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Chapter 4

Neutron diffraction study

Neutron-diffraction experiments have been carried out on a series of heavy-electron
pseudobinary U(Pt;..Pd.); single crystals (x< 0.05). The small-moment antiferromagnetic
order reported for pure UPt; is robust upon doping with Pd and persists till at least
x= 0.005. The ordered moment grows from 0.018+0.002 pwg/U-atom for pure UPt; to
0.048+0.008 pp/U-atom for x= 0.005. The Néel temperature, Ty, is approximately 6 K and,
most remarkably, does not vary with Pd contents. The order parameter for the small-
moment antiferromagnetism has an unusual quasi-linear temperature variation. For
xz 0.01 a second antiferromagnetic phase with much larger ordered moments is found. For
this phase at optimum doping (x= 0.05) Ty attains a maximum value of 5.8 K and the
ordered moment equals 0.6310.05 pg/U-atom. Tn(x) for the large-moment
antiferromagnetic order follows a Doniach-type phase diagram. From this diagram we
infer that the antiferromagnetic instability in U(Pt;.Pd.); is located in the range 0.5-1
at.% Pd.

4.1 Introduction

It has been recognised, for more than a decade now, that the heavy-electron compound
UPt; is close to an antiferromagnetic instability. Evidence for the proximity to a magnetic
instability is provided by pronounced spin-fluctuation phenomena at low temperatures [1]

and incipient magnetic ordering [2], which can readily be made visible by chemical
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substitution. The low-temperature thermal, magnetic and transport properties of pure UPt;
demonstrate the formation of a strongly renormalised Fermi liquid at low temperatures
[1-3]. The coefficient, y= 0.42 J/molK?, of the linear term in the specific heat, ¢(7), is very
much enhanced with respect to a normal metal, which gives rise to a Fermi-liquid
description with a quasiparticle mass of =200 times the free electron mass. The low-
temperature Pauli susceptibility, ¥o=x(7—0), is equally enhanced. Upon raising the
temperature, %(7) exhibits a maximum at Ty,,= 18 K, which indicates the stabilisation of
antiferromagnetic spin fluctuations below T,x. From the electrical resistivity, p(7), data, it
follows that the coherence regime sets in near 10 K, while the Fermi-liquid AT” regime is
attained at 7< 1.5 K. The coefficient A is enhanced by two orders of magnitude over that of
a normal metal, which is a general rule in heavy-electron compounds. Measurements of the
thermal and transport properties in a magnetic field [1,3] provide further evidence that the
electron correlations are primarily of antiferromagnetic nature.

Inelastic neutron-scattering experiments have put the evidence for antiferromagnetic
spin fluctuations on firm footing [4-6]. The fluctuation spectrum is quite complex as
different energy scales are present. Spin-polarised neutron-scattering data on
polycrystalline material [4] yield a quasi-elastic contribution centred at =10 meV, which is
related to the fluctuating local f-moment, The size of the fluctuating moment is of the order
of 2 pup/U-atom, which is not far from the value of the effective moment deduced from the
high-temperature Curie-Weiss constant  (Heg= 2.6+0.2 pg/U-atom) [1]. Subsequent
polarised and unpolarised neutron scattering measurements on single-crystalline samples
[5] revealed a response centred at 5 meV, which is consistent with antiferromagnetic short-
range order between nearest neighbour uranium atoms located in adjacent basal planes
(UPt; has a hexagonal crystal structure). The antiferromagnetic correlations disappear
above Ty, while in-plane ferromagnetic correlations persist till about 150 K. At yet a
lower energy (0.2 meV) a second type of antiferromagnetic in-plane correlations was found
at Q=(0.5,0,1) [6]. Surprisingly, at the same Q-vector, weak magnetic Bragg reflections
were detected. This then provided evidence that, in pure UPts;, small-moment
antiferromagnetic order (SMAF) develops below a Néel temperature of =6 K [6]. The size
of the ordered moment is unusually small, m=0.02+0.01 ug/U-atom. It 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. More recently, another type of correlations was

observed near Q= 0 (forward direction) at low energies in a time-of-flight experiment [7].
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These ferromagnetic correlations near Q= 0 have been interpreted in terms of the effect of
low-lying fermion quasi-particles in the presence of strong spin orbit coupling.

Incipient magnetic order in UPt; was first detected by substitution studies [2]. By
replacing Pt by isoelectronic Pd, pronounced phase-transition anomalies appear in the
thermal and transport properties. Notably, the A-like anomaly in ¢(7) and the Cr-type
anomaly in p(7) give evidence for an antiferromagnetic phase transition of the spin-
density-wave type. Neutron-diffraction experiments [8] carried out on a single-crystalline
sample with optimal doping, U(PtyosPdoos)s (Tnma=S5.8K), confirmed the
antiferromagnetic order. The ordered moment equals 0.610.2 pup/U-atom and is directed
along the a’'-axis. By plotting the Néel temperatures, deduced from the ¢(7T) and p(7) data,
as functions of the Pd concentration, the border of the antiferromagnetic phase could be
delineated [3]. Anomalies observed in the thermal and transport data restricted the
antiferromagnetic order to the concentration range 2-7 at.% Pd. More recently, microscopic
techniques, like neutron diffraction (this work) and uSR [9], have extended the lower Pd
concentration limit to =1 at % Pd. We have termed this magnetic order large-moment
antiferromagnetic order (LMAF) in order to distinguish it from SMAF observed in pure
UPt;. The magnetic instability in UPts can also be triggered by substituting Th for U
[10-12]. Remarkably, the magnetic phase diagrams for the (U, Th)Pt; and U(Pt,Pd)s
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 upon Pd doping, while it increases upon alloying with Th). Long-range
magnetic order also shows up when UPt; is doped with 5 at.% Au, while substituting 5
at.% Ir, Rh, Y, Ce or Os, does not induce magnetic order [13-15]. 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.

