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Abstract. We report on transverse field (TF) Muon Spin Rotation (#SR) measurements on a single crys-
tal of the hexagonal heavy fermion superconductor UNi2Als between 5 K and 300 K. From the measured
muon (p*) Knight shift (KS) in the easy (a,b)-plane and along the c-axis we extracted the local magnetic
susceptibility tensor X local, Which arises from the nearest U-neighbors. By comparison with the bulk sus-
ceptibility Xiot it is found that X loc and X tot agree well above 150 K but deviate considerably in the basal
plane below 150 K, due to the disturbance introduced by the p . We succeed in reproducing both Xtot (T)
and Xioc (1") on the basis of a crystalline electric field (CEF)-approach assuming U to be in the tetravalent
(U*T) state. The disturbance introduced by the u* affects the CEF-Hamiltonian in an expected manner,
suggesting strongly that a CEF-picture implying a rather local 5 f-electron wave function is indeed valid.
Reanalyzing older data on UPd2Als we arrive at the same conclusion. A necessary condition for extracting
the local susceptibility was the knowledge of the p"-site, this information was derived from the analysis of
the TF-relaxation rates. At low temperatures we found about 30% of the implanted u* at the d-site and
none at this site above 200 K. The majority fraction was found to be in a tunneling state over six m (or
k)-sites around the b-site. No long range diffusion was seen up to room temperature.

PACS. 76.60.Cq Chemical and Knight shifts — 71.70.Ch Crystal and ligand fields — 76.75.4+1 Muon spin

rotation and relaxation

1 Introduction

The apparent coexistence of superconductivity and mag-
netic order in certain so called heavy fermion systems,
intermetallic compounds based on rare earth (Ce, Yb) or
actinide (U) ions, is a rare phenomenon which is still not
understood in many respects. It is not even clear whether
the Ce- or U-compounds are governed by the same physics.
In particular, the meaning of coexistence is ambiguous:
is it of a microscopic or a macroscopic nature? Are the
same or different electron states involved, associated with
heavy or light masses, with different parts of the Fermi sur-
face, with local or itinerant behavior? The hexagonal and
isostructural compounds UPdsAl3 and UNisAlg in which
the coexistence of magnetic order and superconductivity
was discovered eight years ago [1,2] are still of much in-
terest in this respect since, despite their close similarity,
both the superconductivity and the magnetic order are
quite different and also the paramagnetic phase displays
different properties. UPdsAls orders below Ty = 14.5 in
a simple antiferromagnetic structure, consisting of ferro-
magnetically arranged moments in the (a, b)-planes which
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are stacked antiferromagnetically [3]. The ordered moment
amounts to ~ 0.85 up. The compound becomes supercon-
ducting below T, ~ 2 K and, as shown by neutron scat-
tering, the magnetic and superconducting order parame-
ters are not independent of each other [4,5]. In contrast,
UNigAlz develops an incommensurate spin density wave
with propagation vector (%:l:T, 0, %) (t = 0.11£0.003) and
a maximum amplitude of 0.21(1)ug below Tn = 4.6 K.
Superconductivity sets in at ~ 1.2 K. Again the mag-
netic and superconducting states are coupled [6,7]. NMR
investigations of the spin dynamics in both compounds
have revealed pronounced differences [8]. In UNipAls the
spin lattice relaxation peaks sharply at Ty, while such
a peak, signaling a critical slowing down of the spin dy-
namics, is absent in UPdyAls. Interestingly, NQR mea-
surements show also no peak in UNizAlz [9]. In UNipAls,
far above and below Tn, 1/7; shows the characteristics
of a weak itinerant antiferromagnetic system with wave
number dependent spin fluctuations, persisting below Ty
and peaking around the antiferromagnetic wave vector
Q [8]. In contrast, in UPdyAls, 1/T} becomes temperature
independent above 60 K (a common property in heavy
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electron systems) and reflects Fermi liquid behavior
(TZ'T = const.) far below Ty, i.e., below 4.2 K. In ad-
dition, the opening of an energy gap below Ty is indi-
cated [8]. The temperature dependence of 1/T7 of both
compounds below T, can well be explained in terms
of an anisotropic energy gap model, implying d-wave
pairing [8,9].

Several experimental results have provided evidence
that in UPdyAl; itinerant (bandlike) as well as local 5f-
electron states coexist [10-12]. The itinerant, “heavy”
electrons are thought to be responsible for the supercon-
ductivity, while the more local states develop the antifer-
romagnet order. Corresponding investigations on UNigAlg
are lacking. This dual character of the 5 f-states seems not
to be inconsistent with recent band structure calculations
using the local spin density functional approximation [13].
This calculations succeed, in particular, in reproducing de
Haas van Alphen results [14], and would strongly support
an itinerant-electron picture for UPdyAls, but fail to ex-
plain quantitatively the very anisotropic magnetic suscep-
tibility x and its temperature dependence [15].

The magnetic susceptibility x in UNigAls [16] and
UPd3Al; [15] are both similar and quite distinct (see also
Figs. 10, 11 below). When the external field B is applied
along the crystalline c-axis, the magnetic susceptibility
of both compounds is small and only weakly tempera-
ture dependent. In UPdyAls for B applied in the basal
(a,b) plane a pronounced maximum in y is observed at
~ 39 K. Above 100 K y, follows a Curie-Weiss behavior.
In UNipAls for the same orientation y is much smaller
(at 35 K by a factor of ~ 3) and the now shallow maxi-
mum has moved to ~ 110 K. Up to room temperature no
Curie-Weiss behavior is observable. The overall behavior
of X in UPdyAl3 is very similar to what is observed in
the isostructural compound PrNis [17]. Here the behavior

of X is fully explained on the basis of the crystal electric
field (CEF) splitting of the 4f2 3Hy ground state multi-
plet of Pr3*, the existence of which is seen also directly in
inelastic neutron scattering [18]. This close similarity lead
the authors of reference [15] to consider a CEF-picture
also for UPdsAls, which implies the presence of a rather
local 5 f-electron wave function. Assuming the tetravalent
state U4t with 2f-electrons, like in Pr3*, the measured

