largemoment antiferromagnetic phase (LMAF) is found at higher Pd concentrations. For this phase, at optimum doping
(x ¼ 0:05) TN;max ¼ 5:8 K and m ¼ 0:62mB/U-atom. The critical Pd concentration for the emergence of the LMAF
phase is xc;af B0:006: At the same Pd content, superconductivity is completely suppressed. The existence of a
magnetic quantum critical point in the phase diagram, which coincides with the critical point for superconductivity (xc;af ¼ xc;sc E0:006), yields evidence for odd-parity superconductivity mediated by ferromagnetic spinfluctuations. r 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
For almost two decades the intermetallic compound UPt3 has been the subject of intense
research. The strongly enhanced low-temperature
speciﬁc heat, which classiﬁes UPt3 as a heavyfermion compound, was reported in 1983 [1], while
superconductivity in the presence of strong spin
*Tel.: +31-20-5255732; fax: +31-20-5255788.
E-mail address: devisser@science.uva.nl (A. de Visser).

ﬂuctuations was reported in 1984 [2]. A few years
later, a multi-component superconducting phase
diagram with three vortex phases in the ﬁeldtemperature plane was reported [3,4]. This provided strong evidence that UPt3 is a genuine
unconventional superconductor. The subsequent
explanation of the superconducting phase diagram
within the Ginzburg–Landau theory of secondorder phase transitions, which required an unconventional two-component superconducting
order parameter (see e.g. Ref. [5]), put this on
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ﬁrm footing. The formation of a superconducting
state in a strongly correlated metal suggests that
the Cooper pairing is mediated by electronic
interactions rather than by phonons. In the past
decade extensive research was carried out to
unravel the interplay of magnetic interactions
and superconductivity in UPt3. Here, I present a
survey of recent neutron diffraction [6] and mSR
experiments [7,8] conducted to study the evolution
of magnetism, and its interplay with superconductivity, in the pseudobinary series U(Pt1xPdx)3.

2. Normal and superconducting state properties
of UPt3
The low-temperature normal state of UPt3 [1,9]
presents an exemplary strongly renormalized
Fermi-liquid, with a quasiparticle mass of the
order of 200 times the free electron mass, as
evidenced by the large coefﬁcient of the linear term
in the speciﬁc heat, g ¼ 0:42 J/molK2, and the
equally enhanced Pauli susceptibility, w0 ðT-0Þ:
The magnetic properties of this hexagonal material
are quite intriguing. The magnetic susceptibility
wðTÞ has a broad maximum at Tmax E18 K for a
ﬁeld in the hexagonal plane (B-0), which is
attributed to the stabilisation of antiferromagnetic
interactions below Tmax : For ToTmax the magnetisation MðBÞ exhibits a magnetic transition at a
ﬁeld B ¼ 20 T (B>c). This continuous phase
transition has been termed pseudo-metamagnetism
and is interpreted as a suppression of the
antiferromagnetic interactions. The most striking
magnetic property of UPt3 is undoubtedly the
small-moment antiferromagnetic phase (SMAF)
which develops below the Ne! el temperature
TN B6 K [10]. The ordered moment m ¼ 0:02mB/
U-atom is unusually small and is directed along
the a -axis in the hexagonal plane.
Substitution studies have demonstrated that
UPt3 is close to an antiferromagnetic instability
[9,11]. By replacing Pt by isoelectronic Pd,
pronounced phase transition anomalies appear in
the thermal and transport properties. Notably, the
l-like anomaly in the speciﬁc heat and the
chromium-type anomaly in the electrical resistivity
give evidence for an antiferromagnetic phase