The pronounced spin-fluctuation phenomena and the incipient magnetic order
unambiguously demonstrate the proximity to a magnetic instability of UPts. Therefore, it
came as a great surprise that the strongly-renormalised Fermi liquid is also unstable against
superconductivity [16]. In the past decade many experiments have demonstrated that
superconductivity in UPt; is unconventional [17]. The most important manifestations of
unconventional superconductivity in UPts are (i) the observation of power laws in the
temperature variation of the superconducting properties, rather than the standard BCS
exponential laws, (ii) the splitting of the superconducting transition in zero magnetic field,

and (iii) the existence of three superconducting vortex phases in the magnetic field-
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temperature plane. In the past years, a number of phenomenological Ginzburg-Landau
models have been worked out in order to understand the observed field and pressure
variation of the three vortex phases [18]. The model which received the most attention is
the so-called E-representation model, which is based on the coupling of a two-dimensional
superconducting order parameter to a symmetry breaking field (SBF) [19]. The underlying
mechanism is that a weak SBF lifts the degeneracy of the order parameter, which results in
two superconducting phases in zero field. The key issue of the E-model is to identify the
SBF and to prove that it couples to superconductivity. A natural candidate for the SBF is
the SMAF, which was found to coexist with superconductivity [6]. Within the E-model,
the splitting of the superconducting transition temperature AT,=7, -7, is proportional to
the strength of the symmetry breaking field, AT, =< €, or in case that the SMAF acts as the
SBF, AT, o< n’.

In this chapter we report neutron-diffraction experiments conducted to investigate the
evolution of magnetic order in the U(Pt,Pd); series. The aim of these experiments was to
answer the following questions: (i) what is the connection between the SMAF observed in
pure UPt; and the LMAF observed in the doped compounds, (ii) how does the LMAF
emerge upon Pd doping, (iii) is the SMAF stable with respect to Pd doping and does it
couple to superconductivity, and (iv) is the SMAF influenced by annealing the samples. In
order to address these questions we have carried out neutron diffraction experiments on
single-crystalline U(Pt;.,Pd,); with x=0.001, 0.002, 0.005, 0.01, 0.02 and 0.05. For all
concentrations x<0.01 we were able to detect SMAF, while for x>0.01 LMAF was
observed. This chapter is organised as follows. In section 4.2 we focus on the experimental
details, like the sample preparation process and the relevant information regarding the
neutron scattering experiments. Section 4.3 is devoted to the calculation of the magnetic
moment. In sections 4.4 and 4.5 our neutron diffraction results for the SMAF and the
LMAF compounds are presented. In section 4.6 we constitute the magnetic phase diagram
and in section 4.7 we discuss the connection between SMAF and superconductivity. In
section 4.8 we discuss the results. A preliminary account of part of this work was presented

in Ref. 20.

4.2 Experimental

Polycrystalline material was prepared by arc-melting the constituents in a stoichiometric

ratio in an arc furnace on a water-cooled copper crucible under a continuously Ti-gettered



Neutron diffraction study 59

argon atmosphere (0.5 bar). As starting materials we used natural uranium (JRC-EC, Geel)
with a purity of 99.98%, and platinum and palladium (Johnson Matthey) with a purity of
99.999%. Polycrystalline material with low Pd contents (x< 0.01) was prepared by using
appropriate master alloys (e.g. 5 at.% Pd). Single-crystalline samples with x=0.002, 0.01,
0.02 and 0.05, were pulled from the melt using a modified Czochralski technique in a tri-
arc furnace under a continuously Ti-gettered argon atmosphere. Single-crystals with
x=0.001 and 0.005 were prepared in a mirror furnace (NEC-NSC35) using the vertical
floating zone method. In order to anneal the samples, they were wrapped in tantalum foil
and put in water free quartz tubes together with a piece of uranium that served as a getter.
After evacuating (p< 10°® mbar) and sealing the tubes, the samples were annealed at 950 °C
during four days. Next the samples were slowly cooled in three days to room temperature.
In the case of the samples with x= 0.001 and x= 0.002, neutron-diffraction data were
collected before and after annealing. In all cases, the volume of the measured samples was
of the order of 0.15 cm”.

In order to characterise the samples the resistivity was measured on bar-shaped
specimens spark-cut along the crystallographic a-and c-axis. The residual resistivity, po.
and pg., values are listed in Table L. For pure UPt; we obtain residual resistance ratios
(RRR) of =460 and =720 for a current along the a-and c-axis, respectively. Upon alloying
with Pd, po, increases smoothly with Pd content at a rate of 11.3 pQcm/at.%Pd (x< 0.01),
which shows that palladium is dissolved homogeneously in the matrix. Also the
superconducting transition temperature (7" ) varies smoothly with Pd content, while the
width AT stays about the same (see Table I). T." is suppressed at a rate 0.79 K/at.%Pd,
and the critical concentration x. for the suppression of superconductivity equals 0.7 at.%Pd.