; could be very well reproduced, in particular the max-
imum in y,; at 38 K. The same CEF-approach provided
also a reasonable account for the temperature dependence
of the specific heat [19]. A CEF-picture is also not in-
consistent with magnetization density measurements with
polarized neutrons [20], and recent X-ray magnetic cir-
cular dichroism work on UPd;Als points to strong crys-
tal fields acting on the U-ions [21]. A direct observation
of a CEF-split ground state of UPdyAl3 may have been
seen by inelastic neutron scattering [22], but the evidence
appears to be weak, although the excitation energies are
consistent with the analysis of reference [15]. Theoretical
approaches [13,23] start from an itinerant picture. The
situation in UNiyAlz is even less clear, but also in this

compound a CEF-scheme was adopted to explain X [24].
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Hence it is deemed important to collect further in-
formation which could help in our understanding of the
complex behavior of UNisAls and UPdsAls. In this paper
we report on a uSR-study of monocrystalline UNip Als in-
tended to shed light on the question of the importance
of CEF-effects or the presence of local 5 f-wave functions
versus an itinerant picture. The idea is to measure the
modification in the local magnetic response brought about
by the presence of the implanted positive muons (u™),
which act as a local disturbance. The response to this dis-
turbance should depend on the local intrinsic electronic
properties. The local magnetic response is monitored via
the uT Knight shift by measuring with high precision the
Larmor frequency in a field applied transversely to the
spin polarization of the implanted p* [25]. Similar work
has been performed before in PrNis [26] and Prlng [27].

In the next section some details on the experiment are
provided. In order to extract the local susceptibility from
the p* Knight shift, the implanted p*-position and pos-
sible motional state have to be known. This information
is deduced from the dephasing rate of the transverse field
(TF) pSR-signal. This part of the work is presented in Sec-
tion 3. Section 4 discusses the Knight shift results, their
analysis and interpretation (including previous results on
UPdsAls). The conclusion will be that a CEF-model, i.e.
a local 5f-electron state provides a consistent picture of
our results. Finally, a summary is given in Section 5.

2 Experimental details

The experiments were performed on the surface muon
beam line 7M3 of the PSI 600 MeV-proton accelerator fa-
cility using the general purpose spectrometer GPS in the
“veto mode”, which suppresses essentially all events not
connected with p*-stops in the sample, even if the sam-
ple is quite small. In our case the monocrystalline UNigAlg
sample had the form of a cylinder with 7.6 mm length and
a diameter of 3.2 mm. It was oriented with the cylinder
axis (= crystalline a-axis) perpendicular to the py*-beam
and was attached to the target holder by an essentially
massless tube made out of mylar foil so that in effect
only the sample produced good muon decay positrons.
The positrons were recorded in the three detector tele-
scopes placed above, below and sideways of the sample in a
plane transverse to the u™-beam. Generally the transverse
field (TF) puSR-technique [28] was applied, i.e., the Lar-
mor precession of the u™ was observed. The external field
(5mT—0.6T) was oriented parallel to the incoming u*
beam and the incoming pT-spin polarization was turned
towards a perpendicular orientation by means of a spin
rotator. The sample was located inside a He-flow cryostat
which allowed to set temperatures between 2 K and 300 K.
The sample could be rotated around the cylinder axis
(= a-axis) so that the external field B could be ro-
tated in the (c,b*)-plane. For the Knight shift determi-
nation |B| was either precisely measured by an NMR-
magnetometer or, replacing the UNipAlz sample by a
small silver plate, by measuring the p*-Larmor preces-
sion frequency w,, in Ag. Since the u* Knight shift in Ag
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Fig. 1. Temperature dependence of the two amplitudes (asym-
metries) A; and Ap for B L c-axis (B = 0.6 T). The same
results are obtained for B || a-axis and different B.

is known (~ 94 ppm [24]) one can extract from w, the
applied field to an accuracy of a few ppm.

The single crystal sample was prepared by the
Czochralski method using a tri-arc furnace, the detailed
description is given in reference [16]. Resistivity measure-
ments showed the onset of superconductivity at ~ 1 K.
1SR test-runs in zero field (ZF) below Ty = 4 K showed
that the sample was indeed in the magnetically ordered
state by showing the appropriate oscillating signal [25].

3 Relaxation rates and muon sites
3.1 Results

The transverse-field (TF) pSR-signal was found to be
composed of two distinct components below 200 K, while
above 200 K only one component remained. Correspond-
ingly, the time evolution of the spin polarization of the
implanted muon ensemble, P(t), was best fitted by the
function

2
1
Pt) = Z A; exp(—§oz~2t2) cos(wit + ), (3.1)
i=1

where w; = 7, B,,; are the Larmor frequencies in the lo-
cal fields B, ;. The Gaussian decay functions with decay
constants o; account for the dephasing of the precessing
muons due to a field spread around the average B,, ; (inho-
mogeneous line broadening). The amplitudes A; are mea-
sures of the relative number of muons contributing to the
two components. The fits, performed simultaneously in
all three histograms associated with the three positron
telescopes, yielded a temperature dependence of the A;,
which is shown for B L c-axis (B = 0.6 T), as a typical
example, in Figure 1. Clearly, the second, always smaller
component has died out above 200 K. This component has
not been seen in UPdsAlsz, but it seems to be typical for
UNisAlj since it has also been observed in some previous
preliminary studies on another single crystal of different
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Fig. 2. Temperature dependence of the decay constants o1
and o2 for B L c-axis.

origin [29]. The fact that the relaxation of the two compo-
nents was best fitted by a Gaussian decay function and,
moreover, that the o; appeared temperature independent
(as an example see Fig. 2) implies that no long range diffu-
sion of the p* takes place. The o; thus represent the width
of some static Gaussian field distribution which can only
be associated with the Al nuclear magnetic moments, the
only source of fields which are static on the scale of the pT
lifetime in the paramagnetic state of UNizAls. (The only
other moment carrying isotope is ©'Ni which, however, has
a very low abundance of 1,2% and can be neglected.) As
can be seen from Figure 2, o9 is about a factor of 2 larger
than oq.

With the aim to identify the u* positions associated
with the two components we have measured the orienta-
tion and field dependence of 0; = /M>;, where My ; are
the second moments of the field distributions experienced
by the u. We concentrate mainly on the data taken above
200 K which are easier to analyze (only one component)
and yield more precise information. Below we present the
results, their interpretation will be discussed in the next
subsection.

