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Coexistence of Local Moment Magnetism and Heavy-Fermion Superconductivity in UPd,Al3
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We report muon spin rotation measurements on the antiferromagnetic heavy-fermion superconductor
UPd,Al; in the superconducting state. The London penetration depth is found to be approximately
isotropic, A, (0) = 4800 + 500 A and A4(0) = 4500 = 500 A. The p* Knight shift behavior below T.
indicates that local moment magnetism and superconductivity are carried by different electron substrates

of 5f character, one of which involves the heavy quasiparticles.

For the latter a nearly isotropic

magnetic susceptibility y = 1.7 X 1073 emu/mole can be estimated.

PACS numbers: 74.70.Tx, 75.30.Mb, 76.75.+i

The large variations in the ground state properties
of the six known heavy-fermion (HF) superconductors
has to date prevented the development of a consistent
microscopic theory of HF superconductivity [1,2]. A
prominent puzzle is the coexistence of superconductivity
and antiferromagnetic (AFM) ordering in most of these
compounds, believed to arise from the same set of f
electrons. While for CeCu,Si, there is evidence that
both phenomena are in competition [3-5], they appear
to coexist homogeneously in the U-based systems. In
UPt; [6], U, Th,Be;; [7], and URu,Si, [8] very small
ordered moments of the order of (1073-10"2)u /U atom
have been observed. In contrast, the recently discovered
HF superconductors UNi,Al; [9] and UPd,Al; [10]
exhibit relatively large ordered moments [(0.12-0.24)up
[11,12] and 0.85up [13], respectively]. The simple AFM
structure of UPd,Al; (Ty = 14 K [10,13]) is believed
to be carried by local moments [14]. Moreover, in
the latter two compounds, as well as in URu,Si,, the
AFM ordering, established well above T, is essentially
not affected by the superconducting transition [8,11,15].
This fact is intriguing in view of the unquestionable 5f
character of both the heavy quasiparticles forming the
Cooper pairs and the electrons forming the AFM state.
In the present Letter we wish to address this problem. On
the basis of our results we will argue that in UPd,Al,
superconductiviy and magnetism behave as arising from
different electron substates of 5f character.

The present transverse field (TF) muon spin rotation
(#SR) measurements have been carried out on single
crystalline samples that were synthesized and character-
ized as reported previously [16] and that exhibit 7T, =
1.7 K. The uSR data have been recorded at the low
temperature uSR facility and the general purpose uSR
spectrometer at the Paul Scherrer Institute. From mea-
surements of the anisotropies of the u* Knight shift and
depolarization in the normal state (not shown) we unam-
biguously determined that all implanted u* stop at the
interstitial b site (0 O 1/2) in the hexagonal unit cell,
in agreement with earlier conclusions [17]. Only at this
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symmetric site the internal fields produced by the mag-
netic sublattices in the AFM ordered state cancel and
thus no spontaneous u* Larmor precession is observed.
This particular feature allowed us to study the u* Knight
shift and TF u* depolarization also below Ty. The mea-
surements have been carried out (on field cooling) in
fields of Hexe = 350 Oe, 5 kOe, and 10 kOe for the two
principal orientations Heyllc and Helc, covering the
temperature range 25 mK = 7 = 2.5 K with the aim of
studying the temperature and orientation dependence of
the London penetration depth A and the u* Knight shift
in the superconducting state. In the following we will
first describe the evaluation of these two parameters from
the data and then discuss the experimental results.

A TF uSR measurement of the time dependence of the
muon polarization G(¢) allows one to determine the shift
and the distribution of the ™ Larmor precession frequency
and thus of the internal magnetic field B at the u* site.
In an external magnetic field Hexx > H.; the formation
of the flux line lattice (FLL) in type-II superconductors
produces inhomogeneities of both the superconducting
order parameter ¢ and the magnetic field. The latter
will give rise to an additional depolarization of the p™*
precession signal. From previous measurements of the
temperature dependence of the TF u* depolarization rates
on a polycrystalline sample [17], it is known that between
T. and Ty an enhanced p* depolarization is primarily
caused by small internal fields produced by distortions of
the magnetic sublattices and it is best described by an
exponential exp(—Arz). It has been proven by zero field
1SR that the internal fields do not change below 7, and
are present in the entire sample volume [17,18]. This
indicates that the magnetism is not affected by the onset
of superconductivity, but coexists with superconductivity
on a microscopic scale below T, consistent with neutron
scattering results [15]. Since the two sources of the field
inhomogeneity below T, are of independent origin we may
describe the time dependence of the u* polarization G(r)
by a two channel expression,