Several crystals were investigated by Electron Probe Micro Analysis (EPMA), but the

TableI = Some characteristic properties of the annealed single-crystalline
U(Pt;.1Pd,); samples. The residual resistivity, pp.. and po,, the upper superconducting

transition temperature T, , and its width AT," as determined by transport experiments
[21], the superconducting splitting, AT.= T, -T, , determined by the specific heat, and
the magnetic moment mat T, .

X Poa (MQem)  pPoc (MQem) T (K) AT (K) AT (K) m(T,)

c-axis (pp/U-atom)
0.000 0.52(5) 0.18(3) 0.543 0.006(1) 0.054(4) 0.018(2)
0.001 1.6(2) 0.75(6) 0.437 0.009(1) 0.082(4) 0.024(3)
0.002 2.5(2) 1.02(9) 0384  0.007(1) 0.108(5) 0.036(3)

0.005 6.2(5) = 0.126 - - 0.048(8)
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concentration of Pd is too smdl to arrive & a quantitative composition analysis. In the
following sections the value of x is taken as the nominal composition.

The neutron-diffraction experiments were carried out a three different reactor
facilities. At Siloé (CEA-Grenoble) the samples with x= 0.01, 0.02 and 0.05 were measured
in the temperature range 1.8-10K, using the DN triple-axis spectrometer. At the Ingtitute
Laue-Langevin in Grenoble the samples with x=0.002, 0.005 and 0.01 were measured in
the temperature interval 0.1-10 K, using the IN14 triple-axis spectrometer. Findly, a the
Laboratoire Léon Brillouin (CEA-Saclay) experiments were carried out on the samples
with =0.001 and 0.002 in the temperature range 0.1-10 K on the 4F2 triple-axis
spectrometer.

For dl experiments a pyrolytic graphite PG(002) andyser was st to zero-energy
transfer in order to separate the elastic Bragg scattering from possible low-energy magnetic
excitations. To suppress the second order contamination a 10 cm long Be-filter and/or a4
cm long pyrolytic graphite (PG) filter was used (see Table E). A verticdly focusng
PG(002) monochromator was used in dl cases. The incident wave vector and the
collimation of the different instruments are listed in Table H. The four different collimation
angles refer to: (i) the collimation of the neutrons incident on the monochromator, (ii)
collimation before the sample, (iii) collimation before the analyser and (iv) collimation
before the detector.

UPR3 crystallises in a hexagond closed packed structure (MgCd3-type) with space
group PO3Imme [22]. The lattice parameters are given by a= 5.764 A and c=4.899 A. The
atomic positions in the unit cell are given by:

T (R
S 34u' 3 Ap
| z,22,- J(22, 2, -j fz, z, -j 4.1
_ _ 3V 3v_ 3
2,22, — 22,2, — 2,7, —
where the ided value of z equas 5/6. The Bragg positions are labelled using reciproca
|lattice units, where a*=b*=4rc/(aV3) =1.264 A" and ¢*= 2idc = 1.283 A", In order to

TableH  Specifications of the spectrometers used in the experiments.

Facility kK (A') collimation filters
Siloé 266 open-30-60-60' PG
ILL 148  34-40-40-40 Be & PG

LLB 148 open-open-60-60' Be & PG
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facilitate a quantitativeanalysis, the samples were always mounted with the c* axis vertica
i.e. perpendicular to the scattering plane. In the case of the samplesWitb05 and 0.01
additional data were taken with the reciprocal (1,-2,0) axis vertical, i.e. with the a*c* plar

as the scattering plane.

4.3 Calculation of the magnetic moment

The neutron-diffraction experiments on pure JJP6] and the doped compounds
U(Pto9Pdo.05)3 [8] and (UgpThy.o5)Pt3 [12] show that the SMAF and LMAF have an
identical magnetic structure. The magnetic unit cell corresponds to a doubling of tl
nuclear unit cell along the a*axis (with the moments pointing along the a*-axis). Thi
magnetic structure is schematically shown in figluk In figure 4.2 we have indicated the
positions of the corresponding magnetic Bragg peaks in the reciprocal basal plane
observed by neutron scattering. The magnetic Bragg peaks corresponding to the dorr
with propagation vector gi= (1/2,0,0) are located at e.g. Q= (1/2,1,0), (3/2,-1,0), (-1/2,-1,

o~
*0
0-
~0
O*

Figure 4.1 Magnetic structure df(Pt,Pd)s. The open and closed circles
indicate U atoms in adjacent hexagonal planes separated by a lattice
spacing c/2. The arrows indicate the magnetamentswhich are directed
along the a*-axis. The dotted and solid line delineate the nuclear and

magnetic unitell, respectively.



62 Chapter 4

. 0-—py *—-a fV

3

Figure 4.2 Reciprocal lattice (a -b plane) of U(RRd)3. The open
symbols indicate the positions where magnetic Bragg reflections are
observed by neutron scattering. The three magnetic domains (assuming a
single-q structure) are indicated by qi (O), g2 (O) and qj (A). The closed
symbols indicate the positions of the nuclear (1,0,0) (>J and (I,1,0)-type  (9)
of reflections.

and (-3/2,1,0), as indicated by the open circles in figure 4.2. Neutron scattering meas
the projection of the Fourier component of the moment on a plane perpendicular to
scattering vector Q. For reflections such as (x1/2,0,0) this companents parallel to Q
and the intensities vanish. There exist two other symmetry-related domains, g2 and
obtained from qi by a rotation of 120° and 240°, respectively. Assuming a single
structure, gi, g and g3 describe the three antiferromagnetic domains. In the absence of
in-plane magnetic field one expects, in general, to measure the same intensity for
magnetic Bragg peaks of the three domains. In this case the antiferromagnetic Fot
component, rrig, becomes equal to the U magnetic moment, m. We will comment on
possibility of a triple-q structure later.