transition of the spin-density-wave type. At
optimal doping (5 at% Pd) TN;max ¼ 5:8 K and
the ordered moment equals 0.670.2mB/U-atom
[6,12]. In order to distinguish this phase from the
SMAF of pure UPt3 it has been termed as the
large-moment antiferromagnetic (LMAF) phase.
The magnetic instability can also be triggered by
substituting Th for U [13]. Remarkably, the
magnetic phase diagrams for the (U,Th)Pt3 and
U(Pt,Pd)3 pseudobinaries are almost identical.
This shows that the localisation of the uranium
moments is not governed by the unit cell volume of
these pseudobinaries (the unit cell volume decreases by Pd doping, while it increases by alloying
with Th). Long-range magnetic order also shows
up when UPt3 is doped with 5 at% Au, while
substituting 5 at% Ir, Rh, Y, Ce or Os, does not
induce magnetic order [14]. This indicates that a
shape effect, i.e. the change in the c=a ratio, is the
relevant control parameter for the occurrence of
magnetic order.
Evidence has accumulated that superconductivity in UPt3 is truly unconventional [5], i.e. the
symmetry of the superconducting gap function is
lower than that of the underlying Fermi surface.
Evidence for this is in part presented by the powerlaw temperature dependence of the electronic
excitation spectrum below Tc ; indicating point
nodes and/or line nodes in the gap [15]. UPt3 is the
only known superconductor with three different
superconducting vortex phases. In zero magnetic
ﬁeld two superconducting phases are found, the A
phase below Tcþ ¼ 0:56 K and the B phase below
Tc ¼ 0:51 K. In a magnetic ﬁeld the A phase is
suppressed, while the B phase transforms into a
third phase, labelled C. The three phases meet in a
tetra-critical point. The phenomenology of the
phase diagram has been studied extensively using
Ginzburg–Landau theory, where the free energy
functional is derived exclusively by symmetry
arguments (the symmetry group for UPt3 is D6h ).
A number of Ginzburg–Landau models have been
proposed [5,16] in order to explain the zero-ﬁeld
splitting DTc ¼ Tcþ  Tc [17] and the topology of
the phase diagram in magnetic ﬁeld [3,4] or under
pressure [18]. In the so-called E-representation
model [16] the splitting DTc is caused by the
lifting of the degeneracy of a two-component
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3. Small-moment antiferromagnetic phase
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superconducting order parameter by a symmetrybreaking ﬁeld. Substantial evidence is at hand that
the SMAF phase acts as symmetry-breaking ﬁeld
[19,20].
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In pure UPt3 a small-moment antiferromagnetic
phase develops below TN B6 K [10]. The size of
the ordered moment is unusually small,
m ¼ 0:0270:01mB/U-atom. The tiny moment is
directed along the a -axis in the hexagonal basal
plane. The magnetic unit cell consists of a
doubling of the nuclear unit cell along the a -axis
(see Fig. 1). In order to investigate the stability of
the SMAF phase with respect to alloying, neutrondiffraction experiments have been carried out on
annealed U(Pt1xPdx)3 single-crystals with x ¼
0:001; 0.002, 0.005 and 0.01 [6]. In order to study
the effect of annealing, samples with x ¼ 0:001 and
0.002 were measured before and after annealing.
The main results for xp0:01 are presented in
Fig. 2, which shows the temperature variation of

b

a

Fig. 1. Magnetic structure of U(Pt1xPdx)3. The open (J) and
closed circles (K) indicate U atoms in adjacent hexagonal
planes separated by a lattice spacing c=2: The arrows indicate
the magnetic moments, which are directed along the a -axis.
The dotted and solid lines delineate the nuclear and magnetic
unit cell, respectively.
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Fig. 2. Temperature variation of m2 derived from the intensity
of the magnetic Bragg peak for annealed (open symbols) and
unannealed (closed symbols) U(Pt1xPdx)3. For x ¼ 0:001 (J),
0.002 (&), 0.005 (D) data are taken at Q ¼ ð1=2; 1; 0Þ and for
x ¼ 0:01 (B) at Q ¼ ð1=2; 0; 1Þ: In the case of x ¼ 0:00; we have
reproduced the data of Ref. [19] (- - - -) after normalizing them
to the moment deduced in Ref. [21] (r). The solid lines are
guides to the eye.