Figure 3 shows the orientation dependence of ; when
rotating B in the (¢, b*)-plane for low (10 mT) and high
(0.6 T) applied field. The pronounced difference in behav-
ior is known to be the result of quadrupolar interaction of
the 27Al-nuclei (I = 5/2, Q = 0.15 barn) [30]. In the limit
when the Zeeman interaction of the Al-nuclear magnetic
moment is much larger than the quadrupolar interaction,
M>(8, ¢) is given by the well known van Vleck formula [31].
The transition from the dominating quadrupolar regime
to the van Vleck regime was followed by measuring the
field dependence of o7 for the three orientations B || ¢-
axis (# = 0°), B || b-axis (6§ = 90°) and the § = 45°
position in between, and always ¢ = 90°. The results are
shown in Figures 4. Finally Figure 5 displays the orienta-
tion dependence of g5 in high field measured at 5 K. The
latter values are not very precisely determined due to the
small asymmetry of the second component.
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Fig. 3. Dependence of o1 on the orientation of the external
B in the (b*,¢)-plane. (a) B = 10 mT, (b) B = 0.6 T. The
solid lines are the calculated curves for a tunneling p"-state
extended over six m-sites at a distance of [ = 0.8 A from the
b-site. The dashed line represents a calculation for the b-site
and the dotted line for a static m-site occupation (see text).

3.2 Determination of the muon sites

The interstitial position of the highest (6/mmm) symme-
try for space group Déh is site b (using Wyckofl’s nota-
tion), lying at the center of the Al hexagons and situated
midway between two U atoms of a vertical U chain (see
Fig. 6). This site is found to be occupied by the u* in
UPd3Als [32] but, as shown below, this is not the case
for UNiyAls. Therefore, in order to find the muon site in
UNiyAlg, other interstitial sites with lower symmetry have
to be considered.

Within the Al planes and apart from the b-site, the
w* can occupy either m- or k-sites of symmetry Cs,, or d-
sites with D3, site symmetry. The family of six equivalent
m-sites, situated on the bisector lines between neighbour-
ing Al atoms at a distance [ from the b-site, are obtained
by rotations of the point (z,2x,1/2) about the hexad axis
(I/a = 2x/+/3) (the coordinates are defined as usual in
the crystal frame); the b-site is the particular m-site for
x =0, and for x = 1/3 or 2/3 one has the two d-sites mid-
way between two Ni atoms. Similarly, the family of k-sites
is generated by sixfold rotations of the point (z,0,1/2);
a rotation by 30° brings the set of six k-sites into a set
of m-sites. As to the interstitial positions outside the Al
plane (like sites o,1, f, h), these can be excluded as major-
ity muon sites: for the u™ at an 0,7 or f site one should
have a sizeable threefold splitting of the TF-uSR signal
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Qu

Fig. 6. Crystal structure of hexagonal (a = b = 5.207 A,
c = 4.018 A) UNizAls. Indicated are one of the d-sites and a
ring of m-sites comprising the tunneling state. The m-ring is
drawn to scale with £ = 0.8 A (¢ = distance between two
neighboring me-sites; it is essentially also the radius of the
m-ring).

Q Al ONi

due to different Knight shifts which is not seen in the ex-
periment, and no consistent explanation of the data by
assuming h as majority u* site could be found either.

The definition of the m (and k) sites contains the
continuous parameter z, and to find the actual position
R, of the put site, the analysis of the angular dependent
(Gaussian) relaxation rates o (6, ¢; B) is needed. Here 6
is the polar angle of B in the crystal frame (with the z-
direction along the c-axis); the azimuthal angle (measured
from the a-axis) was kept fixed at ¢ = 90°.

As long as the field is sufficiently high for the Zeeman
term to dominate in the nuclear Hamiltonians, the a priori
unknown electric field gradients (EFG) at the nuclei act
only as small perturbations in determining o, the value
of which remains near to its ‘van Vleck’ limit given by a
4th-order polynomial of cos 8 with coefficients determined
only by the u™ position. The data for B = 0.6 T, plotted
in Figure 3b, show this high field regime. In the low field
limit o depends quadratically on cosf, with coefficients
depending strongly on the EFG (Fig. 3a). In the case of
UNigAls the cross-over from low to high field regimes oc-
curs around = 0.1 T, as seen in Figures 4 where field runs
at various fixed crystal orientations are plotted.

In Figure 3b, the measured high-field data for (6, ¢ =
90) at T = 295 K, B = 0.6 T are compared to the pre-
dictions for different interstitial p* sites. In calculating
these theoretical curves a given set of EFG parameters
was used (see below), determined from fitting the low and
medium field data. However, o at the high field B = 0.6 T
is rather insensitive to this choice, being essentially deter-
mined by the p+ position alone. The calculations are plot-
ted for the b-site, for a static occupation of m-sites with
the best fit value of the position (I = 0.46 A), and for an
extended, ‘tunneling’ or tight binding pu+ quantum state
[33] comprising six equivalent m-sites, with the optimum
value | = 0.8 A for this case.
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One sees that the calculated o values for the b site
are overall too small. For the static m-sites (with equal
occupation of the six equivalent positions) the agreement
is better, but the calculated ratio ¢(0)/0(90) is too low,
even for the best value of [ = 0.46 A found for this case.
Also, there is a theoretical argument against localization
of the muon on individual m-sites with such small value
of [. Since any potential barrier for the u* between neigh-
bouring m-sites should disappear continuously at site b,
it must be already low for [/(a/2) = 0.46/2.6 < 1, in ad-
dition to the fact that the distance 0.46 A separating the
two sites is smaller than the bond length in a Hy molecule.
This makes it plausible that the muon easily ‘tunnels’ over
to neighbouring sites, its wavefunction extending over the
ring of the six equivalent m-sites. In fact, the best fit to
the data is obtained by the extended state, for the still
quite small value of 0.8 A for [.

We note that the dipolar fields for the extended p*
wave functions are, for small [, little affected whether the
six maxima are at the m- or k-interstitial positions. In
fact, o(0) in Figure 3b can equally well be reproduced by
assuming the muon localized at the k-sites on the same
ring, distinguishing between these two sites on the basis
of o(0) is, for this small value of [, not possible.