G(t) = exp(—Aot)GrLL(?), 0
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where Ay is the saturation value of A above T. [19] and
GrLL(?) corresponds to the Fourier transform of the mag-
netic field distribution n(B). The second moment (A B?) of
n(B) as a function of A and H.,, can be calculated from a
modified London model that includes also the contribution
of the vortex cores to n(B) [20]. The parameters charac-
terizing Grr1 (¢) have to be determined by a fit procedure
from the measured G(¢) [21]. The choice of the fit function
for GgLL faces two complications. First, the Fourier trans-
form of n(B) cannot be represented by a simple analytical
function. We will follow the usual practice to approxi-
mate it by a Gaussian exp(—o2¢2/2) where o> = y,(AB?)
is assumed (y,, is the gyromagnetic ratio of the x*). This
introduces systematic uncertainties in the evaluation of the
penetration depth A from the fitted o. This problem is cir-
cumvented by comparison of the fits to the experimental
data with fits to simulated data [22]. The A values quoted
below were obtained by such a procedure. The second
complication arises from the inhomogeneity of the super-
conducting order parameter . Itis zero in the vortex core
centers and rises to its maximum value ¢,.x within the dis-
tance of a few coherence lengths from the core centers. A
change of the u* Knight shift K due to the formation of
Cooper pairs will be coupled to . Thus also K will ex-
hibit an inhomogeneous distribution below 7, with a value
nearly equal to the value above T, in the vortex core cen-
ters and maximum change of K between the cores. This
effect will lead to an additional broadening of the field dis-
tribution experienced by the u* and must be taken into ac-
count, if the shift below 7. is of similar magnitude as the
width (AB?)!/2. Our approach will be to separate the core
(c) from the intercore (ic) regions in the fits. We approx-
imate the spatial variation of ¢ by ¢ = 0 in the core and
¢ = max in the intercore region. The volume fraction oc-
cupied by the cores is approximately Hey:/ H:;(T) [20,23].
Thus we apply the two component fit function
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FIG. 1. Temperature dependences of the TF u* depolariza-
tion rate o as defined in Eq. (2) in fields of He = 350 Oe,

5 kOe, and 10 kOe, respectively. Left side: H Lc axis; right
side: H||c axis. Lines are guides to the eye.
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1
GrLL(f) = accos(w 1) + ajcexp(—5 o?1?) cos(wict)

(2)
where the ratio of the amplitudes is fixed to the theoretical
value a./(a. + ai;) = Hex,/H:Z(T) and w. is fixed to its
value above T, [24]. Note that the parameters relating to
the intercore region now carry all the relevant information.
Equations (1) and (2) yielded excellent fits to the data. The
relative frequency shift in the intercore region is given by

K* = wie/VuHex — 1. (3)

The observed temperature dependences of o and of
the frequency shifts K f," in the intercore volume fraction
are shown in Figs. 1 and 2. The shift of 7, with field,
clearly observable in Fig. 1, is in good agreement with
the published value 0H.,/dT = —43 kOe/K [10]. Given
the present accuracy, the behavior of ¢ is practically
independent of orientation and its field dependence is
well in line with the behavior expected from the modified
London model [20]. Comparison of the present results
with simulated data (see description of the procedure
above) yields for the penetration depth A, (0) = 4800 =
500 A and Aj(0) = 4500 + 500 A. These values are
somewhat smaller than the results from previous wSR
experiments, where A(0) = 6250 = 1250 A was found in
a polycrystal [17] and Aj(0) = 6500 A was estimated
from a measurement at H,; = 1.2 kOe [18], respectively.
This discrepancy is probably due to sample quality that is
reflected in different 7. values (7. = 1.5 K in [17,18]).
On the other hand, they agree quite well with the
value A(0) = 4400 A derived indirectly from dH./dT
measurements [10,17] on a polycrystal (7, = 2 K).