the maximum intensity of the magnetic Bragg peak
at Q ¼ ð1=2; 1; 0Þ; after subtracting the background. In order to compare the size of the
magnetic moments of the different samples, the
intensity is expressed as m2 in units of m2B. Values
of m2 have been calculated using a systematic
calibration procedure, outlined in Ref. [6].
Fig. 2 clearly demonstrates that small-moment
magnetism is robust upon alloying with Pd. The
size of the ordered moment increases gradually
with Pd concentration, but, remarkably, SMAF
invariably sets in near TN B6 K for xp0:01: For
all samples with xp0:005; m2 ðTÞ has an unusual
form. The value of m2 starts to rise slowly below
TN B6 K, then a quasi-linear temperature dependence follows from B4 K down to BTc : The
absolute values of the ordered moments have been
calculated using integrated intensities: mðTc Þ ¼
0:02470:003; 0.03670.003 and 0.04870.008mB/
U-atom for annealed samples with x ¼ 0:001;
0.002 and 0.005, respectively. For comparison
Fig. 2 shows also m2 ðTÞ for pure UPt3, as reported
in Ref. [19]. The value for mðTc Þ was estimated in
Ref. [19] at 0.0370.01mB/U-atom. Because of the
relatively large uncertainty in this value, m2 ðTÞ for
pure UPt3 is calibrated with help of the recent data
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reported in Ref. [21]. Following the same calibration procedure as for the doped compounds, the
value m ¼ 0:01870:002mB/U-atom is obtained for
pure UPt3.
The effect on annealing was investigated for the
x ¼ 0:001 and 0.002 samples [6]. In the limit
T-Tc ; m ¼ 0:01970:003 and 0.03870.003mB/Uatom in the unannealed state, for x ¼ 0:001 and
0.002, respectively. This shows that the size of the
ordered moment does not change (within the
experimental accuracy) by the annealing procedure. Also, the temperature variation of m2 ðTÞ
does not alter upon annealing. This is illustrated
by the comparison of the data for the annealed
and unannealed samples shown in Fig. 2, where
the moments for the unannealed sample have been
multiplied by a factor of 1.26 and 0.95, for
x ¼ 0:001 and 0.002, respectively, for normalisation purposes. The effect of annealing on the
magnetic correlation length xm for x ¼ 0:001 and
0.002 was also found to be negligible [6]. This is
consistent with the recent conclusion reached in
Ref. [22] for pure UPt3. Since the size of the
ordered moments and the values of the correlation
lengths are the same within the experimental error
before and after annealing, it is concluded that
strain has no signiﬁcant effect on the SMAF.
Zero-ﬁeld mSR experiments have been performed on polycrystalline U(Pt1xPdx)3 samples
with x ¼ 0:000; 0.002 and 0.005 [7]. The results for
the different Pd concentrations are all very similar.
Some typical muon depolarisation curves, taken
on the x ¼ 0:005 compound at T ¼ 0:1 and 9.0 K,
are shown in Fig. 3. The muon depolarization for
To10 K is best described by the standard KuboToyabe function, which yields an isotropic Gaussian distribution of static internal ﬁelds centred at
zero ﬁeld. The solid line in Fig. 3 represents a ﬁt to
the Kubo-Toyabe function for x ¼ 0:005: In Fig. 4
the Kubo-Toyabe relaxation rate DKT ðTÞ is
plotted for x ¼ 0:005: For all samples, DKT is
almost temperature independent (To10 K). The
average values of DKT are 0.06570.005, 0.0587
0.009 and 0.08370.004 ms1 for x ¼ 0:000;
0.002 and 0.005, respectively. These values
for DKT can be attributed to the depolarisation of the muon due to static 195Pt nuclear
moments [7].
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Fig. 3. Typical zero-ﬁeld mSR spectra measured for polycrystalline U(Pt0.995Pd0.005)3. The solid line represents a ﬁt to the
Kubo-Toyabe function. The muon depolarisation is the same
above and below the antiferromagnetic transition (TN B6 K).
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Fig. 4. Zero-ﬁeld Kubo-Toyabe line width for polycrystalline
U(Pt0.995Pd0.005)3. The solid line indicates the average value.

The temperature-independent behaviour of DKT
shows that the SMAF phase with TN B6 K does
not show up in the zero-ﬁeld mSR signals for
xp0:005: One could argue that SMAF only
appears in single-crystalline samples as these were
used for the neutron diffraction experiments.
However, zero-ﬁeld mSR experiments [23] on
high-purity single-crystalline UPt3 also do not
detect the SMAF phase, while neutron-diffraction
measurements carried out on parts of these
samples showed that SMAF is present.
The neutron diffraction data unambiguously
show that Pd doping leads to an enhancement of
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0.02mB. Therefore, one should conclude that the
small moment ﬂuctuates at a rate (f > 10 MHz)
too fast to be detected by mSR, but on a time scale
which appears static to neutrons. This then also
solves the long-standing problem why SMAF of
pure UPt3 cannot be seen by NMR, whereas its
signal should be much larger than the detection
limit, as was concluded from NMR experiments
[24] probing the LMAF phase in U(Pt1xPdx)3
(x ¼ 0:05). The absence of a true phase transition
at TN is in line with m2 ðTÞ measuring a ﬂuctuating
moment. The invariance of TN and the crossover
type of behaviour suggests that the small moment
is only a weak instability of the renormalised
Fermi-liquid whose properties hardly change at
these low Pd concentrations (xp0:005).

4. Large-moment antiferromagnetic phase
Neutron-diffraction experiments were carried
out on annealed single crystals of U(Pt1xPdx)3
with x ¼ 0:01; 0.02 and 0.05 [6]. Long-range
antiferromagnetic order is found with the Ne! el
points of 1.8, 3.8 and 5.8 K, respectively. The
magnetic structures for the SMAF and LMAF
phases are identical. The main results are shown
in Figs. 5 and 6. For x ¼ 0:02 and 0.05 the

0.5

U(Pt1-xPdx)3

0.4

m2(µB2)