It remains to show that the ‘tunneling’ u* wave func-
tion with the above value of [ is also consistent with the
data measured in medium and low magnetic fields. In this
regime, the value of o cannot even approximately be de-
termined without the knowledge of the eigenvalues and
principal axes of the EFG tensors Fj; at the nuclear sites.

Due to their low (orthorhombic) site symmetry, the Al
nuclei are subjected to an inherent ‘crystal’ field gradient
F even in the absence of T, observed indeed in NMR
experiments [8]. This EFG is then substantially modified
in the neighbourhood of the additional point-charge u*. A
simple but plausible approximation is to assume additivity
of the EFG’s of different origin, F' = F(cr) + F(u), where
F(cr) is the ‘crystal’ contribution (as given by [8]) and
F(u) is the muon-induced axial-symmetric term, derived
from a Coulomb potential ce/|r — R,|, with « as a free
parameter to be found from a fit to our experimental data.

By site symmetry, one principal axis of F'(cr) is par-
allel to the c-axis and a second is along the line connect-
ing the nucleus with the b-site (the third is orthogonal to
these two). The published values [8] vq = 799 kHz for
the quadrupolar frequency and n = 1/3 for the asymme-
try parameter determine the eigenvalues f; of F(cr) as
fao=—fc/3, fo=—2f./3, efe = £14.7 eV/A? (the pos-
itive sign was taken here). We used these NMR, data for
F(cr) as input. As to F(u), the medium and low field
data shown in Figures 4 and 3a were well reproduced by
a = 7.0, implying eF(y),, = —11.4 eV/A2 at the Al nu-
clei. The theoretical curves shown in Figures 3 and 4 are
calculated using these values for F'(cr) and F'(u). (For the
A3 jon perturbed by a single point charge, an earlier cal-
culation [34] gave o = 3.6.) The orientation dependence
of o at the lowest field B = 10 mT is shown in Figure 3a.

The overall good agreement of both high and low
field data for o1(6) with the calculated curves for the pu*
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in a six m-tunneling state on a ring around the b site al-
lows us to conclude that this is the correct site assignment.
The tunneling configuration is drawn to scale in Figure 6.

Considering now a possible site for the minority com-
ponents, the much larger values of o9 indicate that the
ut site responsible for this signal lies closer to its Al
neighbours. Site d has this property, but also the con-
tinuum of h-sites given by (1/3, 2/3, z) or (2/3, 1/3, 2) if
only (z—1/2) < ¢ (the d-site is at z = 1/2, see Fig. 6). The
angular dependence of o9 for B = 0.6 T is shown in Fig-
ure 5 where, besides the data points, the theoretical curve
for the d-site is drawn. Since the distance of the muon in
a d-site from the nearest three Al nuclei (1.5 A) is shorter
and the role of lattice relaxation is thereby more impor-
tant than for the m-sites near b, the calculation is given
for a radial outwards displacement of the three Al atoms
by 10 percent of the u™-Al distance. The overall agree-
ment is satisfactory, and we conclude that the minority
T particles are located either at the d-site, or nearby h-
sites with (z — 1/2) < ¢ close to the basal plane. This
assignment is also consistent with the Knight shift results
(see Sect. 4). We notice that the small ratio of the am-
plitudes As/A; &~ 1/2 even at low temperatures imply
a suppressed occupation of the minority sites (there are
a priori two d-sites and only one m-ring state for a given
x per unit cell), indicating that the majority site is ener-
getically favoured.

4 Muon Knight shift - evidence for CEF
effects in the magnetic response

4.1 Knight shift and magnetic susceptibility

The Knight shift of interstitially implanted u% in a metal
consists of two contributions: (i) dipolar fields from field-
induced moments in the neighborhood of the ut, (ii) a
contact hyperfine field arising from a field induced local
spin polarization at the u™ position carried by conduction
electrons.

The magnetic response of an intermetallic system con-
taining rare earth or actinide ions is mainly associated
with the 4f or 5 f-electrons present. It is strongly temper-
ature dependent and for non-cubic systems of tensorial
form. In addition, the conduction electron system may
contribute a temperature independent and isotropic (Pauli
like), generally quite small, term. We may thus write the
total susceptibility tensor as

Xtot= X0 E + Xy, (4.1)
where F is the unit tensor. The moment induced by an
external field B on the f-electron atoms is given by

By =Xy B, (4.2)

which leads to a dipolar term in the p*-Knight shift [25]:

Kaip,r =b - Zdip : }—()f - b, (4.3)
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where b = B/B, and Aaip is a dipolar coupling tensor
which depends on the crystal structure and the p™'-site
and can be easily calculated. Further Tr(Aqip) = 0. Via
the RKKY-interaction the induced moments will also in-
duce a spin polarization in the conduction electron system,
which shows the famous oscillatory behavior as one moves
away from the f-electron atom. The resulting spin polar-
ization at the pt-position produces a contact hyperfine
field which contributes to the muon Knight shift via the
expression
Keg=Ab - -E-X5-Db, (4.4)

assuming an isotropic RKKY-mechanism.

The small conduction electron susceptibility will give
rise to a correspondingly small, temperature independent
and isotropic further contribution to the Knight shift

Ko = Aoxo- (4.5)
Hence in total we will have
Kiot = Ko + Ke,y + Kaip, - (4.6)

For a system with axial symmetry, like that of U in hexag-
onal UNiyAls, X s will be given by

xL 0 0
X = c x. 0 (4.7
c 0 x

where || refers to B parallel to the c-axis and L to B
perpendicular to the c-axis. As remarked above the dipo-
lar coupling tensor depends on the assumed pt-site and
its point symmetry. The point symmetry of the m-site
in UNigAls is represented by the point group mm?2. The
dipolar coupling tensor has the general form