The present results are the first determination of the
isotropic character of the penetration depth in UPd,Al;
and are consistent with the approximately isotropic behav-
ior of the upper critical field H., [16,25,26] if an isotropic
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FIG. 2. Temperature dependences of the relative frequency
shifts K and K¥ [defined in Eq. (3)] in fields of He, = 5 kOe
and 10 kOe. The data are not corrected for demagnetization
fields. Lines denote the frequency shifts at T — T.(T > T.).
Errors are of size of the symbols.
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Fermi surface is assumed. Unfortunately, due to the rel-
atively large penetration depth and the associated rather
small u* depolarization rates o, our data are not accurate
enough to allow a distinction between an ‘“exponential”
and a power law behavior of A(T — 0), and consequently
no information on the symmetry of the superconducting
order parameter can be provided.

We now discuss the u* Knight shift results. The
relative frequency shifts K f," at the axially symmetric b
site are given by

K| = (Ac + Adgip)xsf. + AdLXbulk| )
and

K} = (A, - %Adip)XSf,.L + AL Xbulk,L » 5)
where the first term is the 4 Knight shift K and the sec-
ond term arises from demagnetization and Lorentz fields.
The non-5f contribution to the total shift is negligible
and is thus omitted. Assuming constant hyperfine cou-
pling A. and dipole coupling Agip, the Knight shift is a
direct measure of the 5f susceptibility associated with
the nearest U neighbors of the u* (or probe nucleus in
NMR). The data presented in Fig. 2 are not corrected
for demagnetization and Lorentz fields, which contribute
about —0.025% for Hllc and —0.084% for H Lc to the
total shift at 2.5 K. Since ypux is strongly dominated
by xss, these contributions mirror the behavior of the 5f
susceptibility as well. From investigations of the normal
state u* Knight shift (not shown) it can be concluded
that the hyperfine contact coupling A, does not change at
least down to 2.5 K in agreement with Al NMR findings
[27]. One finds A, = 1.1 kG/up. It is smaller than the
dipole contribution Ag4i, = 3.3 kG/up. The anisotropy of
the dipolar contribution leads to opposite signs of the total
shifts KIT, K’ (see Fig. 2), in contrast to the Al NMR
Knight shift which is dominated by the contact coupling.
The field dependence of K7 is in line with the known field
dependence of the susceptibility [28].

Significant reductions of KI,II are observed below
T.. The relative frequency shift change AK caused
by the formation of Cooper pairs can be expressed as
AK = K* — K, = (wic — ®.)/YuHex:. Most interesting
is the fact that AK) is negative while AK, is positive.
The shifts are reduced by |AK;/K;| = 44(2)% for I:illc
and 18(2)% for H.lc at 5 kOe, and 30(2)% for Hllc
and 11(2)% for HLlc at 10 kOe, respectively. These
observations agree very well with the results from 2’Al
NMR measurements [27].

A diamagnetic shift due to flux expulsion cannot
account for the observed behavior, since it would be
negative, independent of the orientation. The observed
frequency shifts at He, = 350 Oe, however, in contrast
to the shifts at 5 kOe and 10 kOe, are dominated by the
diamagnetism below T, and are estimated to correspond
to a field of 0.8 Oe, consistent with previous results
on a polycrystalline sample [17]. Thus we expect for
the diamagnetic shift |K4a| = 100 ppm at 5 kOe and a
much smaller value at 10 kOe. A reduction of A, cannot

account for the observations as well. From Egs. (4)
and (5) it follows that a change of A. would lead to
shifts of the same sign for both orientations and the
magnitude of X; would be much larger than that of K
(because y, =~ 3y; at T — 0), in clear contrast to the
observation. We conclude that the hyperfine coupling A,
determined by the RKKY mechanism, is constant over
the whole temperature range 0.1 < T < 300 K, consistent
with the observation that the magnetism is unaffected
below 7. [15]. The dipolar coupling Agip, however, is
determined by the lattice geometry and is constant below
T.. Thus the only explanation for the observed Knight
shift reduction is that it reflects a partial reduction of
the 5f susceptibility, xss, in the superconducting state.
Note that the similar interpretation of the NMR Knight
shift, for which the dipolar fields are negligible, was
based on the a priori assumption of a constant A, [27].
The uSR results, in contrast, being strongly dependent
on the dipolar fields, allow a direct determination of
xsr- Since the frequency shifts reflect the behavior
of the 5f susceptibility, namely, AK; /K. « Ax:/xi
one can derive from the observed frequency shift
reductions absolute values for the susceptibility reduc-
tions. With yy(T — T.) = 3.88 X 1073 emu/mole and
x. (T —T.) =995 X% 1073 emu/mole (measured at
He = 6 kOe), we obtain for T — 0 Ay = 1.7(1) X
1073 emu/mole and Ay, = 1.8(2) X 107> emu/mole.
For He = 10 kOe Ay = 1.2(1) X 1073 emu/mole and
Ay, = 1.2(2) X 1073 emu/mole are derived. Surpris-
ingly Axss is approximately isotropic, in contrast to the
total 5f susceptibility for T — T.. Clearly A yss is asso-
ciated with the superconducting heavy electron system.
A susceptibility reduction in the superconducting state
is compatible with singlet pairing. Strong evidence for
singlet pairing has been found in the previously reported
pronounced paramagnetic limiting of H.,(T) [17]. Since
superconductivity in UPd;Al; is known to show clean
limit properties [17], one expects that almost all (heavy)
electrons outside the vortex cores have condensed into
Cooper pairs at T — 0. The observed field dependence of
A xss is most probably connected with the paramagnetic
limiting effect. It causes a breaking of Cooper pairs in the
intercore region and hence an increase, with increasing
field, of the number of unpaired electrons that contribute
to the 5f susceptibility. Thus Ays; = 1.7 X 1073 emu/
mole is a (lower) estimate for the total 5f susceptibility
connected with those electrons which carry the supercon-
ductivity. Note that the isotropy of A xsy is characteristic
of an itinerant electron system.