A proper determination of the size of the (tiny) ordered magnetic moments across
U(Pti,Pd); series is not an easy task. Therefore, we have chosen to measure the var
samples under the same experimental conditions and also to use the same procedure f
calibration of magnetic intensities. In order to determine the size of the magnetic mome

the cross sections of the magnetic and nuclear Bragg peaks have to be compared. Wz
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0.20

0.15-

0.10

€ 0.05

0.00
0.820 0.825 0.830 0.835 0.840

Figure 4.3 Calculated intensities of the nuclear (1,0,0) (solid line) and

(1,1,0) (dashed line) Bragg peaks as function of the position, z, of the Pt
atoms in the unit cell. From the measured ratio of the intensities for the
(1,0,0) and the (1,1,0) Bragg peaks we find®8253or z= 0.8370, instead

of the ideal value z= 5/6 (indicated by the dotted vertical lines).

the integrated intensity from longitudinal (6-28) scans. The integrated nuclear FN an

magnetic F intensities are calculated from [23,24]:

Pn(Q) =cLO)I"] e ‘e’ (4.2a)

. HQ'-R;j -Wj
Pu(Q) = cLO)pKjfiwe e (4.2b)
where the sum is taken over all tBeavaislattices of the nuclear unit cell. Ry denotes the

position of the nuclei in the cell, L(6)=I/sin(29) is the Lorentz factor with 0 the Bragg
-Wi

angle, e is the Debye-Waller factor, bj is the scattering length of the nucleus at sitej,
fi(Q) is the magnetic form factor, the symbol 1 denotes the projection on the plane
perpendicular to the scattering vector Q, p= 0.2696XIGm, and c is a normalisation

constant depending on the experimental conditions. For scattering in the basal plane the
are two types of nuclear peaks which could be used for calibration, i.e. the (1,0,0) an

(1,1,0)-type peaks. However, the intensity of the (1,0,0) reflection is very sensitive to
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deviations from the ideal Pt position z= 5/6 in the unit cell (see figure 4.3). Actually, th
measured ratio of the (1,0,0) and the (1,1,0) nuclear peaks indicates that the proper z-v
is 0.8253 or 0.8370 instead of 5/6 (see figure 4.3). We have chosen to use the (1,1
nuclear peak for calibration as its intensity depends only weakly on the z-value. By th
procedure we possibly introduce a systematic error in determining the ordered mome
However this error is the same for all samples, so that a meaningful comparison betwe
the moments of the samples can be made. The systematic error is not included in the e
bars of the ordered moment for the different samples. Note that the variation of the latti
parameters a and c fa 0.05 is almost negligible. The a parameter remains constan
within the experimental accuracy and the c-parameter decreases at a relative rate
0.7x10"perat.%Pd[3].

4.4 Small-moment antiferromagnetic order for 0 < 0.01

Neutron-diffraction experiments have been carried out in the temperature range 0.1-10
on annealed IKPti"Pd"b single-crystals wix0.005 and 0.01 and unannealed crystals
with x= 0.001 and 0.002. The samples with 0.001 and 0.002 were remeasured in the
temperature interval .8-10K after annealing. In figure 4.4 we have plotted the temperature
variation of the maximum intensity of the magnetic Bragg peak at Q= (1/2,1,63 tb01

after subtracting the background. Let us first focus on the data of the annealed sampl
represented by open symbols. In this case, absolute valuésirolunits of |a* have been
plotted using the calibration procedure presented in section 4.3.

The behaviour ofn (7) for the various samples as shown in figure 4.4 is quite unusual.
Figure 4.4 clearly demonstrates that the small-moment magnetism is robust upon alloyit
with Pd. The size of the ordered moment increases gradually with Pd concentration, bt
remarkably, SMAF invariably sets in neag=6K for Jc<0.01. For all samples with
x< 0.005,m (T) has an unusual form. The value &fstarts to rise slowly belowyF 6 K,
then a quasi-linear temperature dependence follows from =4 K dowi (6.1F0.4 K, see
Table 1). Below T the magnetic intensity saturates. The absolute values of the ordere
moments have been calculated using integrated intensities. We obtain m{T*)~ 0.024+0.0C
0.03610.003 and 0.048+0.008 Hu/U-atomxer0.001,0.002 and 0.005, respectively, in the
annealed state (see also Table I). For comparison figure 4.4 shows{alsdor pure UPY,
as reported by Haydeat al. [25]. The value for m(I) was estimated irRef. 25 at
0.03+0.01HR/U-atom. Because of the relatively large uncertainty in this value we have
calibrated?(T) for pure UPswith help ofarecent measurement by VBik etal. (Ref. 26).
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Following the same calibration procedure as for the doped compounds we arrive at the val
m- 0.018+0.002 w/U-atom for pureUPt3.This is identical to the value reported recently by

Isaacset al.(Ref. 27).

UPt Pd)
V'o1lx X

3

4
"(K)

Figure 4.4 Temperature variation of m' derived from the intensity of the
magnetic Bragg peak for annealed (open symbols) and unannealed (closed
symbols) U(PtPd,);. For x=0.001 (O), 0.002 (U), 0.005 (A) data are
taken at g= (1/2,1,0) and for x= 0.01 (0) at Q= (1/2,0,1). In the case of
x= 0.00 we have reproduced the data BEf. 25 (dashed line) after
normalising them to the moment deducedRél. 26 (V). The solid lines are

guides to the eye.