Adip= | Azy Ayy 0 |, Tr(Aaip) =0 (4.8)
0 0 A,
with
Ay = cos? pAe + sin? pA,
Ayy = sin? pAe + cos? Ay
Azz = Az
Ay = sinpcos (4, — Ag), (4.9)

where A; are the principal values of Zdip and ¢ is the an-
gle between the principal axis £ and a fixed crystal axis =,
i.e. the a-axis. The three magnetically inequivalent m-sites
correspond to ¢ = 0°, 60° and 120°. The identified tun-
neling state of the uT over six m-sites (or k-sites) around
the b-site implies that the effective dipolar coupling tensor
has to be averaged over the magnetically inequivalent m
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(or k)-sites in this set. Again, there are three, each ap-
pearing twice. The average has the diagonal and axially
symmetric form

- %(AE + An) 0 0
(Adip) = 0 1(Ac+4,) 0 |, (4.10)
0 0 A,

which corresponds to the dipolar coupling tensor for the
b-site, the point symmetry of which is Dgp. This was to be
expected since the pT-tunneling wave function, centered
at the b-site, has the same symmetry. Using the exact
positions of the m-sites connected by the tunneling state
(x =0.0877), we calculate

1 1
5 (A + Ay) = —5 Aaip = ~0.1377 T/,

A, = Aqgip = +0.2755 T/ ug.
(The same values are obtained for a tunneling state over
six k-sites.)

These results imply that all 4 in the tunneling state
exhibit a unique Knight shift, i.e., no splitting of the TF-
1SR signal should occur. Further, when rotating B in the
basal plane the Knight shift will stay constant. Rotating
B around, say, the a-axis, a single cos? #-dependence of
the Knight shift will result.

The same is true for the d-site (z = 0.5) for which one
calculates Azy = Ayy —%Azz = 0'003;73’ Aijzj = 0.
As can be seen the dipolar coupling strength is signifi-
cantly smaller than for the m-site tunneling state.

The total Knight shift perpendicular and along the
c-axis assumes now the simple form

1
K|, =Ko+ (A — §Adip)Xf,J_v

K” =Ko+ (AC + Adip)Xf,”, (4.11)

with
Xf,L = XL,tot — X0,

X£, = X]|,tot — X0-

4.2 Experimental results

All Knight shift data were obtained in an external field of
0.6 T. Angular scans served to search for a line splitting
and the type of angular dependence. Rotating B in the
basal plane no anisotropy was observed, while a cos? 6-
dependence was seen when rotating B in the (b*, ¢)-plane
(see Fig. 7), in agreement with the expectations. As can
be seen, the anisotropy of the minority signal at 5 K is
much smaller than that of the majority signal, consistent
with the small Ag;p for the d-site. From now on we will
only consider the majority Larmor frequency.

Figure 8 displays the temperature dependence of the
precession frequency for B || c-axis and for B L c-axis.
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Fig. 7. Dependence of the precession frequencies 1 and v2 on
the orientation of B in the (b*, ¢)-plane at 5 K. The solid lines
represent cos? 6 fits. The unshifted frequency in the external
field (0.6 T) is 81.3103 MHz.
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Fig. 8. Temperature dependence of the precession frequencies
for B || c-axis and B L c-axis (B = 0.599935 T).

The total relative frequency shift with respect to the ap-
plied field (v = (7y,/2m)B) contains, besides the Knight
shift, contributions from the Lorentz field and the demag-
netization field, i.e.

VvV — 1)

Av
o

(4.12)

4
= = Kot + (——N) Xtot»
o 3

where N is the demagnetization factor (tensor) and xiot
the total bulk susceptibility in emu/cm?. The cylindrical
sample (cylinder axis = a-axis) has a diameter to length
ratio of 3.2/7.6. The applied field B is always directed
perpendicular to the cylinder axis. Using the tables in
reference [35] we estimate N/4m ~ 0.445. The bulk sus-
ceptibility is taken from [16]. The extracted total Knight
shift is plotted in Figure 9 versus the bulk susceptibility
for both B || c-axis and B L c-axis (Clogston-Jaccarino
plot). According to equations (4.11) a linear scaling of
Kot with x is expected to show up. Indeed for B L c-
axis for T' > 150 K a scaling is clearly visible which allows
to fit the slope: (Ac — 3 Aaip) = (0.324 £ 0.061) kG/pg.
For B || c-axis it is difficult to determine the slope. In
any case, below 150 K the scaling is lost altogether. To
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Fig. 9. Plot of Knight shift versus bulk susceptibility
(Clogston-Jaccarino plot). The line with the negative slope
(B L c-axis) represents a linear fit to the six points with 7' >
120 K. The line with the positive slope (calculated, see text) is
shifted horizontally to match the high temperature points for
B || c-axis. The two lines cross at Ko = —(167 £ 50) ppm and
xo =~ 0.25(8) x 10™2 emu/mol.

make use of the B || c-axis data we follow the following
procedure. Since we know Ag;p we can calculate A; from
the slope A — £ Aqip = —0.324 kG/pup: Ac = —(1.054 +
0.061) kG/up. (In UPd2Al; A, = —1.21(3) kG/up [32]),
and hence we know the expected slope for K versus x:
Ac + Agip = (3.81 £0.06) kG/up. Next we construct a
line in Figure 9 with the calculated slope and move it
parallel to itself such that it passes most closely through
the high temperature points (T' > 200 K) for B || c-axis.
This line is shown in Figure 9. We see that the two drawn
lines cross at xy ~ (0.28 £ 0.08) x 1073¢™ and K =
—(167+50) ppm. The assigned error bars result from the
uncertainties in the slopes. In the spirit of equations (4.11)
x = 0.28 x 1073 emu/mol and K = —167 ppm are to be
identified with the temperature independent Ky and xo. It
is hereby assumed that xo and K are isotropic as it is usu-
ally believed to be the case. A temperature independent
and isotropic contribution of yo = 0.28 x 1073 emu/mol is
not in conflict with the overall temperature dependence
of the bulk susceptibility. In UPd;Als the correspond-
ing values were found to be Ky = —230(60) ppm and
xo = 0.75(5) x 10~% emu/mol [32].

We now address the loss of scaling at lower tempera-
tures. In principle, the relation between Knight shift and
susceptibility should still be given by equation (4.12). A
loss of scaling may be associated with A. which may be-
come temperature dependent at lower temperature, as has
been discussed, for instance, in reference [36]. Secondly,
the effective susceptibility may deviate from the bulk sus-

ceptibility. Since more than 90% of (Zdip) arises from only
the two nearest U-neighbors above and below the ring of
m(k)-sites, it is in fact the atomic susceptibility of those
two U-ions which must become different from the bulk
susceptibility. We call it the local susceptibility.