SMAF, because the ordered moment grows with
increasing Pd content. The reverse behaviour was
observed in the neutron-diffraction experiments
under pressure carried out on pure UPt3 [19]. The
moment decreases under pressure and vanishes
completely at pc B0:35 GPa. A quite remarkable
observation is that both data sets, i.e. obtained by
Pd doping and applying pressure, show that TN
attains a constant value of B6 K. This, together
with the gradual increase of m2 ðTÞ below B6 K,
suggest that the transition to the SMAF state is
not a true phase transition.
The origin and nature of the SMAF is still
subject of lively debates. Unravelling the nature of
the small moment is hampered by the fact that, till
today, it has been probed convincingly by neutrondiffraction [6,11,19,21,22] and magnetic X-ray
scattering [22] only. The analysis of both neutron-diffraction and magnetic X-ray scattering
data [22], lead to the conclusion that SMAF is
quantitatively the same in the bulk and near the
surface of annealed UPt3. The only difference is
the somewhat smaller correlation length along a
and c obtained in the case of magnetic X-ray
( and xc ¼ 113730 A
( at
scattering, xa ¼ 85713 A
T ¼ 0:15 K. These values should be compared
( and xc ¼ 5007130 A
( at
with xa ¼ 280750 A
T ¼ 0:57 K in the case of the neutron diffraction
experiment. These correlation lengths, although
small, exclude the possibility that the SMAF is due
to impurities or lattice defects. The minor inﬂuence
of annealing on the SMAF, and the fact that the
better samples (as determined by the degree of
crystallographic order) all exhibit a magnetic
moment, are in favour of an intrinsic property.
The fact that SMAF does not show up in the
zero-ﬁeld mSR signal strongly suggests that the
small moment ﬂuctuates in time. Absence of a mSR
signal is normally explained by assuming that the
muon stops at a site where the magnetic dipolar
ﬁelds due to magnetic ordering cancel. However,
this is highly unlikely as SMAF and LMAF have
the same magnetic structure and LMAF is
observed by mSR for higher Pd concentrations
(see Section 4). It is also unrealistic to expect a
change of the stopping site at these low Pd
concentrations. The mSR technique is sensitive
enough to detect a static moment of the order of
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Fig. 5. Temperature variation of m2 for annealed U(Pt1xPdx)3
derived from the intensity of the magnetic Bragg peak Q ¼
ð1=2; 1; 0Þ for x ¼ 0:02 (&) and 0.05 (J) and at Q ¼ ð1=2; 0; 1Þ
for 0.01 (B). The solid lines represent ﬁts to m2 ðTÞp
ð12ðT=TN Þa Þ2b (see text).
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Fig. 6. Temperature variation of m2 measured at the magnetic
Bragg peak Q ¼ ð1=2; 0; 1Þ for annealed U(Pt1xPdx)3 with
x ¼ 0:01 (B). The sharp increase in the intensity near 1.8 K
indicates a crossover from SMAF to LMAF.
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temperature variation of the maximum intensity of
the magnetic Bragg peak (background subtracted)
is plotted at Q ¼ ð1=2; 1; 0Þ; whereas for x ¼ 0:01
the magnetic intensity is plotted at Q ¼ ð1=2; 0; 1Þ:
Absolute values of m2 in units of m2B have been
calculated using the same calibration procedure as
for the SMAF phase [6]. The temperature variation m2 ðTÞ for x ¼ 0:02 and 0.05 is rather
conventional compared to the quasi-linear temperature variation observed for the SMAF compounds (Fig. 2). The order parameter follows
m2 ðTÞpð12ðT=TN Þa Þ2b ; with the values a ¼
1:970:2 and 1.870.1 and b ¼ 0:5070:05 and
0.3270.03 for x ¼ 0:02 and 0.05, respectively.
These values of b are not too far from the
theoretical value b ¼ 0:38 for the 3D Heisenberg
model [25]. The phenomenological parameter a
reﬂects spin-wave excitations. In a cubic antiferromagnetic system a is predicted to be two [26]. No
predictions are available for a hexagonal system.
In the limit T-0 K, m ¼ 0:3570:05 and
0.6370.05mB/U-atom for x ¼ 0:02 and 0.05, respectively. The size of the ordered moment
obtained for x ¼ 0:05 is in excellent agreement
with the value reported in Ref. [12]. For the
LMAF compounds the magnetic Bragg peaks are
resolution limited.
The temperature dependence of the magnetic
Bragg intensity of the sample with x ¼ 0:01 is quite
intriguing: m2 ðTÞ starts to rise slowly below

Fig. 7. Longitudinal scans of the magnetic Bragg peak Q ¼
ð1=2; 0; 1Þ for annealed U(Pt0.99Pd0.01)3 at temperatures
0:08pTp3 K as indicated. The solid lines are ﬁts to the data
using a Lorentzian convoluted with the Gaussian experimental
resolution. The horizontal arrows show the total width
(FWHM) of the peak.