The effect on annealing was investigated for the x= 0.001 and 0.002 samples. In th
limit T-"Tc" m equals 0.019+0.003 and 0.038+0.00gUratom in the unannealed state,
for x=0.001 and 0.002, respectively. This shows that the size of the ordered moment is ni
changed (within the experimental accuracy) by our annealing procedure. Also the temperatu
variation of i(T) does not change upon annealing. This is illustrated by the comparison o
the data for the annealed and unannealed samples shown in figure 4.4, where the mome
for the unannealed sample have been multiplied by a factor 1.26 and 0.95, for x= 0.001 ar
0.002, respectively, for normalisation purposes (assuming that in theTrit> T* mis the

same for annealed and unannealed samples).
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Figure 4.5 Longitudinal scans of the magnetic Bragg peak Q= (1/2,1,0) for annealel

1.70

Chapter 4

U(PtogedP0h.00i)3 at temperatures 1.6< T< 6.2 K as indicated. The solid lines are fits tc

the data using a Lorentzian convoluted with the Gaussian experimental

resolution. TI

width of the A/2 peak without Be filter is shown in the lower part of the figure togethe

with the experimental resolution (dashéute).

1200

.-. 1000

-
(=]

c owo § OwRo

(@]

Figure 4.6 Longitudinal scans of the magnetic Bragg peak Q= (1/2,1,0) for annealed
U(P1,.99sPdo.002)3at temperatures 1.7< T< 5.3 K as indicated. The solid lines are fits t

the data using a Lorentzian convoluted with the Gaussian experimental

resolution.
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In order to investigate the effect of annealing on the magnetic correlation length, "
we have scanned the magnetic Bragg peak at Q= (1/2,1,0) at several selected tempera
for *= 0.001 and 0.002 before and after annealing. Typical data sets, taken on the anne:
x=0.001 and 0.002 samples, are shown in figure 4.5 and figure 4.6, respectively. By fitti
a Lorentzian profile, convoluted with the Gaussian experimental resolution, we were ak
to extract the correlation length along Q. Note that the width ofMhgeak, measured
without the Be filter, is not a correct estimate for the experimental resolution on th
spectrometers used here (see figure 4.6). For x= 0.001 we obtain £,= 570#1®D
£m=710+150A before and after annealing, and for x= 0.0G2,=700+150A and
"n=610+130 A before and after annealing. Thus no effect of annealing on £,, is observ
within the experimental error. This is consistent with the recent conclusion reached |
Isaacset al. [27], who investigated the effect of annealing on the correlation lengths alon
a and c for pure URtSince the size of the ordered moments and the values of the
correlation lengths are within the experimental error the same before and after anneali
we conclude that strain has no significant effect on the SMAF.

4.5 Large-moment antiferromagnetic order for 8.01

In this section we report our neutron-diffraction results on the annealed,RujRti.
single crystals withk=0.01,0.02 and 0.05. We have plotted the temperature variation of
the maximum intensity of the magnetic Bragg peak at Q= (1/2,1,0) (backgrounc
subtracted) fox= 0.02 and 0.05 in figure 4.7 and for 0.01 at Q= (1/2,0,1) in figure 4.8.
Absolute values of min units of u* have been obtained using the calibration procedure
presented in section 4.3. The temperature variatitfT)nfor x= 0.02 and 0.05 is rather
conventional compared to the quasi-linear temperature variation observed for the SMA
compounds (Figure 4.4). The order parameter follow@)°c(l-(777x)3)%%, with the values
a=19+0.2 and 1.8+0.1 and [3=0.50+0.05 and 0.32+0.03 for x= 0.02 and 0.05,
respectively. These values ®fre not too far from the theoretical valge 0.38 for the 3D
Heisenbergnodel [28]. The phenomenological parameter a reflects spin-wave excitations
In a cubic antiferromagnetic system a is predicted to be 2 [29]. To our knowledge n
predictions are available for a hexagonal system. In the limit T-* 0K, we obtain
m= 0.35+0.05 and 0.63+0.05g/&-atom for x= 0.02 and 0.05, respectively. The size of the
ordered moment obtained fee 0.05 is in excellent agreement with the value reported in
Ref. 8. For the LMAF compounds the magnetic Bragg peaks are resolution-limited.
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Figure 4.7 Temperature variation of “nfor annealed U(PtiPd)i derived from the

intensity of the magnetic Bragg peak Q= (1/2,1,0) for x= 0.02 (D) and 0.05 (O) and at
Q= (1/2,0,1) for 0.01 (0). The solid lines represent fitaxfgT)oc(l-(T/T)** (seetext).

12 | |
UPt Pd
04 10.0 Y 0.99 0.0123 "
o g % Q=(1/2,0,1)
=1 o .
6 0 -
X %
co
o *+ ®

(1)
7'(K)
Figure 4.8 Temperature variationof m measured at the magnetic Bragg peak

Q= (1/2,0,1) for annealed U(PtRd,); with x=0.01 (0). The sharp increase in the
intensity near 1.8 K indicates a crossover from SMAF to LMAF.
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1500
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Q(A-1)
Figure 4.9 Longitudinal scans of the magnetic Bragg peak Q- (1/2,0,1) for
annealed U(P1%.99Pdo.oi>3 at temperatures0.08< T< 3 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.

