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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 igPt
robust upon doping with Pd and persists till at least0.005. The ordered moment grows from 0.018
+0.002ug /U atom for pure URfto 0.048-0.008u5/U atom for x=0.005. The Nel temperatureTy, is
approximatef 6 K and, most remarkably, does not vary with Pd contents. The order parameter squared for the
small-moment antiferromagnetism has an unusual quasilinear temperature variatiot= G6rl a second
antiferromagnetic phase with much larger ordered moments is found. For this phase at optimum ®oping (
=0.05) Ty attains a maximum value of 5.8 K and the ordered moment equals0.68ug /U atom. Ty(x)
for the large-moment antiferromagnetic order follows a Doniach-type phase diagram. From this diagram we
infer that the antiferromagnetic instability in UgPtPd,) is located in the range 0.5-1 at. % Pd.
[S0163-182699)07325-7

[. INTRODUCTION tic contribution centered at 10 meV, which is related to the
fluctuating localf moment. The size of the fluctuating mo-

It has been recognized, for more than a decade now, thawent is of the order of 25/U atom, which is not far from
the heavy-electron compound WR$ close to an antiferro- the value of the effective moment deduced from the high-
magnetic instability. Evidence for the proximity to a mag- temperature Curie-Weiss constantuog=2.6+0.2ug/U
netic instability is provided by pronounced spin-fluctuationatom.! Subsequent polarized and unpolarized neutron-
phenomena at low temperatuteand incipient magnetic —scattering measurements on single-crystalline samptes
ordering? which can readily be made visible by chemical vealed a response centered at 5 meV, which is consistent
substitution. The low-temperature thermal, magnetic andvith antiferromagnetic short-range order between nearest-
transport properties of pure URdemonstrate the formation neighbor uranium atoms located in adjacent basal planes
of a strongly renormalized Fermi liquid at low (UPt has a hexagonal crystal structur@he antiferromag-
temperature$-® The coefficient,y=0.42J/mol K, of the netic correlations disappear aboVg,,, While in-plane fer-
linear term in the specific hea(T) is very much enhanced romagnetic correlations persist till about 150 K. At yet a
with respect to a normal metal, which gives rise to a Fermidower energy(0.2 me\j a second type of antiferromagnetic
liquid description with a quasiparticle mass 6200 times in-plane correlations was found &=(0.5,0,1)° Surpris-
the free-electron mass. The low-temperature Pauli susceptirgly, at the sam& vector, weak magnetic Bragg reflections
bility, xo=x(T—0), is equally enhanced. Upon raising the were detected. This then provided evidence that, in
temperature, x(T) exhibits a maximum atT,,,=18K, pure UPj, small-moment antiferromagnetic ordé8MAF)
which indicates the stabilization of antiferromagnetic spindevelops below a e temperature of-6 K.° The size of the
fluctuations belowT ... From the electrical resistivity(T) ~ ordered moment is unusually smath=0.02-0.01ug/U
data, it follows that the coherence regime sets in near 10 Katom. It is directed along the* axis in the hexagonal basal
while the Fermi-liquidAT? regime is attained af<1.5K.  plane. The magnetic unit cell consists of a doubling of the
The coefficientA is enhanced by two orders of magnitude nuclear unit cell along the@* axis. More recently another
over that of a normal metal, which is a general rule in heavytype of correlations was observed n€a+ 0 (forward direc-
electron compounds. Measurements of the thermal and trantion) at low energies in a time-of-flight experimehfhese
port properties in a magnetic fi¢ldiprovide further evidence ferromagnetic correlations ne@=0 have been interpreted
that the electron correlations are primarily of antiferromag-in terms of the effect of low-lying fermion quasiparticles in
netic nature. the presence of strong spin-orbit coupling.