As far as a possible change of A. is concerned, it can
be excluded since the Al nuclear Knight shift, which is
mainly arising from the RKKY-mechanism, scales with

The European Physical Journal B

0.010 ——
0.008

a
5 1
EO-OOGM
1S
SJ, L i
=
< 0.004] )
3
o

0.002 gﬁj'O‘O—O—O—HO—o—o—o_o_o%O

0.000
0

Lo 0
50 100 150 200 250 300
0.010 — —

0.008 -
5
£
S 0.006
IS
K
<
= 0.0041
[&]
o
-

Il
0002} (s
0.000 L L Ll Ll P L
0 50 100 150 200 250 300

Temperature (K)

Fig. 10. Temperature dependence of (a) the bulk 5f-electron
susceptibility (=§t0t —xo0) and (b) the local 5f-electron sus-
ceptibility (X10c —Xo) for B L c-axis and B || c-axis in UNipAls.
The solid lines represent CEF-calculations (see text). For bet-
ter comparison the calculated line from the upper figure is also
reproduced in the lower figure (dashed line).

the bulk susceptibility down to 4.2 K [8]. This indicates
that the exchange coupling of the conduction electrons
with the 5f-electron state is not changing at lower tem-
peratures. Hence, we conclude that A is constant over the
whole temperature range. It thus seems that the prob-
lem lies with the local susceptibility, possibly because
of the presence of the u* (see next section). Assuming
now that equations (4.11) hold with unchanged A. and
Agip (the latter is granted as long as no site-change is
involved), we can determine the temperature dependence
of the local 5 f-electron susceptibility X f,1ocal, associated
with the two mentioned U-neighbors, over the whole tem-
perature range. The results are plotted in Figure 10b.
Figure 10a shows the undisturbed 5f-electron suscepti-
bility X5 = Xtot — Xo. Comparing Figures 10a and 10b,
one sees that for B || c-axis the local susceptibility follows
by and large ), most closely above 200 K. Much more
pronounced are the differences for B 1 c-axis. The local
susceptibility X f,1ocal keeps rising with decreasing temper-
ature and does not reflect the maximum in the suscep-
tibility near 110 K. In fact it can be well fitted by a
Curie-Weiss expression in the whole temperature range.
Above 150 K the local susceptibility is essentially identi-
cal with x.
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4.3 On the interpretation of the susceptibilities

A previous study of the p™-Knight shift in PrNis, which
has the same hexagonal CaCus structure as UNigAls,
found a similar breakdown of the scaling of K with x at
low temperatures [26]. In this compound the u™ is located
at the i-site near the f-site and the TF-signal splits into up
to 3 components. The analysis yields a local susceptibility
which, in the presence of the uT, becomes anisotropic in
the basal plane. The axially symmetric bulk susceptibility
tensor is well explained on the basis of the CEF-splitting
of the Pr3*—3H, ground state multiplet with a singlet
state as the lowest level. The CEF-level splitting is also
well established by inelastic neutron scattering [18]. The
modified local susceptibility tensor in the presence of the
w* is well reproduced by considering a u* induced modifi-
cation of the CEF-parameters for the nearest Pr-neighbors
including a change in symmetry which leads to a non-zero
B303 term in the CEF-Hamiltonian. The excellent agree-
ment between the modified CEF-splitting and the result-
ing susceptibility with the data in PrNis motivates us to
try a similar approach for UNiyAlg, implying that the 5 f-
electrons are sufficiently well localized. As mentioned in
Section 1, the anisotropic susceptibility found in UPdsAls
and the behavior of the electronic specific heat could be
reasonably well reproduced by adopting a CEF-model and
assuming U to be in the tetravalent ionic state with two
f-electrons forming the ground state multiplet 3H, with
the non-magnetic Iy singlet as the lowest level [15]. In
this model the anisotropy of x; and in particular the
maximum in xy for B L c-axis is well reproduced [15].
To obtain quantitative agreement one has also to intro-
duce anisotropic molecular field parameters through the
equation

! = ! + A, 1=
Xfi  XCEF,i

I, L, (4.13)

where xcgr,; is given by the CEF-calculation. Qualita-
tively the situation is very similar to PrNis.

An ab initio crystal field theory by Richter et al. [37],
however, failed to reproduce the extracted CEF-
parameters for UPdsAls.

Using the appropriate CEF-Hamiltonian

Herr = BIOY + BYOS + BYOY + BSOS (4.14)
and the CEF-parameter for UPd;Alj as an initial guess we
first tried to reproduce the susceptibility data for UNigAls.
With the adjusted parameters, quoted in Table 1, we
find an excellent fit, shown as solid lines in Figure 10a.
The CEF-parameters are not very different from those
of UPdyAls. The main difference lies in the molecular
field constants which are about a factor of 3-4 larger than
in UPdsAls. This may in part be due to the somewhat
smaller (4%) distance between the two nearest neighbor
U-atoms in UNisAls as compared with UPd;Als. Also it
is generally held that in UNipAls the f-electrons may be
less localized, i.e., hybridization with the conduction elec-
trons may be stronger, leading to a larger RKKY-type of
coupling between the U-ions.
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Table 1. Adjusted CEF-parameters for UNizAls with and
without the u*-disturbance. The Bj™ are given in meV, the
Ai in mol/emu.

lattice B3 B B3 B§ A AL
undisturbed | 0.743 4.2 x 1072 4.67 x 10~* 0.011 450 67
with gt 041 40x107% 5x107° 0.011 450 67

Next we try to reproduce the modified local suscepti-
bility. Compared to the case of PrNij this requires no ad-
ditional terms in the CEF-Hamiltonian, since the presence
of the u in the tunneling state over 6m (or 6k)-sites does
not alter the axial symmetry of the nearest two U-ions
position along the c-direction above and below the b-site,
even if those ions are somewhat displaced symmetrically
away from the p+. In addition, the electric field introduced
by the screened ™ charge is likewise axially symmetric. It
can then be shown that the parameter B is not influenced
by the presence of the u™, and we will fix it at the undis-
turbed value (see discussion in Ref. [27]). Thus, by varying
only the parameters BY, B} and Bf, keeping also A and
A| fixed, it is possible to reproduce the local susceptibility
quite well as demonstrated by the solid lines in Figure 10b.
The “fitted” parameters are also collected in Table 1. The
most drastically affected parameters by the implanted pu™
are BY and BY. All derived eigenvalues and eigenfunctions
are presented in Table 2. As can be seen, the presence of
the pu* leaves the I'y-singlet as the ground state, but the
first excited states is now a Is-doublet slightly lower in
energy than the I'i-singlet in undisturbed UNipAls. The
analysis in reference [24] for undisturbed UNipAls results
in the same order of states, but with significantly different
energy spacings.