The temperature dependence of the magnetic Bragg intensity of the sample wi
x= 0.01 is quite intriguing: AGT) starts to rise slowly belowyZ 6 K, grows rapidly below
=2 K, and then saturates below =0.5 K. The rapid rise near 2 K suggests a cross-over fr
the small-moment to the large-moment state, with an estimatg=ofL8 K for the LMAF.
For T-> OK, m reaches a value of 0.11+0.03fM-atom. This value is obtained for both
Q= (1/2,1,0) and Q= (1/2,0,1). We emphasise that the width of the magnetic Bragg pec
does not change in the temperature range 0.08-3 K (see figure 4.9), which ensures that
unusual /A(T) curve is not due to an increase of £, upon lowering the temperature. The
interpretation of a cross-over to the LMAF state is consistent with recent USR experiment
on U(Pto.99Pdo.0i)3 [9], which show that the LMAF gives rise to a spontanebus u.
precession frequency below¥'1.8 K.

In the case ofx=0.01, the transition to the LMAF state does not show up in the
thermal and transport data, in contrast to data for x= 0.02 and 0.05, which exhibit clee
magnetic phase transitions at=T3.5 and 5.8 K, respectivelyf2,3]. Careful resistivity

measurements down to 0.01& on a polycrystalline sample with composition
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U(Pto99Pdo.oi)3 did not reveal any signature of a phase transition [30]. This was taken
evidence that th&léel temperature for the LMAF drops to zero between 1 and 2 at.% Pd
However, the present neutron-diffraction data show that the lower bound for LMAF i

actually between 0.5 artl at.% Pd.

4.6 Evolution of magnetism in the U(RRd,)s pseudobinaries

Our neutron-diffraction results show that all tRd(Pu,T?d)3 compounds (x<0.05)
order antiferromagnetically. In figure 4.10 we plot téel temperatures of the different
samples versus Pd concentration. For samplesxwith01 SMAF invariably sets in with a
Néel point of =6 K. Most likely this phase line extends horizontally to higher Pd
concentrations, but for joO.01 it becomes more and more difficult to discriminate
experimentally between SMAF and LMAF. A closer inspection of the data for x=0.02
(figure 4.7) shows that indeed some magnetic intensity is visible in the temperature ran
3.5-6 K. However, a careful measurement of the background signat @02 is needed in
order to put this on firm footing. LMAF emerges in the concentration range 0.5-1 at.% Pc
The optimum doping for LMAF is 5 at% Pd. This compound has the laM&sit
temperature,Ty= 5.8 K, and magnetic moment, m- 0.63+0.05AXatom. For x= 0.10 no
LMAF has been observed in the thermal and transport properties. However, at th
moment, we cannot exclude LMAF with a reducgdad observed for *8.01.In order to
investigate the Pd rich side of the phase diagram, neutron-diffraction or uSR experimer
would be most welcome. On the other hand, one should keep in mind that additional line
in the x-ray diffraction patterns indicate that the MgGge of structure is lost for x> 0.15
[3]. 7\ for the LMAF follows a rather conventional Doniach-type phase diagram [33]. The
compound withx= 0.01 occupies a special place in the phase diagram as we have assign
two Néeltemperatures to it. The SMAF which emerges near 6 K develops into LMAF near
18 K.

The size of the ordered moment, measured .Atag function of Pd concentration is
plotted in figure4.11. The moment first increases slowly from 0.018+0.09ZJatom for
pure UPt to 0.036+0.003+H3/U-atomfor 0.5 at.% Pd. For higher Pd concentrations the
moment rises much more rapidly. The change in slope of m(x) between x= 0.005 ar
x= 0.01 is consistent with LMAF emerging in this concentration range.
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4.7 Interplay of magnetism and superconductivity

Recently, we have measured the specific heat and electrical resistivity at tf
superconducting transition of single-crystallifg= 0.0, 0.001, 0.002 and 0.005) and
polycrystalline (x= 0.0025, 0.003, 0.004, 0.006 and 0.007);URped with small amounts

of Pd [34,35]. The main findings can be summarised by {(i)isr suppressed linearly with

Pd content at a rate of 0.79+0.04 K/at.%Pd, (ii) T~ is suppressed at a faster rate
1.08+0.0&K/at.%Pd, and as a results (i) the splitting . Aincreases at a rate
0.30+0.02 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. Tt
data in figure 4.4 show that the increaséift is accompanied by an increase in the size of
the ordered moment. This provides additional support to the idea that the SMAF acts as
symmetry breaking field. The Ginzburg-Landau E-representation scenario [19] predic
ATc ni. However, this proportionality relation is only valid f&TJTg «1, which no
longer holds for the Pd-doped samples. At =0.3 at.% Pdbégomes of the order of.T
Insteadm grows more rapidly than AT Substantial evidence for the SMAF as the
symmetry breaking field has been obtained by neutron-diffraction [25] and specific-hes
[36] experiments under pressure. It was found that botanthAT: are suppressed quasi-
linearly with pressure and vanish at a critical pressure /v=0.35 GPa. Interestingly, we fir
a smooth variation of Adas function ofrn when we collect both the pressure and Pd
doping data [35]. This establishes a firm link betweery &7d M. Only for small
splittings is AT °cm  (Ar.< 0.050 K). For enhanced splittings a more sophisticated
Ginzburg-Landau expansion (with terms beyond 4th. order) should be elaborated.