Inelastic neutron-scattering experiments have put the evi- Incipient magnetic order in URtwas first detected by
dence for antiferromagnetic spin fluctuations on firmsubstitution studie$.By replacing Pt by isoelectronic Pd,
footing#~® The fluctuation spectrum is quite complex as dif- pronounced phase-transition anomalies appear in the thermal
ferent energy scales are present. Spin-polarized neutromnd transport properties. Notably, theike anomaly inc(T)
scattering data on polycrystalline matetigield a quasielas- and the Cr-type anomaly in(T) give evidence for an anti-
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ferromagnetic phase transition of the spin-density-wave typehe U(Pt, Pd; series. The aim of these experiments was to
Neutron-diffraction experimerftscarried out on a single- answer the following questiongi) what is the connection
crystalline sample with optimal doping, (Bt P 053 between the SMAF observed in pure YRind the LMAF
(Tn,max=5.8 K), confirmed the antiferromagnetic order. The observed in the doped compounds) how does the LMAF
ordered moment equals @®.2ug/U atom and is directed emerge upon Pd dopin§ii) is the SMAF stable with respect
along thea* axis. By plotting the Nel temperatures, de- to Pd doping and does it couple to superconductivity, and
duced from thec(T) and p(T) data, as functions of the Pd (iv) is the SMAF influenced by annealing the samples. In
concentration, the border of the antiferromagnetic phaserder to address these questions we have carried out neutron-
could be delineatetiAnomalies observed in the thermal and diffraction experiments on single-crystalline U{P{Pd,)s
transport data restricted the antiferromagnetic order to thaith x=0.001, 0.002, 0.005, 0.01, 0.02, and 0.05. For all
concentration range 2-7 at.% Pd. More recently, microconcentrationx<0.01 we were able to detect SMAF, while
scopic techniques, like neutron diffractidthis work and  for x=0.01 LMAF was observed. The paper is organized as
uSR? have extended the lower Pd concentration limitth  follows. In Sec. Il we focus on the experimental details, like
at. % Pd. We have termed this magnetic order large-momenhe sample preparation process and the relevant information
antiferromagnetic orde(LMAF) in order to distinguish it regarding the neutron-scattering experiments. Section Il is
from SMAF observed in pure URtThe magnetic instability ~devoted to the calculation of the magnetic moment. In Secs.
in UPt, can also be triggered by substituting Th forU!? |V and V our neutron-diffraction results for the SMAF and
Remarkably, the magnetic phase diagrams for(théTh)Pt;  the LMAF compounds are presented. In Sec. VI we consti-
and UPt, Pd; pseudobinaries are almost identical. Thistute the magnetic phase diagram and in Sec. VIl we discuss
shows that the localization of the uranium moments is nothe connection between SMAF and superconductivity. In
governed by the unit-cell volume of these pseudobinarie$ec. VIII we discuss the results. A preliminary account of
(the unit-cell volume decreases upon Pd doping, while it inpart of this work was presented in Ref. 20.
creases upon alloying with ThLong-range magnetic order
also shows up when UPts doped with 5 at. % Au, while Il. EXPERIMENT
substituting 5 at. % Ir, Rh, Y, Ce or Os, does not induce
magnetic ordet>~*° This indicates that a shape effect, i.e., Polycrystalline material was prepared by arc-melting the
the change in the/a ratio, is the relevant control parameter constituents in a stoichiometric ratio in an arc furnace on a
for the occurrence of magnetic order. water-cooled copper crucible under a continuously Ti-
The pronounced spin-fluctuation phenomena and the indettered argon atmosphei@5 bajy. As starting materials we
cipient magnetic order unambiguously demonstrate the proxdsed natural uraniumJRC-EC, Geel with a purity of
imity to a magnetic instability of URt Therefore, it came as 99-98%, and platinum and palladiudohnson Mattheywith
a great surprise that the strongly-renormalized Fermi liquic® Purity of 99.999%. Polycrystalline material with low Pd
is also unstable against superconductitftyn the past de- contents k<0.01) was prepared by using appropriate master
cade many experiments have demonstrated that supercodloys (e.g., 5 at.% PH Single-crystalline samples witk
ductivity in UPt is unconventional’ The most important =0.002, 0.01, 0.02, and 0.05, were pulled from the melt
manifestations of unconventional superconductivity in 4JPt Using a modified Czochralski technique in a tri-arc furnace
are (i) the observation of power laws in the temperatureunder a continuously Ti-gettered argon atmosphere. Single
variation of the superconducting properties, rather than thérystals withx=0.001 and 0.005 were prepared in a mirror
standard BCS exponential lawéi) the splitting of the su- furnace (NEC-NSC33 using the vertical floating-zone
perconducting transition in zero magnetic field, diid the ~ Method. In order to anneal the samples, they were wrapped
existence of three superconducting vortex phases in the mag! tantalum foil and put in water free quartz tubes together
netic field-temperature plane. In the past years, a number &¥ith a piece of uranium that served as a getter. After evacu-
phenomenological Ginzburg-Landau models have beedting (0<<10"®mbar) and sealing the tubes, the samples
worked out in order to understand the observed field andvere annealed at 950 °C during four days. Next the samples
pressure variation of the three vortex pha$e$he model were slowly cooled in three days to room temperature. In the
which received the most attention is the so-calledcase of the samples witk=0.001 andx=0.002, neutron-
E-representation model, which is based on the coupling of &iffraction data were collected before and after annealing. In
two-dimensional superconducting order parameter to &ll cases, the volume of the measured samples was of the
symmetry-breaking field SBP.2° The underlying mecha- order of 0.15 crit
nism is that a weak SBF lifts the degeneracy of the order In order to characterize the samples the resistivity was
parameter, which results in two superconducting phases ifeasured on bar-shaped specimens spark-cut along the crys-
zero field. The key issue of the model is to identify the tallographic a and c axis. The residual resistivitypg,
SBF and to prove that it couples to superconductivity. A@ndpg. values are listed in Table I. For pure YRte obtain
natural candidate for the SBF is the SMAF, which was foundesidual resistance ratios of460 and~720 for a current
to coexist with superconductiviyWithin the E model, the  along thea andc axis, respectively. Upon alloying with Pd,
splitting of the superconducting transition temperatdfg. ~ poa increases smoothly with Pd content at a rate of 11.3
=T, —T, is proportional to the strength of the symmetry- #{2cm/at. % Pd ¥<0.01), which shows that palladium is
breaking field AT &, or in case that the SMAF acts as the dissolved homogeneously in the matrix. Also the supercon-
SBF, AT xm?. ducting transition temperaturd@{) varies smoothly with Pd
In this paper we report neutron-diffraction experimentscontent, while the widthAT. stays about the sameee
conducted to investigate the evolution of magnetic order iriTable ). T. is suppressed at a rate 0.79 K/at. % Pd, and the
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TABLE I. Some characteristic properties of the annealed single-crystalling_UP#E,); samples. The
residual resistivitypg, andpo., the upper superconducting transition temperaffe and its widthAT.
as determined by transport experime(Ref. 21, the superconducting splittingT,=T; — T , determined
by the specific heat, and the magnetic monerat T .
ATS (K) m(T{)
X poa (KQem)  poc (urem) TS (K) c axis AT. (K)  (ue/U atom
0.000 0.525) 0.183) 0.543 0.0061) 0.0544) 0.0182)
0.001 1.62) 0.756) 0.437 0.0091) 0.0824) 0.0243)
0.002 2.%2) 1.029) 0.384 0.0071) 0.1085) 0.0363)
0.005 6.25) 0.126 0.048)
critical concentratiorx, for the suppression of superconduc- 1\ 1 1
tivity equals 0.7 at. % Pd. Several crystals were investigated 6 Pt atz2z, 1 22,2, 21227/
by electron probe microanalysis, but the concentration of Pd
is too small to arrive at a quantitative composition analysis. 3 3 3
In the following sections the value afis taken as the nomi- 7.2z, Z) ( 22,2, Z) (Zz, Z)’ 1)

nal composition.