TN B6 K, grows rapidly below B2 K, and then
saturates below B0.5 K. The rapid rise near 2 K
suggests a cross-over from the small-moment to
the large-moment state, with an estimate of
TN B1:8 K for the LMAF phase. For T-0 K, m
reaches a value of 0.1170.03mB/U-atom. This
value is obtained for both Q ¼ ð1=2; 1; 0Þ and Q ¼
ð1=2; 0; 1Þ: It is emphasized that the width of the
magnetic Bragg peak does not change in the
temperature range 0.08–3 K (see Fig. 7), which
ensures that the unusual m2 ðTÞ curve is not due to
an increase of the magnetic coherence length upon
lowering the temperature. Notice that for x ¼
0:01; the transition to the LMAF state does not
show up in the thermal and transport data, in
contrast to data for x ¼ 0:02 and 0.05, which
exhibit clear magnetic phase transitions at TN ¼
3:5 and 5.8 K, respectively [9].
Zero-ﬁeld mSR experiments have been performed on polycrystalline U(Pt1xPdx)3 samples
with x ¼ 0:01; 0.02 and x ¼ 0:05 [7]. Additional
experiments on a single-crystalline x ¼ 0:05 sample conﬁrm the results obtained on the polycrystal.
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Fig. 8. Temperature variation of the spontaneous frequency
n for polycrystalline U(Pt1xPdx)3 with x ¼ 0:01; 0.02 and
0.05. The solid lines represent ﬁts to the function f ðTÞ ¼
f ð0Þð1  ðT=TN Þa Þb (see text).
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For all samples we can identify a magnetic-phasetransition temperature, below which a spontaneous m+ precession frequency appears. This
phase transition, which takes place at 1.8, 4.1
and 6.2 K for x ¼ 0:01; 0.02 and 0.05, respectively,
is to the LMAF state. Notice that the mSR
experiments for x ¼ 0:01 support the idea of a
crossover from SMAF to LMAF state near
TN B1:8 K (Fig. 6). The spontaneous m+ precession frequency appears only for the LMAF phase.
The mSR spectra of the three LMAF compounds below TN have been ﬁtted [7] with one and
the same depolarization function, consisting of
two terms, namely a standard depolarization
function for a polycrystalline magnet, Gn ðtÞ; and
a Lorentzian Kubo-Toyabe function, GKL ðlKL tÞ:
The Lorentzian Kubo-Toyabe term represents an
isotropic Lorentzian distribution of internal ﬁelds
with an average zero ﬁeld. Thus, the spectral
distribution of the internal ﬁelds is better approximated by a Lorentzian rather than by a Gaussian
ﬁeld distribution. The reason for this is not clear,
and in this respect the use of the two-component
depolarization function may be considered as
phenomenological. In the paramagnetic state
(T > TN ) the muon depolarization is best described by the standard Kubo-Toyabe function
GKT ðDKT tÞ; just as for the SMAF compounds
(xp0:005), with values of DKT comparable to the
values reported in Section 3.
In Figs. 8 and 9 we show the most important
parameters extracted from ﬁtting the two-component depolarization function, namely the spontaneous frequency nðTÞ and the depolarization rate
of the Lorentzian Kubo-Toyabe function, lKL ðTÞ;
respectively. These parameters undoubtedly relate
to the LMAF state, as their temperature variation obeys the same expression f ðTÞ ¼
f ð0Þð12ðT=TN Þa Þb as m2 ðTÞ (see Fig. 6), with
almost identical values of a and b (see solid lines
(—) in Figs. 8 and 9). A point of concern is that for
a simple polycrystalline magnet one expects the
spontaneous frequency nð0Þ to scale with the
ordered moment, which is clearly not the case
here. Instead, lKL ð0Þ scales with the ordered
moment. A possible reason for the absence of
scaling of the frequency with the ordered moment
is that the expression for Gn ðtÞ is only valid when
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Fig. 9. Temperature variation of lKL for polycrystalline
U(Pt1xPdx)3 with x ¼ 0:01; 0.02 and 0.05. The solid lines
represent ﬁts to the function f ðTÞ ¼ f ð0Þð1  ðT=TN Þa Þb (see
text). lKL ðTÞ scales with the ordered moment.

l5o ¼ 2pn: When l is of the same order as n large
systematic errors can inﬂuence the ﬁt parameters
of Gn ðtÞ: Since we deal with heavily damped
spontaneous oscillations this is in part the case.

5. Interplay of magnetism and superconductivity
The suppression of the double superconducting
transition (Tcþ ¼ 0:56 K and Tc ¼ 0:51 K for pure
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Fig. 10. Speciﬁc heat divided by T versus T of U(Pt1xPdx)3
for x ¼ 0:000; 0.001 and 0.002 (single crystals) and for x ¼
0:0025; 0.003, and 0.004 (polycrystalline samples). The solid
lines represent ideal transitions determined from an equal
entropy construction.