The critical Pd concentration, for the suppression of superconductivity is =0.7 at.%
Pd [35]. The value ofdalls in the range where LMAF emerges. It would be of interest to
know whether the suppression of superconductivity coincides with the emergence
LMAF. USR experiments aimed at probing the LMAF in this concentration range are ir

progress.
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UPt Pd)
Voo1x x'3
SuU
SMAF
2 4 6 8

Pd concentration (at. %)

Figure 4.10 TheNéel temperature, TN, versus Pd concentration for U(RRd,))i alloys
as determined from neutron diffraction (O) and specific heat experiments (\3) (Refs. 2,
3, 31, 32). SMAF and LMAF denote small-moment and large-moment antiferromagnetic
order, respectively. In the lower left corner the upper superconducting transition
temperature T as determined by resistivity experiments is given [T denotes the

superconducting phase.

2 4 6 8 10
Pd concentration (at. %)

Figure 4.11 Uranium ordered moment at T* as function of Pd concentration in
single-crystalline U(Ptjd,); alloys. The line is a guide to the eye.
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4.8 Discussion

Our neutron-diffraction dataunambiguously show that the unusual small-momen
antiferromagnetic order observed in pure dUBtstable upon Pd doping. Indeed, we find
that Pd doping leads to an enhancement of SMAF as the ordered moment grows
increasing Pd content. The reverse behaviour was observed in the neutron-diffrac
experiments under pressure carried out on purg [2Bf. The moment decreases under
pressure and vanishes completely .at(@35 GPa. A quite remarkable observation is tha
both data sets, obtained by Pd doping and applying pressure, showy te#ins a
constant value of =6 K. This, together with the gradual increas&®j below ~6 K, could
indicate that the transition to the SMAF state is not a true phase transition.

The origin and nature of the SMAF are still subjects of lively debates. Unravelling t
nature of the small moment is hampered by the fact that, till today, it has been pro
convincingly by neutron-diffraction (Refs. 6, 25-27 and this work) and magnetic X-r:
scattering [27] experiments only. The analysis of both neutron-diffraction and magnetic
ray scattering data [27], lead to the conclusion that the SMAF is quantitatively the sam
the bulk and near surface of annealed;UPte only difference is the somewhat smaller
correlation length along a* and c* obtained in the case of magnetic x-ray scatteri
Ca=85+13Aand .= 113+30A at 7~0.15 K. These values should be compared t
Ca=280+50A and ~»= 500113@ at T- 0.57 K in the case of the neutron diffraction
experiment.

The possibility that the small moment is caused by magnetic impurities, defects
sample inhomogeneities can safely be excluded. Firstly, rather high impurity concentrat
would be needed, for instance, =1000 ppm of magnetic impurities with moments gf 0.6
in order to obtain the same magnetic signal as for the small moment ofg0$2candly,
impurities will not contribute to Bragg peaks of the type (1/2,0,0), since randon
distributed impurities or defects would give Q-independent scattering, while orde
imperfections would give rise to new satellite Bragg peaks close to the nuclear peaks.
same arguments are valid for stacking faults, observed in polycrystalline materials
transmission electron microscopy and x-ray diffraction measurements [37], and wi
could locally change the crystal symmetry and give rise to magnetic moments on ce
uranium atoms. On the other hand, one can imagine that there are sizeable sample r
(clusters) where large magnetic moments develop, which are perfectly ordered wi
propagation vector of (1/2,0,0). This in principle could give rise to the observed Brz
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peaks.Due to the finite size of these clusters (100-8)0the magnetic correlation length

is limited. These clusters would form 0.1% of the sample volume and would be separat
by large regions of non-magnetic GRtowever, the minor influence of annealing on the
SMAF, and the fact that the better samples (as determined by the degree of crystallograr
order) all exhibit a magnetic moment [38], strongly suggest that SMAF is an intrinsi
property.

At this point it is important to note that recent zero-field uSR studies on
polycrystalline [8] and single-crystalline [39] UPfailed to detect the small magnetic
moment (except for the \xSR study reportedRef. 40, but this result has not been
reproduced). In the course of a detailed investigation [9] of the evolution of magnetism |
U(Pt,Pd) by the USR technique, we found that LMAF gives rise to a spontaneous u
precession frequency. However, we did not observe any signal of the SMAF i
polycrystalline samples with x=0.000, 0.002 and 0.005. A possible explanation for this i
that the muon comes to rest at a site where the magnetic dipolar fields cancel due to
magnetic ordering. However, this is highly unlikely as SMAF and LMAF have an identical
magnetic structure and we have been able to detect the LMAF (in samples with x= 0.0
0.02 and 0.05). It is also unrealistic to expect a change of the stopping site at these low
concentrations. The uSR technique is sensitive enough to detect a static moment of |
order of 0.02 ji- One possibility is that the small moment fluctuates at a rate (f> 10 MHz)
too fast to be detected by uSR, but on a time scale which appears static to neutrons anc
rays. This then also solves the long-standing problem of why the small moment 0f UPt
cannot be seen BMMR, while its signal should fall well in the detection limit as was
concluded from experiments on U(ERd} (x<0.05) which successfully probed the
LMAF [41]. Fluctuating moments are also in line with the hypothesis that there is no true
phase transition at yTfor SMAF. The invariance of 7y and the cross-over-type of
behaviour suggests that the small moment is only a weak instability of the renormalise
Fermi-liquid whose properties hardly change at these low Pd concenti@gof<905).