The neutron-diffraction experiments were carried out aiyhere the ideal value af equals 5/6. The Bragg positions
three different reactor facilities. At S”O&EA-GrenOble are labeled using reciproca'_'attice units’ whexé=b*
the samples wittx=0.01, 0.02, and 0.05 were measured iN=47/(av3)=1.264 A ! andc* =27/c=1.283A"L. In or-
the temperature range 1.8-10 K, using the DN1 triple-axigjer to facilitate a quantitative analysis, the samples were al-
spectrometer. At the Institute Laue-Langevin in Grenoble thgyays mounted with the* axis vertical, i.e., perpendicular to
samples withx=0.002, 0.005, and 0.01 were measured inthe scattering plane. In the case of the samples with
the temperature interval 0.1-10 K, using the IN14 triple-axis— 9 005 and 0.01 additional data were taken with the recip-
spectrometer. Finally, at the Laboratoire dre Brillouin  oca (1, —2, 0) axis vertical, i.e., with the*-c* plane as
(CEA-Saclay experiments were carried out on the sampleshe scattering plane.
with x=0.001 and 0.002 in the temperature range 0.1-10 K
on the 4F2 triple-axis spectrometer.

For all experiments a pyrolytic graphite FiB2) analyzer
was set to zero-energy transfer in order to separate the elastic The neutron-diffraction experiments on pure YfRef. 6
Bragg scattering from possible low-energy magnetic excitaand the doped compounds(Rl, oPch 95 (Ref. 8 and
tions. To suppress the second-order contamination a 10 ¢, 4Th, o9Pt (Ref. 12 show that the SMAF and LMAF
long Be filter and/o a 4 cmlong pyrolytic graphite(PG  have an identical magnetic structure. The magnetic unit cell
filter was usedsee Table ). A vertically focusing P@02  corresponds to a doubling of the nuclear unit cell along the
monochromator was used in all cases. The incident wavg* axis (with the moments pointing along the& axis). This
vector and the collimation of the different instruments aremagnetic structure is schematically shown in Fig. 1. In Fig. 2
listed in Table II. The four different collimation angles refer we have indicated the positions of the corresponding mag-
to (i) the collimation of the neutrons incident on the mono-
chromator,(ii) collimation before the sampléiii) collima-
tion before the analyzer, ar{l) collimation before the de-
tector.

UPt; crystallizes in a hexagonal closed packed structure
(MgCd, type) with space groufP6;/mmc?2 The lattice pa-
rameters are given bp=5.764A andc=4.899A. The
atomic positions in the unit cell are given by

cual2Y2L3)

IlI. CALCULATION OF THE MAGNETIC MOMENT

332/13'3'2

TABLE Il. Specifications of the spectrometers used in the ex-
periments.

Facility ki(A™Y Collimation Filters

FIG. 1. Magnetic structure of U(Pt,Pd);. The open and
Siloe 2.66 Open-30-60'-60' PG closed circles indicate U atoms in adjacent hexagonal planes sepa-
ILL 1.48 34'-40'-40'-40 Be & PG rated by a lattice spacing/2. The arrows indicate the magnetic
LLB 1.48 Open-open-6060' Be & PG moments, which are directed along th& axis. The dotted and

solid line delineate the nuclear and magnetic unit cell, respectively.
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FIG. 2. Reciprocal-latticeg* -b* plane of U(Pt,_,Pd);. The z

open symbols indicate the positions where magnetic Bragg reflec- . . -

tions are observed by neutron scattering. The three magnetic do- /G- 3- Calculated intensities of the nucléar0,0 (solid line)

mains (assuming a singlg-structure are indicated byg; (O), g, and(1,1,0 (dashed lingBragg peaks as function of the positian

(0), andq, (A). The closed symbols indicate the positions of the of the Pt atoms in the unit cell. From the measured ratio of the
nuclear(1,0,0 (W) and(L,1,0-type (®) of reflections. intensities for the(1,0,0 and the(1,1,0 Bragg peaks we find
" - =0.8253 orz=0.8370, instead of the ideal valze-5/6 (indicated

netic Bragg peaks in the reciprocal basal plane as observdlY the dotted vertical lings

by neutron scattering. The magnetic Bragg peaks corre- W . .
sponding to the domain with propagation vectop angle,e” i is the Debye-Waller factoty; is the scattering

_ _ -~ length of the nucleus at site f;(Q) is the magnetic form
(_(11//22 910 )Of);lrea:]odc?iesollzat,le.ég;?, agli/r?ailc’aqcéa@éi’ thi, g?o’en factor, the symbolL denotes the projection on the plane

circles in Fig. 2. Neutron-scattering measures the projectioup?erpemj'CUI"’lr to the scattering vectd, p=0.2696

of the Fourier component of the moment on a plane perpenc 10 ““cm, andc is a normalization constant depending on
dicular to the scattering vectdd. For reflections such as the experimental conditions. For scattering in the basal plane