UPt3) as a function of Pd doping has been studied
in speciﬁc heat [20] and electrical resistivity [27]
experiments for a large number of single-crystalline (x ¼ 0:0; 0.001, 0.002 and 0.005) and polycrystalline (x ¼ 0:0025; 0.003, 0.004, 0.006 and
0.007) samples. Some exemplary speciﬁc heat
data are shown in Fig. 10. The main ﬁndings can
be summarised as follows: (i) Tcþ is suppressed
linearly with Pd content at a rate of 0.7970.04 K/
at%Pd, (ii) Tc is suppressed at a faster rate of
1.0870.06 K/at%Pd, and as a result (iii) the
splitting DTc increases at a rate of 0.3070.02 K/
at%Pd. This shows that upon alloying with Pd,
the high-temperature low-ﬁeld A phase gains
stability at the expense of the low-temperature
low-ﬁeld B phase. The increase in DTc is accompanied by an increase in the size of the SMAF
ordered moment [20]. This provides additional
evidence for the idea that the SMAF acts as the
symmetry-breaking ﬁeld. The Ginzburg–Landau
E-representation scenario [16] predicts DTc pm2 :
However, this proportionality relation is only valid
for DTc =Tc 51; which no longer holds for the Pddoped samples. At B0.3 at% Pd, DTc becomes of
the order of Tc : Instead m2 grows more rapidly
than DTc ; as shown in Fig. 11. Substantial
evidence for the SMAF as symmetry-breaking
ﬁeld has been obtained by neutron-diffraction [19]
and speciﬁc heat [18] experiments under pressure.

0
0

5

10
−4

15

10 (m (Tc )/µB)
+

20

2

Fig. 11. The variation of the splitting DTc as a function of
m2 (Tcþ ) for U(Pt1xPdx)3 () and for UPt3 under pressure (&)
[19]. For DTc o0:05 K DTc pm2 as predicted by the Ginzburg–
Landau model. The solid line is to guide the eye.

It was found that both m2 and DTc are suppressed
quasi-linearly with pressure and vanish at a critical
pressure pc B0:35 GPa. Interestingly, a smooth
variation of DTc as function of m2 is found when
both the pressure and Pd doping data are plotted
in one diagram (Fig. 11). This establishes a ﬁrm
link between DTc and m2 : Only for small splittings
DTc pm2 (DTc o50 mK). The behaviour at larger
splittings evokes the need for a more sophisticated
Ginzburg–Landau expansion with terms beyond
the fourth order.

6. Magnetic quantum critical point near x ¼ 0:006
The magnetic transition temperatures for the
SMAF (Section 3) and the LMAF (Section 4)
phase are plotted as a function of Pd content in
Fig. 12. The magnetic phase diagram of the
pseudobinaries U(Pt1xPdx)3 shows that SMAF
and LMAF are distinct phases. The differences
between the SMAF and LMAF can be summarised as follows: (i) the order parameter for the
SMAF is unusual and grows quasi-linearly,
indicating a cross-over phenomenon, while the
order parameter for the LMAF is conventional
and conﬁrms a real phase transition, (ii) TN for the
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Fig. 12. Magnetic and superconducting phase diagram for
U(Pt1xPdx)3 alloys. SMAF=small-moment antiferromagnetic
phase, LMAF=large-moment antiferromagnetic phase,
SC=superconducting phase. The N!eel temperatures TN are
measured by neutron-diffraction (J and .) [6], speciﬁc heat
(&) [11] and mSR (m) [7,8]. Resistively determined superconducting transition temperatures Tcþ () are taken from Ref.
[27]. The solid lines are to guide the eye.

SMAF does not change with Pd content (or
pressure), while TN of the LMAF compounds
follows a rather conventional Doniach-type phase
diagram, (iii) SMAF is not observed in zero-ﬁeld
mSR experiments (and NMR experiments) in
contrast to LMAF. The latter point provides
strong evidence that the ordered moment of the
SMAF phase ﬂuctuates at a rate >10 MHz. The
size of the ordered moment as a function of Pd
concentration is plotted in Fig. 13. The moment
ﬁrst increases slowly from 0.01870.002mB/U-atom
for pure UPt3 to 0.03670.003mB/U-atom for
0.5 at% Pd. For higher Pd concentrations
(xX0:01) the moment rises much more rapidly.
The change in slope of mðxÞ between x ¼ 0:005
and x ¼ 0:01 is another signature that SMAF and
LMAF are distinct phases.
The neutron-diffraction and mSR data presented
in Sections 3 and 4 showed that TN for the LMAF
phase dropped from B6 K for x ¼ 0:05 to B1.8 K
for x ¼ 0:01: On the other hand, for x ¼ 0:005;
TN o0:04 K as was concluded from zero-ﬁeld mSR
experiments on a polycrystal down to 0.04 K [7]
and single-crystal neutron-diffraction data down