It is now interesting to check whether the measured
uT-Knight shift in UPdyAls can be reproduced by the
same CEF-approach as well. We take the uSR and bulk
susceptibility data from the thesis of Feyerherm [32]. Fig-
ure 11a shows the measured bulk susceptibility (corrected
for xo) and our best CEF-“fit”. To arrive at this fit, the
calculated xcgrr had to be shifted by —0.002 emu/mol for
B 1 c-axis and by —0.0005 emu/mol for B || c-axis. The
adopted CEF-parameters (somewhat different from those
of [15]) are collected in Table 3. Turning to the muon
Knight shift we note that it scales very well with the bulk
susceptibility down to ~ 25 K and the deviation between
x and K below 25 K is much smaller than in UNisAls, but
clearly present. Figure 11b displays the local susceptibil-
ity extracted from the p* Knight shift. Again the changes
are very well accounted for by adjusting only BY, B and
keeping BY, B§ and Ay, fixed (see Tab. 3). The dia-
magnetic corrections are unchanged. The ordering of the
energy levels is the same as in UNigAlz. The CEF level
splitting is consistent with the analysis in reference [15]
and the tentative findings in reference [22].

4.4 Discussion

The absence of well resolved CEF-levels in inelastic neu-
tron scattering (a well known observation in intermetallic
U-compounds, the only exception seems to be UPd3) has
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Table 2. CEF-eigenstates and eigenvalues for UNiaAlz with and without the p* disturbance.

level | E (meV) eigenfunctions E (meV) eigenfunctions
without p™ with g™
1 0 Fi=25(1+3)—1-3) 0 Ii=25(+3)—[-3))
2 15.6 I =0) 131 I5 =084 £2) — 0.54] £4)
3 27.9 e =|+1) 25.8 I =10)
4 294 I5=086/+2)— 051 F4) 262 Fe=|+1)
5 55.2 I3 =25(13) + - 3) 55.4 Is=25(3)+1-3)
6 76.8  I5=051]F2) +085£4) 594  Is =054 F2)+ 0.84] +4)
Table 3. Adjusted CEF-parameters for UPd2Al; with and 0.020 ==
without the u*-disturbance. The Bj™ are given in meV, the \; 0.018¢
in mol/emu. 0.016
i 0 0 0 6 = 00141
lattlce B2 B4 Bﬁ Bﬁ A“ )\L g L
undisturbed[0.8 4 x 107 1.67 x 10~% 6.9 x 107> 150 18 200121
[0} L
with gt 0.625 4x 1073 6.5 x 1075 6.9 x 103 150 18 3 010
~ 0.008|
< i
© 0.006
. . . 0.004
induced researchers to look for alternative explanations of
various properties of UPd3Als (see, e.g., [38]). In addition, 0.002}
the possible coexistence of different types of f-electron 0000 = T T s 200 250 300
states of itinerant and local nature, respectively [10-12], 0.020 —
has motivated band structure calculations on the basis of 0.018l 1
purely itinerant 5 f-electrons [13,23]. To our knowledge, 0'016:
none of these alternative approaches have succeeded in Bk
explaining the temperature dependence and anisotropy of g 0014757
the magnetic susceptibility in UPdsAls. Hence, at least E 0.012[~
phenomenologically, the CEF-calculations provide so far < 0.010F
the best theoretical model. = 0.008}
The important observation following from our uSR 3 0.0061
study is the fact that the presence of the ut obvi- 0.004|
ously modifies the magnetic response of the nearest U- 0.0021
neighbors, both in UPdyAls and UNisAls at low T, while 0'0007 ‘ ‘ ‘ ‘ L
the Al-nuclear Knight shift reflects the bulk susceptibil- ) 50 100 150 200 250 300

ity down to the magnetic ordering temperatures. Any ex-
planation of the magnetic susceptibility must be able to
account also for the observed u* induced changes. The
most obvious changes brought about by the presence of
the pt are a certain local lattice relaxation, well known
from hydrogen in metals studies, and a modified conduc-
tion electron distribution due to the set up of an electron
cloud around the p™T, screening its positive charge. Both
effects will change locally the crystal field properties, in
particular, if the lattice relaxation leads also to a low-
ering of the local point symmetry. This has been amply
demonstrated by the uSR-studies in PrNis [26] and more
recently in cubic PrIng [27]. It is difficult to see how, e.g.,
an itinerant f-electron system can be affected by a single
pT. The more Curie-Weiss like behavior of the local sus-
ceptibility in UNis Als for B L c-axis at low T could, e.g.,
imply a localization of the 5f-electrons at the u* near-
est neighbor U-ions. Whether this is a viable possibility
is questionable. The CEF-approach, however, is appealing
since it leads to a consistent and plausible explanation of
both the intrinsic and ut-modified local susceptibilities.

Temperature (K)

Fig. 11. Bulk 5f-electron and local 5f-electron susceptibility
in UPd2Als. See caption of Figure 10. The solid lines represent
again CEF-calculations (see text).

Comparing Tables 1 and 3 we see that in both systems
the Bj parameters are modified in the same directions,
i.e., all are reduced. It is tempting to ascribe the reduc-
tion to the crystal electric field arising from the screened
T, assuming the intrinsic CEF to be unchanged. How-
ever, a simple point charge model fails to account for the
reductions. Considering the difference between UPdsAl;s
and UNisAls one has also to take into account the differ-
ent pT-sites (b-site versus the tunneling state over six m
(or k)-sites).