(+1/2, 0, O this componentmg, is parallel toQ and the there are two types of nuclear peaks which could be used for

. " . . alibration, i.e., th&l, 0, 0 and(1, 1, O-type peaks. How-
intensities vanish. There exist two other symmetry—relatei ¢ 9 ( 0-type p

; ; X o —ever, the intensity of thel, 0, O reflection is very sensitive
domains,q, andgs, obtained fromg, by a rotation of 120° ¢, yeviations from the ideal Pt positiar=5/6 in the unit cell
and 240°, respectively. Assuming a singlestructure,q, ,

_ ; : _ (see Fig. 3. Actually, the measured ratio of th&, 0, O and
0., andqs describe 'ghe three antlferr_omggnenc domains. 'r_‘the(l, 1, 0 nuclear peaks indicates that the propealue is
the absence of an in-plane magnetic field one expects, i§ g>53 or 0.8370 instead of S(ee Fig. 3 We have chosen
general, to measure the same intensity for the magnetif, yse the(1, 1, 0 nuclear peak for calibration as its intensity
Bragg p_eaks of the three domains. In this case the ant'fe”chepends only weakly on thevalue. By this procedure we
magnetic Fourier componemn, becomes equal to the U nsqibly introduce a systematic error in determining the or-
magnetic moment. We will comment on the possibility of - gered moment. However, this error is the same for all
a tripleq structure later. _ , samples, so that a meaningful comparison between the mo-
A proper determination of the size of thigny) ordered  ents of the samples can be made. The systematic error is
magnetic moments across the U(BPd,); series is not an ot included in the error bars of the ordered moment for the
easy task. Therefore, we have chosen to measure the varioygterent samples. Note that the variation of the lattice pa-
samples under the same experimental conditions and also {9metersa and ¢ for x<0.05 is almost negligible. Tha

use the same procedure for the calibration of magnetic intensarameter remains constant within the experimental accuracy
sities. In order to determine the size of the magnetic moment, 4 the ¢ parameter decreases at a relative rate of 0.7

the cross sections of the magnetic and nuclear Bragg peaksq -4 per at. % P&
have to be compared. We use the integrated intensity from
longitudinal (f—26) scans. The integrated nucleRg and

. . . IV. SMALL-MOMENT ANTIFERROMAGNETIC ORDER
magneticP,, intensities are calculated fréf?*

FOR 0=x=<0.01

2 . . . . .
(23 Neutron-diffraction experiments have been carried out in

the temperature range 0.1-10 K on annealed J(f™d,)5
single crystals withbk=0.005 and 0.01 and unannealed crys-
2 tals with x=0.001 and 0.002. The samples witl+0.001
(2b) and 0.002 were remeasured in the temperature interval
1.8-10 K after annealing. In Fig. 4 we have plotted the tem-
where the sum is taken over all the Bravais lattices of theperature variation of the maximum intensity of the magnetic
nuclear unit cellR; denotes the position of the nuclei in the Bragg peak aQ=(1/2,1,0) forx=<0.01 after subtracting
cell, L(6)=1/sin(2) is the Lorentz factor withd the Bragg the background. Let us first focus on the data of the annealed

Pn(Q)=cL(6) 2 bje(iQ'RJ)e‘Wj
]

Pum(Q)=cL(90) pz mé’ij(Q)e(iQ.Rj)e,Wj
]
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U (Pt0.999Pd0.001 )3
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FQ|l(1/210)

o 16K
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Intensity (counts / 21 minutes)

T(K) Q (A1)

FIG. 5. Longitudinal scans of the magnetic Bragg peak
=(1/2,1,0) for annealed @t g9 h o023 at temperatures 16T
<6.2K as indicated. The solid lines are fits to the data using a
Lorentzian convoluted with the Gaussian experimental resolution.
The width of theh/2 peak without Be filter is shown in the lower
part of the figure together with the experimental resolutideshed
line).

FIG. 4. Temperature variation ofi> derived from the intensity
of the magnetic Bragg peak for annealegen symbolsand unan-
nealed(closed symbolsU(Pt;_,Pd,)5;. For x=0.001(O), 0.002
(0), 0.005(A) data are taken &@=(1/2, 1, 0) and fox=0.01(<)
at Q=(1/2,0,1). In the case af=0.00 we have reproduced the
data of Ref. 25dashed lingafter normalizing them to the moment
deduced in Ref. 26V). The solid lines are guides to the eye.

qf the data for the annealed and unannealed samples shown
ute
in"Fig. 4, where the moments for the unannealed sample

have been multiplied by a factor 1.26 and 0.95, for

samples, represented by open symbols. In this case, absol
values ofm? in units of u5 have been plotted using the

caljlpr:atg)nhprqcedxze _IQrefser;thed n Sec. . | h =0.001 and 0.002, respectively, for normalization purposes
e behavior of™(T) for the various samples as shown gassuming that in the limiT—T, mis the same for an-

in Fig. 4 is quite unusual. Figure 4 clearly demonstrates tha
. : . .. nealed and unannealed samjples

the small-moment magnetism is robust upon alloying with In order to investigate the effect of annealing on the mag-