0

2

4

6

8

10

Pd concentration (at. %)
Fig. 13. SMAF and LMAF ordered moments as function of Pd
concentration in single-crystalline U(Pt1xPdx)3 alloys. The line
is a guide to the eye.

to 0.1 K [6]. This indicates that LMAF emerges
between x ¼ 0:005 and 0.01. In order to determine
this part of the phase diagram in more detail,
transverse ﬁeld (B ¼ 0:01 T) mSR experiments were
performed on polycrystalline U(Pt1xPdx)3 samples with x ¼ 0:007; 0.008 and 0.009 [8]. The mSR
spectra were analysed using the damped-Gauss
muon spin depolarisation function PDG ðtÞ ¼
ADG cosðotÞexpðlE t  D2 t2 =2Þ: Here, ADG B0:3
is the asymmetry and o¼ 2pnm ; with nm the
precession frequency of the muon. The Gaussian
damping rate D is temperature independent and
ﬁxed at the observed Pt nuclear depolarization rate
B0.06 ms1. In Fig. 14 the T dependence of the
exponential damping rate lE ðTÞ is shown for all
the three samples. At the highest temperatures lE
is very small B0.003 ms1 and essentially T
independent. Upon lowering T; lE increases, due
to the dephasing of the muon precession frequency, which is attributed to an emerging
additional source of magnetism. The additional
source of magnetism becomes stronger when the
Pd concentration increases, and its onset temperature is associated with the Ne! el temperature TN for
LMAF. Values of TN were extracted by expressing
the observed exponential damping rate as lE ¼
lBG þ lLMAF ; where lBG and lLMAF are due to the
background and the LMAF phase, respectively.
lBG may account for small variations of the actual
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Fig. 15. Magnetic and superconducting phase diagram for
U(Pt1xPdx)3 alloys with xo0:012: The meaning of the symbols
is the same as in Fig. 12. The solid lines serve to guide the eye.

Fig. 14. Temperature variation of the exponential relaxation
rate, extracted from transverse ﬁeld (0.01 T) mSR spectra, for
U(Pt1xPdx)3 with x ¼ 0:007; 0.008 and 0.009. The solid lines
show the quasi-logarithmic increase of lLMAF below TN and the
temperature-independent background lBG above TN :

depolarisation rate due to Pt nuclear moments, as
in the ﬁtting procedure the ﬁxed value
D ¼ 0:06 ms1 was used. The super-linear increase
of lLMAF is unusual, and can be described
phenomenologically, in this limited T interval, by
a quasi-logarithmic increase lLMAF B  lnðT=TN Þ:
Making use of this functional dependence and
imposing lLMAF ¼ 0 for T > TN ; the following
values of TN are extracted: 1.2370.10, 0.7870.10
and 0.4570.15 K for x ¼ 0:009; 0.008 and 0.007,
respectively. These values of TN closely follow the
Doniach-diagram type of behaviour obtained for
xX0:01 (see Section 4). Fig. 13 then shows that the
LMAF phase line smoothly extrapolates to TN ¼
0 at xc;af E0:006: The results show that it is the
LMAF phase which presents the magnetic instability in U(Pt,Pd)3 and not SMAF. This is
consistent with recent transport measurements on

polycrystalline U(Pt,Pd)3 [28], which show clear
deviations from Fermi-liquid behaviour in the
vicinity of xc;af ; as predicted for a quantum critical
point [29].
In Fig. 15 the magnetic and superconducting
phase diagram is shown for xo0:012: The superconducting (Tcþ ) phase-transition temperatures
have been taken from Ref. [27]. Inspecting the
phase lines TN ðxÞ and Tcþ ðxÞ plotted in Fig. 15, it
follows that the critical concentration for the
suppression of superconductivity coincides with
the critical concentration for the emergence of
LMAF, xc;s ¼ xc;af E0:006: The notion that the
antiferromagnetic quantum critical point is not
found in pure UPt3, but is reached upon doping,
may end the longstanding debate of how an oddparity superconducting state can arise [30], while
the dominant ﬂuctuations seem to be of antiferromagnetic nature [10]. In order to resolve this
controversy, it is proposed that Pd doping leads to
a shift of the spectral weight from ferromagnetic to
antiferromagnetic ﬂuctuations. This idea is supported by the anomalously high rate of suppression of Tcþ upon Pd substitution [27]. A shift of the
spectral weight from ferromagnetic to antiferromagnetic ﬂuctuations is not uncommon near a
quantum critical point, where the many energy
scales become comparable and competition between various phases becomes important. Indeed,
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inelastic neutron scattering experiments carried
out on pure UPt3 [31] show that the magnetic
ﬂuctuation spectrum is complex and has both
antiferro- and ferromagnetic components.