The pSR results are consistent with the observa-
tion that doping of UPdyAls with hydrogen shifts the
magnetic susceptibility towards a Curie-Weiss behavior
with increasing hydrogen content (maximum 1.3%) [39].
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The uSR results demonstrate that already a single ™
(infinite dilute hydrogen limit) can produce this result.

We are left with the problem to understand the success
of the CEF-approach in view of the weak direct evidence
for a CEF-splitting of the 5f-electron state. We suggest
that it is related to lifetime effects, which broaden the
CEF-levels considerably, but not to the extend that the
CEF-level splitting breaks down completely. This will be
studied in future work.

It is also interesting to have a look at the other ex-
tracted parameters: A., Ky and . The A, from the two
compounds are rather similar. Since in a RKKY-picture
A. < Jy, where Jy is the exchange coupling constant be-
tween the conduction electrons and the local f-electrons,
it seems that the Jy are not very different for the two
compounds. This is inconsistent with the very different
molecular field constants A which, if arising from the same
RKKY interaction, should scale with JZ. Moreover, the
anisotropy of A\ suggests a more complex behavior requir-
ing an anisotropic exchange mechanism, at least as far as
the U-ions are concerned. There is no evidence in the data
that A. could be anisotropic.

Perhaps not unrelated is the question about the valid-
ity of our assumption that Ky has to be isotropic. This
assumption leads to a rather large isotropic and tem-
perature independent xo which, at least in the case of
UPdsAls, seems to be inconsistent with the temperature
dependence of the bulk susceptibility (in particular with
x| (T)). If, instead, we admit yo = 0, we find that both
Xlocal,| @0d X5y, can be slightly better reproduced by the
CEF-calculations. It reduces also the diamagnetic correc-
tions, needed to obtain perfect agreement in the case of
UPd,Als. This affects the fitted CEF-parameters insignifi-
cantly, but shifts the molecular field parameters to slightly
reduced values.

Finally, from the present results in UNisAls we can-
not provide a clue regarding the coexistence of local and
itinerant states of 5 f-character. If existing, probably with
similar magnetic form factors, the functional form of the
temperature dependence of the magnetic response of both
states cannot be much different in order to be consistent
with the data. Polarized neutron scattering on UPd;Als
was claimed to show a rather large conduction electron
spin polarization of 12% of the total magnetization in the
easy plane at 36 K [20]. We should have noticed this ef-
fect (which would contribute several +100 ppm to K in
UNigAls) if the temperature dependence of the spin polar-
ization were much different from xiot, 1 (T). Otherwise it
may contribute to A. and would be indistinguishable from
the RKKY-contribution. Hence, it would be very interest-
ing to know the temperature dependence of the induced
conduction electron polarization.

5 Summary

Implanted positive muons in UNigAls are found at two
different interstitial sites: the very unusual d-site ((3 2 1)
and equivalent positions) and in a tunneling state over six
m (or k)-sites forming a ring around the b-site (0 0 3).
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Note that in UPd2Als the p™ resides at the b-site [11].
The population of the d-site (~ 30% at low T') decreases
with rising temperature and becomes zero above 200 K.
The population of the tunneling state rises by the same
proportion, it is the only u*-state above 200 K. From
the field dependence of the TF-relaxation rates the elec-
tric field gradients at the nearest Al-nuclei could be eval-
uated. They consist of an intrinsic contribution, as also
found in NQR-measurements [8], and a p* induced radi-
ally directed term. The determination of the anisotropic
Knight shift of the majority component constitutes the
main result of the present work. It scales well with the
bulk susceptibility above 150 K but in the basal (easy)
plane the scaling is lost below 150 K. In particular, the
shallow maximum in the bulk susceptibility at ~ 110 K is
not seen in the Knight shift which continues to rise with
decreasing temperature. For B || c-axis the p* Knight shift
shows as little temperature dependence as the bulk sus-
ceptibility. Knowing the pt-sites (simultaneous occupa-
tion of the six m (or k)-sites around the b-site) and there-

fore the dipolar coupling tensor (Aqip) associated with the
two nearest U-neighbors along the c-direction (more dis-

tant U-neighbor contribute negligibly to Zdip) we could
extract the local (atomic) susceptibility of the two near-
est U-neighbors. Motivated by previous work on PrNis,
which has the same hexagonal (CaCus) crystal structure
as UNiyAls and which showed a similar modification of
the local susceptibility in the presence of the p* [26], we
tried to reproduce the anisotropy and the temperature
dependence of both the bulk susceptibility and the local
susceptibility by a CEF-model. This had been done be-
fore for undisturbed UPdsAl3z and UNipAls, assuming the
uranium to be in the tetravalent (U%T) state with the con-
figuration 52 3Hy [15,24] which is equivalent to the Pr3+-
state in PrNis. The presence of the u* does not alter the
axial symmetry of the nearest neighbor U-positions above
and below the b-site so that the CEF-Hamiltonian keeps
its hexagonal form and only the parameters B, B} and
B2 can be affected by the p*. An excellent description
of both data sets was achieved. Reanalyzing previously
obtained data on UPd3Al; in the same way, again excel-
lent consistency was found. The important point here is
that the disturbance induced by the presence of the p* is
used to test the possible mechanism responsible for the ob-
served magnetic response. The most obvious consequence
following from the implantation of the positively charged
muon is a change in the local CEF-properties which are
caused by the additional electric field arising from the
screened pt-charge and, more indirectly, also by an in-
duced lattice relaxation altering the symmetry conditions
and the intrinsic CEF. The magnetic coupling between the
U-ions does not seem to be affected by the p* since the
Néel temperatures are not changed and also the molec-
ular field parameters A remain the same. From all this
we conclude that the excellent description of both the
bulk susceptibility and the modified local susceptibility
within a CEF-picture is not fortuitous but rather implies
the validity of this picture. Hence, it appears that both
UPdyAls and UNip Alz can be viewed as possessing rather
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localized 5 f-electron states. Whether in addition some
itinerant states of f-character exist cannot be decided by

the

present work. The absence of a well developed and re-

solved CEF-splitting in inelastic neutron work remains to
be an enigma.
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