Pd. The size of the ordered moment increases gradually with g 9 9

Pd concentration, but, remarkably, SMAF invariably sets ingfgc co;raell(aat‘grl I(elr/]gﬂfmd)V;fsré?,\é?;gi?en;g dtrt]e?mnge?titrl(e:s
near Ty~6 K for x<0.01. For all samples witlx<0.005, 9gp » . P

m2(T) has an unusual form. The value wP starts to rise for x=0.001 and 0.002 before and after annealing. Typical
o data sets, taken on the anneated0.001 and 0.002 samples,
slowly below Ty~6 K, then a quasilinear temperature de-

pendence follows from-4 K down to T (0.1-0.4 K, see are shown in Figs. 5 and 6, respectively. By fitting a Lorent-

" L , zian profile, convoluted with the Gaussian experimental
Table ). Below T, the magnetic intensity saturates. The

resolution, we were able to extract the correlation length
absolute values of the ordered moments have been calculated

using integrated intensities. We obtaim(T_)=0.024
+0.003, 0.036:0.003, and 0.0480.008wg/U atom for x

1200 . . .
U(Pt _Pd )

=0.001, 0.002, and 0.005, respectively, in the annealed state 0998 ~0.0023 1.7K

24K
41K

| annealed
Q|| (1/210)

-
(=]
(=
(=

(see also Table)l For comparison Fig. 4 shows alsw(T)

for pure UP4, as reported by Haydeet al?® The value for
m(T.) was estimated in Ref. 25 at 0.88.01ug/U atom.
Because of the relatively large uncertainty in this value we
have calibratedn?(T) for pure UP§ with help of a recent
measurement by Van Dijlet al. (Ref. 26. Following the
same calibration procedure as for the doped compounds we
arrive at the valuem=0.018+0.002ug/U atom for pure
UPt. This is identical to the value reported recently by
Isaacset al. (Ref. 27.

The effect on annealing was investigated for the
=0.001 and 0.002 samples. In the linfitsT, m equals Sea 166 168 170
0.019+0.003 and 0.0380.003ug/U atom in the unan-
nealed state, forx=0.001 and 0.002, respectively. This
shows that the size of the ordered moment is not changed FIG. 6. Longitudinal scans of the magnetic Bragg pe@k
(within the experimental accuracpy our annealing proce- =(1/2,1,0) for annealed (Bt goPch 903 at temperatures 1T
dure. Also the temperature variation af’(T) does not <5.3K as indicated. The solid lines are fits to the data using a
change upon annealing. This is illustrated by the comparisonorentzian convoluted with the Gaussian experimental resolution.

o o e o

800

600

400 -

200},

Intensity (counts/ 8 minutes)

QA
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0.5 T T T 12 [ T T T ]
[ U d 1 Y UPY) 66Pd5.0¢) -
Pt Pd)_- o ol Q=(1/2,0,1)
0.4 ( 1-x x)3 = 8y
T oef % :
— - L
& c‘-‘0.3 - 2 4l Ob\ |
= e x=0.05 R S _
0.2 “ | 0\0\
% J 0 1 0‘Q‘O~ 4
0 2 4 6 8
0.1 :.;"r:-“!-;.,__“ . \ - T(K)
0.0 & . e : FIG. 8. Temperature variation @h?> measured at the magnetic
. 0 2 4 6 8 Bragg peakQ=(1/2,0,1) for annealed U(Pt,Pd); with x
=0.01(<). The sharp increase in the intensity near 1.8 K indicates
T(K) a crossover from SMAF to LMAF.

FIG. 7. Temperature variation af? for annealed U(Rt ,Pd)4 obtain m=0.35£0.05 and 0.630.05«g/U atom for x
derived from the intensity of the magnetic Bragg pe@k  =0.02 and 0.05, respectively. The size of the ordered mo-
=(1/2,1,0) forx=0.02(1) and 0.050) and atQ=(1/2,0,1) for  ment obtained fox=0.05 is in excellent agreement with the
0.01 (©). The solid lines represent fits tom*(T)  yalue reported in Ref. 8. For the LMAF compounds the mag-
#[1=(T/Ty)*]? (see text netic Bragg peaks are resolution limited.

) i The temperature dependence of the magnetic Bragg inten-
alongQ. Note that the width of tha/2 peak, measured with- sity of the sample withx=0.01 is quite intriguingm?(T)

out the Be filter, is not a correct estimate for the experimensiarts to rise slowly belowiry~6 K, grows rapidly below

tal resolution on th.e spectrometers used fisee Fig. 5. For o K, and then saturates below0.5 K. The rapid rise near
x=0.001 we obtaint,= 570+ 130A and¢,=710-150A 5 ¢ suggests a crossover from the small-moment to the
before and after annealing, and for=0.002 £,=700  |5rge-moment state, with an estimate Tif~ 1.8 K for the
+150A and én=610= 130 A before and after annealing. LMAF. For T—O0K. m reaches a value of 0.11
Thus, no effect of annealing ofy, is observed within the  +0.03,,/U atom. 'i'his value is obtained for both
experimental error. This is consistent with the recent concIuQ:(l/zylyo) andQ=(1/2,0,1). We emphasize that the
sion reached by Isaaes al.?” who investigated the effect of \yigth of the magnetic Bragg peak does not change in the
annealing on the correlation lengths aloay and c¢* for  temperature range 0.08—3(Kee Fig. 9 which ensures that
pure UP§. Since the size of the ordered moments and thgne ynusuain?(T) curve is not due to an increase&f upon
values of the correlation lengths are within the experimentajoyering the temperature. The interpretation of a crossover
error the same before and after annealing, we conclude thg} the | MAF state is consistent with recemBR experiments

strain has no significant effect on the SMAF. on U(Pt, oPh o1z, ° Which show that the LMAF gives rise to
V. LARGE-MOMENT ANTIFERROMAGNETIC ORDER 1500 — . . .
FOR x=0.01
U(Pt, 66Pdp o)y 67 ° 0.08K