7. Concluding remarks
The main ﬁndings of the neutron-diffraction
and mSR experiments on the pseudobinary series
U(Pt1xPdx)3 can be summarized as follows. The
heavy-fermion material UPt3 is close to an
antiferromagnetic instability, however, it is the
LMAF phase which represents the magnetic
instability and not the SMAF phase. The critical
Pd concentration for the emergence of the LMAF
phase is xc;af E0:006: LMAF competes with superconductivity, as the critical concentration for
superconductivity xc;sc ¼ xc;af E0:006: This suggests that superconductivity is not mediated by
antiferromagnetic interactions, but rather by
ferromagnetic spin ﬂuctuations, which cannot
coexist with long-range antiferromagnetic order.
The SMAF phase is stable upon doping with Pd
and the tiny ordered moment grows with increasing x: The increase mðxÞ correlates with the
increase of the superconducting temperature splitting DTc ; which provides additional evidence for a
description of unconventional superconductivity
with the E-representation Ginzburg–Landau scenario, where the SMAF phase provides the
symmetry-breaking ﬁeld. The failure to detect the
SMAF phase in the zero-ﬁeld mSR experiments
indicates that the moment is ﬂuctuating in time
with a frequency >10 MHz.
Clearly, the heavy-fermion properties of UPt3
are related to the proximity to a magnetic
quantum critical point. The existence of quantum
critical point in the phase diagram at xc;af E0:006
is supported by a decrease of the Fermi-liquid
exponent in the temperature dependence of the
resistivity (n ¼ 2) to a value nB1:55 [28], i.e. close
to the value n ¼ 1:5 predicted [29] for an antiferromagnetic quantum critical point. Correspondingly, for the speciﬁc heat it is predicted
cBgT  aT 3=2 [29]. It would be of interest to
investigate the speciﬁc heat at xc;af : This would
require high-precision speciﬁc heat data, as the
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effect of doping on the low-temperature speciﬁc
heat is small for xp0:01: For pure UPt3, the
speciﬁc heat shows a T 3 lnðT=T  Þ Fermi-liquid
correction term [2,9].
In the case of U(Pt,Pd)3 the occurrence of
LMAF can be parametrised, to a certain extent, by
the reduction of the c/a ratio upon alloying. The
application of pressure has the opposite effect,
since pressure increases the c/a ratio due to the
anisotropy in the linear compressibilities (kc oka )
[9]. These effects are, however, small and a
satisfactory quantitative analysis is hampered by
the limited accuracy in the values of the lattice
constants and compressibilities. Pressure experiments, carried out on the 5 at% and 7 at% Pd
samples show that doping 1 at% Pd corresponds
to an external pressure of about 0.33 GPa [32]. In
the case of 5 at% Pd it was demonstrated by
speciﬁc heat experiments under pressure [33] that
the LMAF state was fully suppressed at
B1.6 GPa, thereby recovering the situation at the
magnetic quantum critical point. Notice that the
loss of the LMAF phase near xB0:10 (see Fig. 12)
is related to changes in the crystal structure.
The nature of the SMAF phase remains
puzzling. TN is insensitive to doping and pressure,
but also to strong magnetic ﬁelds (12 T) as
demonstrated by neutron diffraction [21]. There
is still some debate whether the SMAF phase has a
single-k or triple-k structure. The high-ﬁeld
neutron diffraction data [21] do not support
magnetic domain repopulation, which is in-line
with a triple-k structure. However, neutron
diffraction data taken under uniaxial pressure
[34] support a single-k structure. These recent
neutron scattering experiments on the SMAF
phase are discussed in Ref. [35]. In the case of
LMAF, the magnetic structure is single-k. Neutron-diffraction experiments carried out on
U(Pt0.95Pd0.05)3 as function of an external ﬁeld
applied in the basal plane [36], showed the
formation of a single-domain sample in 5 T.
Finally, whereas SMAF is not observed in zeroﬁeld mSR studies, it shows up in transverse-ﬁeld
studies on single-crystalline samples [37]. For a
ﬁeld up to 2 T directed in the basal plane two
distinct and isotropic Knight shifts are observed.
While the volume fractions associated with the two
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Knight shifts are approximately equal at low and
high temperatures, they show an opposite temperature response around TN B6 K. This is indicative of a decreasing ﬂuctuation rate of the tiny
moment in a magnetic ﬁeld. The observation of
two mSR signals of almost equal amplitude, while
only one single muon stopping site has been found
[38], is possibly related to the small trigonal
distortion of the hexagonal lattice, recently reported in Ref. [39].
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