On the other hand there is clear evidence that es-
sentially localized S5f electron states exist in UPd,Al;.
Thus, crystal electric field effects result in a pronounced
anisotropy of the magnetic susceptibility with an easy
basal plane [26,28]. The residual (xsy — Axsy) for T —
0, which is clearly anisotropic, is associated with the local

moments also responsible for the AFM ordering, that is,
not affected by the superconducting transition [15]. Re-
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cently it was shown by polarized neutron scattering that in
UPd,Al; the magnetization density induced by an exter-
nal field is essentially localized at the U ions [29]. How-
ever, from the same measurements it was concluded that
at 36 K a fraction Ay = 2.1(4) X 1073 emu/mole of the
total susceptibility is carried by more delocalized elec-
trons. Our results imply that they correspond to electron
states of 5f character.

The present results lead to conclusions similar to those
drawn recently from specific heat measurements under
pressure [14], namely, that the electrons behave as if they
were separated into two rather independent subsystems
of 5f character. One subsystem carries the local mo-
ment antiferromagnetism, and is connected with a strongly
anisotropic susceptibility and a 20% contribution to the
T linear specific heat « yT [14]. The second subsystem
is a more itinerant one, characterized as a “heavy elec-
tron system” by a large Sommerfeld coefficient of the spe-
cific heat (y = 115 mJ/mole K? [14]) and is responsible
for the superconductivity. We have shown that the latter
system possesses an approximately isotropic susceptibil-
ity. Most interestingly, an estimation of the susceptibil-
ity of this electron system from vy yields, on the basis of
a simple free electron picture, y = 1.6 X 1073 emu/mole,
in close agreement with the present result.

The idea of possible coexistence of different electronic
subsystems of 5f character in HF compounds to our
knowledge was first inferred from xSR findings in UCus
[30]. The observation of electron states of localized as
well as itinerant character may reflect the separation of 5f
electron spectral weight in the density of states between a
dominant localized component far below the Fermi surface
and itinerant degrees of freedom in the form of a narrow
quasiparticle band at the Fermi surface. Taking into ac-
count this “dual” nature of f electrons a phenomenological
model has been proposed [31], in the framework of which
the appearance of HF magnetism with strongly reduced or-
dered moments could be qualitatively explained. Whether
the coexistence of local moment magnetism with indepen-
dent itinerant electronic degrees of freedom can be under-
stood in that framework is an open question. An alterna-
tive approach is to assume that the Fermi surface is divided
into two regions associated with electron states of different
characteristic energies k7™ [14], implying anisotropic hy-
bridization between f and conduction electrons. Which of
these approaches yields a more correct description of the
electron states in UPd,Al; has to be clarified by further
experimental and theoretical efforts.

To conclude, we have found the London penetration
depth to be essentially isotropic as well as the magnetic
susceptibility reduction below 7.. The total susceptibil-
ity, however, remains strongly anisotropic. This is ex-
plained in terms of two rather independent electron sub-
systems of 5f character, one of which is identified with
the itinerant heavy quasiparticle system that is responsi-
ble for the superconductivity. The other one represents
more local 5f electrons and is responsible for the anti-
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ferromagnetic order.
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