Q1 (0.5,0,1)

In this section we report our neutron-diffraction results on
the annealed U(Rt,Pd); single crystals withx=0.01,
0.02, and 0.05. We have plotted the temperature variation of
the maximum intensity of the magnetic Bragg peakCat
=(1/2, 1, 0)(background subtractefbr x=0.02 and 0.05 in
Fig. 7 and forx=0.01 atQ=(1/2,0, 1) in Fig. 8. Absolute
values ofm? in units of u3 have been obtained using the
calibration procedure presented in Sec. lll. The temperature
variationm?(T) for x=0.02 and 0.05 is rather conventional
compared to the quasilinear temperature variation observed
for the SMAF compoundgFig. 4). The order parameter fol-
lows m?(T) e (1—(T/Ty)%)?#, with the valuese=1.9+0.2 O 142 143 142 145
and 1.8-0.1 and 8=0.50=0.05 and 0.320.03 for x
=0.02 and 0.05, respectively. These valuegafre not too
far from the theoretical valug=0.38 for the 3D Heisenberg FIG. 9. Longitudinal scans of the magnetic Bragg pe@k
model?® The phenomenological parameterreflects spin- =(1/2,0,1) for annealed (Pt oPdhoy)5 at temperatures 0.88T
wave excitations. In a cubic antiferromagnetic systeris <3 K as indicated. The solid lines are fits to the data using a
predicted to be 2% To our knowledge no predictions are Lorentzian convoluted with the Gaussian experimental resolution.
available for a hexagonal system. In the lifit->0 K, we  The horizontal arrows show the total wid(EWHM) of the peak.

1000

500
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FIG. 10. The Nel temperaturdly versus Pd concentration for

U(Pt,_,Pd)5 alloys as determined from neutron diffractig®) FIG. 11. Uranium ordered moment @ as function of Pd
and specific-heat experiments)) (Refs. 2, 3, 31, 32 SMAF and  concentration in single-crystalline U(PtPd ) alloys. The line is
LMAF denote small-moment and large-moment antiferromagnetica guide to the eye.
order, respectively. In the lower left corner the upper superconduct-
ing transition temperaturg_ as determined by resistivity experi- cannot exclude LMAF with a reduceBl, as observed fox
ments is giver(Ref. 35.  SC denotes the superconducting phase. _ g 91, |n order to investigate the Pd-rich side of the phase
diagram, neutron-diffraction opSR experiments would be
a spontaneougs ™ precession frequency beloWig~ 1.8 K. most welcome. On the other hand, one should keep in mind
In the case ofk=0.01, the transition to the LMAF state that additional lines in the x-ray-diffraction patterns indicate
does not show up in the thermal and transport data, in corthat the MgCg-type of structure is lost fox=0.15 Ty
trast to data fox=0.02 and 0.05, which exhibit clear mag- for the LMAF follows a rather conventional Doniach-type
netic phase transitions @, =3.5 and 5.8 K, respectiveR?  phase diagran® The compound withx=0.01 occupies a
Careful resistivity measurements down to 0.016 K on a poly-special place in the phase diagram as we have assigned two
crystalline sample with composition(Bty odPd o7)5 did not ~ Neel temperatures to it. The SMAF which emerges near 6 K
reveal any signature of a phase transitiohis was taken develops into LMAF near 1.8 K.
as evidence that the Netemperature for the LMAF dropsto  The size of the ordered moment, measured ags func-
zero between 1 and 2 at.% Pd. However, the preseriion of Pd concentration is plotted in Fig. 11. The moment
neutron-diffraction data show that the lower bound forfirstincreases slowly from 0.0%80.002ug/U atom for pure
LMAF is actually between 0.5 and 1 at. % Pd. UPt; to 0.036= 0.003ug /U atom for 0.5 at. % Pd. For higher
Pd concentrations the moment rises much more rapidly. The
change in slope ofm(x) betweenx=0.005 andx=0.01 is

VI. EVOLUTION OF MAGNETISM IN THE U (Pt;_,Pd,)3 consistent with LMAF emerging in this concentration range.
PSEUDOBINARIES