In the Ginzburg-Landau analysis [19], which makes use of the symmetry breaking fielc
scenario, it is generally assumed that the SMAF forms in a single-q structure. However, th
existing neutron scattering data are compatible with a triple-q structure as well. The
guestion whether the magnetic order corresponds to a single-q or a triple-q structure
crucial for the understanding of the unconventional superconductivity because a single-
structure breaks the hexagonal symmetry, while a triple-q does not. The single-q and triple
g structures can be distinguished by applying a magnetic field. For example, in the case ¢
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a strong magnetic field applied along the b-axis, one expects to re-orient all domains :
the a -axis or in the terms of figure 4.2, qi is expected to increase a factor 3 due t
depopulation of gand g. Experiments carried out up to 3.2 T [42] and 12 T [26] did nc
show any redistribution of magnetic domains, so a triple-g structure for the SMAF cat
be excluded. However, it is possible that a field of 12 T is not sufficiently strong to cha
the domain population of moments as weak as :0ZHe SMAF itself is very stable to a
magnetic field. T is suppressed by only 0.7 K and 0.4 K for a field of 10 T applied alo
the a and c-axis, respectively. In the case of the LMAF the magnetic structure is sing
Neutron-diffraction experiments [43] carried out on U(Pto.95Pdoasb)function of an
external field applied in the basal plane showed the formation of a single-domain samy
5T.

The magnetic phase diagram of the U(PHj; pseudobinaries (Figure 4.10) is quite
unusual because of the distinction between SMAF and LMAF. The differences betweel
SMAF and LMAF can be outlined as follows: (i) the order parameter for the SMAF
unusual and grows quasi-linearly, while the order parameter for the LMAF is conventic
and confirms a real phase transition, Tty for the SMAF does not change with Pd conten
while 7N of the LMAF compounds follows a rather conventional Doniach-type pha
diagram, (iii) the SMAF is not observed in zero-field uSR experiments in contrast to
LMAF. This demonstrates that the SMAF and LMAF are not directly connected.

While the origin of SMAF in UPt3 remains unclear, the emergence of LMAF in t
alloyed systems is a general feature of heavy-fermion systems. The magnetic instabil
normally explained in terms of a competition between the on-site Kondo effect and
inter-site Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction. However, in the case
the U(Pt,Pd) system a clear-cut identification ofc Tand Trkky iS not at hand [44].
Moreover, since UPt3 is very close to a magnetic instability, the variatiop a&fdl 7Ry
before magnetic ordering occurs is small. Better documented systems in this respec
(Cei"La™RuySi2, where magnetism sets in at x=0.07 [45] &eC"-jAu”, where
magnetism sets in at x- 0.1 [46]. In these systems the magnetic instability is reached
critical hybridisation, which results from expanding the lattice. In the case of UGhEd)
occurrence of LMAF can be parametrised, to a certain extent, by the reduction of the
ratio upon alloying (and not by a volume effect, as the volume decreases). The applic:
of pressure has the opposite effect, since pressure increases the c/a ratio due |
anisotropy in the linear compressibilities (Kcg K3], These effects are however small anc
a satisfactory quantitative analysis is hampered by the limited accuracy in the values ©
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lattice constants and compressibilities. Pressure experiments, carried out on the 5 an
at.% Pd samples show that dopihgt.% Pd corresponds to an external pressure of about -
0.33 GPa [47]. In the case of 5 at.% Pd it was demonstrated by specific-heat experime
under pressure [48] that the LMAF state was fully suppressed at =1.6 GPa, therel
recovering the situation of pure YPt

Currently, much attention in heavy-fermion research is focused on the occurrence
non-Fermi-liquid effects at the critical concentration for the suppression of magnetism. |
the case of U(Pt,Pg)we expect that the border line magnetic/non-magnetic is close to
0.7 at% Pd, which is also the critical concentration for the suppression of
superconductivity. Resistivity and specific-heat experiments performed so far did not sho
any signature of non-Fermi-liquid phenomena. However, the quantum critical point has nc

been probed in full detail yet.

4.9 Summary

Neutron-diffraction experiments, carried out on a series of heavy-electron pseudobinar
U(P&JPd,} single crystals (x<0.05), show that two kinds of antiferromagnetic order,
termed small-moment antiferromagnetic  order (SMAF) and large-moment
antiferromagnetic order (LMAF), are found in the phase diagram. The small-moment
antiferromagnetic order, first reported for pure 4J# robust upon doping with Pd and
persists till at least= 0.005. The ordered moment grows from 0.018+0.0g®-atom for

pure UPj to 0.048+0.008Ja/U-atomfor x= 0.005. TheNéel temperature of 6 K, does not
vary with Pd contents. The order parameter for the small-moment antiferromagnetism he
an unusual quasi-linear temperature variation and points to a cross-over phenomenon ratt
than a true phase transition. The small moment is not observed by uSRM&hd
experiments. This could indicate that the moment is not static, but fluctuates at a rate larg
than 10 MHz. For x> 0.01 large-moment antiferromagnetic order is observed. At the
optimum doping (x= 0.05) T attains a maximum value of 5.8 K and the ordered moment
equals 0.63+0.05 uyU-atomy(X) for the large-moment antiferromagnetic order follows a
Doniach-type phase diagram. From this diagram we infer that the antiferromagnetic
instability in U(Pt],Pd} takes place for Pd concentrations 0.806< 0.01.
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