Our neutron-diffraction results show that all the VII. INTERPLAY OF MAGNETISM
U(Ptl,xpd()g compounds )($ 0.05) order antiferromagneti— AND SUPERCONDUCTIVITY
cally. In Fig. 10 we plot the Na temperatures of the differ-
ent samples versus Pd concentration. For samples with ~ Recently, we have measured the specific heat and electri-
<0.01 SMAF invariably sets in with a & point of ~6 K. cal resistivity at the superconducting transition of single-
Most likely this phase line extends horizontally to higher Pdcrystalline =0.0, 0.001, 0.002, and 0.0pand polycrys-
concentrations, but fox>0.01 it becomes more and more talline (x=0.0025, 0.003, 0.004, 0.006, and 0.p0JPt
difficult to discriminate experimentally between SMAF and doped with small amounts of P4 The main findings can
LMAF. A closer inspection of the data for=0.02 (Fig. 77 be summarized byi) T_ is suppressed linearly with Pd con-
shows that indeed some magnetic intensity is visible in théent at a rate of 0.790.04 K/at. % Pd(ii) T is suppressed
temperature range 3.5-6 K. However, a careful measuremeat a faster rate of 1.080.06 K/at. % Pd, and as a resu(iis)
of the background signal fox=0.02 is needed in order to the splittingA T, increasesat a rate 0.36&0.02 K/at. % Pd.
put this on firm footing. LMAF emerges in the concentration This shows that upon alloying with Pd, the high-temperature
range 0.5-1 at. % Pd. The optimum doping for LMAF is 5 low-field A phase gains stability at the expense of the low-
at. % Pd. This compound has the largeseNemperature, temperature low-field phase. The data in Fig. 4 show that
Tn=5.8K, and magnetic momentn=0.63+0.05ug5/U the increase il T, is accompanied by an increase in the size
atom. Forx=0.10 no LMAF has been observed in the ther- of the ordered moment. This provides additional support to
mal and transport properties. However, at this moment, wéhe idea that the SMAF acts as the symmetry-breaking field.
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The Ginzburg-LandalE-representation scenatfopredicts  defects would giveQ-independent scattering, while ordered
AT.=m?. However, this proportionality relation is only imperfections would give rise to new satellite Bragg peaks
valid for AT./T.<1, which no longer holds for the Pd- close to the nuclear peaks. The same arguments are valid for
doped samples. At0.3 at. % PdAT. becomes of the order stacking faults, observed in polycrystalline materials by
of T, Insteadm? grows more rapidly thaa T.. Substantial transmission electron microscopy and x-ray-diffraction
evidence for the SMAF as the symmetry-breaking field hasneasurement¥, and which could locally change the crystal
been obtained by neutron-diffractfGnand specific-hed®  symmetry and give rise to magnetic moments on certain ura-
experiments under pressure. It was found that bothand  njum atoms. On the other hand, one can imagine that there
AT, are suppressed quasilinearly with pressure and vanish ate sizable sample regiorislusters where large magnetic
a critical pressurep,~0.35GPa. Interestingly, we find a moments develop, which are perfectly ordered with a propa-
smooth variation ofAT, as function ofm® when we collect  gation vector of1/2, 0, . This, in principle, could give rise
both the pressure and Pd doping d&tZhis establishes a to the observed Bragg peaks. Due to the finite size of these
firm link betweenA T, andm?. Only for small splittings is  clusters(100-500 A, the magnetic correlation length is lim-
AT.xm? (AT.<0.050K). For enhanced splittings a more ited. These clusters would form 0.1% of the sample volume
sophisticated Ginzburg-Landau expansigrith terms be- and would be separated by large regions of nonmagnetic
yond fourth order should be elaborated. UPt;. However, the minor influence of annealing on the
The critical Pd concentration, for the suppression of SMAF, and the fact that the better samplas determined by
superconductivity is~0.7 at. % P> The value ofx fallsin  the degree of crystallographic ordeall exhibit a magnetic
the range where LMAF emerges. It would be of interest tomoment3® strongly suggest that SMAF is an intrinsic prop-
know whether the suppression of superconductivity coinerty.
cides with the emergence of LMAF.uSR experiments At this point it is important to note that recent zero-field
aimed at probing the LMAF in this concentration range areuSR studies on polycrystallii@nd single-crystallin€ UPt
in progress. failed to detect the small magnetic momeéakcept for the
uSR study reported in Ref. 40, but this result has not been
VIIl. DISCUSSION reprod_uceid In the course of a detailed investigat?cmf.the
evolution of magnetism in (Pt, Pd; by the uSR technique,
Our neutron-diffraction data unambiguously show that thewe found that LMAF gives rise to a spontanequs preces-
unusual small-moment antiferromagnetic order observed ision frequency. However, we did not observe any signal of
pure UP} is stable upon Pd doping. Indeed, we find that Pdthe SMAF in polycrystalline samples with=0.000, 0.002,
doping leads to an enhancement of SMAF as the orderednd 0.005. A possible explanation for this is that the muon
moment grows with increasing Pd content. The reverse bezcomes to rest at a site where the magnetic dipolar fields
havior was observed in the neutron-diffraction experimentsancel due to the magnetic ordering. However, this is highly
under pressure carried out on pure ¥PtThe moment de- unlikely as SMAF and LMAF have an identical magnetic
creases under pressure and vanishes completelyp.at structure and we have been able to detect the LMF
~0.35GPa. A quite remarkable observation is that both dataamples withk=0.01, 0.02, and 0.05It is also unrealistic to
sets, obtained by Pd doping and applying pressure, show thakpect a change of the stopping site at these low Pd concen-
Ty retains a constant value ef6 K. This, together with the trations. TheuSR technique is sensitive enough to detect a
gradual increase ah?(T) below ~6 K, could indicate that static moment of the order of 0.22 . One possibility is that
the transition to the SMAF state is not a true phase transitiorthe small moment fluctuates at a rafe~(10 MHz) too fast
The origin and nature of the SMAF are still subjects ofto be detected by.SR but on a time scale which appears
lively debates. Unraveling the nature of the small moment isstatic to neutrons and x rays. This then also solves the long-
hampered by the fact that, till today, it has been probed constanding problem of why the small moment of Yeannot
vincingly by neutron-diffraction(Refs. 6, 25-27 and this be seen by NMR, while its signal should fall well in the
work) and magnetic x-ray-scatterifigexperiments only. The detection limit as was concluded from experiments on
analysis of both neutron-diffraction and magnetic x-ray-U(Pt_,Pd); (x<0.05) which successfully probed the
scattering daté’ lead to the conclusion that the SMAF is LMAF.*! Fluctuating moments are also in line with the hy-
quantitatively the same in the bulk and near surface of anpothesis that there is no true phase transitionT gt for
nealed UPL The only difference is the somewhat smaller SMAF. The invariance offy and the crossover-type of be-
correlation length along@* andc* obtained in the case of havior suggests that the small moment is only a weak insta-
magnetic x-ray scatteringé,«=85=13A and ¢«=113  bility of the renormalized Fermi-liquid whose properties
+30A atT=0.15K. These values should be compared tohardly change at these low Pd concentrations Q.005).
£,+=280+50A andé.«=500+130A atT=0.57K in the In the Ginzburg-Landau analysi$which makes use of
case of the neutron-diffraction experiment. the symmetry-breaking field scenario, it is generally assumed
The possibility that the small moment is caused by magthat the SMAF forms in a singlg-structure. However, the
netic impurities, defects or sample inhomogeneities camxisting neutron-scattering data are compatible with a
safely be excluded. Firstly, rather high impurity concentra-triple-g structure as well. The question whether the magnetic
tions would be needed, for instanee1000 ppm of magnetic order corresponds to a singlger a tripleq structure is cru-
impurities with moments of 0/&g, in order to obtain the cial for the understanding of the unconventional supercon-
same magnetic signal as for the small moment of @2  ductivity because a singlg-structure breaks the hexagonal
Secondly, impurities will not contribute to Bragg peaks of symmetry, while a tripleg does not. The singlg- and
the type(1/2, 0, 0, since randomly distributed impurities or triple-q structures can be distinguished by applying a mag-
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netic field. For example, in the case of a strong magneti®®d samples show that doping 1 at. % Pd corresponds to an
field applied along theb axis, one expects to reorient all external pressure of about0.33 GP&' In the case of 5
domains along th@* axis or in the terms of Fig. 2y, is  at.% Pd it was demonstrated by specific-heat experiments
expected to increase a factor 3 due to the depopulatiap of under pressuféthat the LMAF state was fully suppressed at
andqg. Experiments carried out up to 3.2(Ref. 42 and 12  ~1.6 GPa, thereby recovering the situation of pure;UPt
T (Ref. 26 did not show any redistribution of magnetic do- ~ Currently, much attention in heavy-fermion research is
mains, so a triplet structure for the SMAF cannot be ex- focused on the occurrence of non-Fermi-liquid effects at the
cluded. However, it is possible that a field of 12 T is notcritical concentration for the suppression of magnetism. In
sufficiently strong to change the domain population of mo-the case of (Pt,Pd; we expect that the border line
ments as weak as 0.03. The SMAF itself is very stable to magnetic/nonmagnetic is close to 0.7 at. % Pd, which is also
a magnetic fieldTy is suppressed by only 0.7 and 0.4 K for the critical concentration for the suppression of superconduc-
a field of 10 T applied along theandc axis, respectively. In  tivity. Resistivity and specific-heat experiments performed so
the case of the LMAF the magnetic structure is single- far did not show any signature of non-Fermi-liquid phenom-
Neutron-diffraction  experimerftd carried out on ena. However, the quantum critical point has not been
U(Pt.oPh 095 as function of an external field applied in the Probed in full detail yet.
basal plane showed the formation of a single-domain sample
in5T.

The magnetic phase diagram of the U(RPd,) 3 pseudo- IX. SUMMARY
binaries(Fig. 10 is quite unusual because of the distinction
between SMAF and LMAF. The differences between thehe
SMAF and LMAF can be outlined as followsi) the order

Neutron-diffraction experiments, carried out on a series of
avy-electron pseudobinary U(P{Pd)5; single crystals
(x=<0.05), show that two kinds of antiferromagnetic order,
Yermed small-moment antiferromagnetic ord8MAF) and
large-moment antiferromagnetic ord&MAF), are found in

the phase diagram. The small-moment antiferromagnetic or-

SMAF does not change with Pd content, whilg of the der. fi ; - ;
. . , first ted f upt bust d th
LMAF compounds follows a rather conventional Doniach- Pedr arl1rosl prsrr')sci)srt(sa tiIIO;thuerzsxtEOI;(;g L-:-T]eug?;ergglg%:nwem

type phase diagrantiii) the SMAF is not observed in zero-
) . . . grows from 0.0180.002ug/U atom for pure URt to
field uSR experiments in contrast to the LMAF. This dem'0.048t0.008u3/U atom for x=0.005. The Nel tempera-

onstrates that the SMAF and LMAF are not directly ture of 6 K, does not vary with Pd contents. The order pa-

connected. . :
. - . . rameter for the small-moment antiferromagnetism has an un-
While the origin of SMAF in UPf remains unclear, the usual quasilinear temperature variation and points to a

emergence of LMAF in the alloyed systems is a general fe.aérossover phenomenon rather than a true phase transition.

ture of heavy-fermion systems. The magnetic instability ISThe small moment is not observed p$R and NMR experi-

”Or“?a”y explained in terms of a competmon betweer! thements. This could indicate that the moment is not static, but
on-site Kondo effect and the intersite Ruderman-Kittel-

. . . . fluctuates at a rate larger than 10 MHz. Ber0.01 large-
Kasuya-YosiddRKKY) interaction. However, in the case of . . . .
the UPt, Pds system a clear-cut identification df and moment antiferromagnetic order is observed. At the opti

Triky is not at hand?* Moreover, since URtis very close to mum doping &=0.05) Ty attains a maximum value of 5.8 K

a magnetic instability, the variation dfx and T before and the ordered moment eqyals MO%B/U atom.
magnetic ordering oécurs is small BKetter ch)léﬁ\;nented sysTN(X) _for the Iarge-mom_ent antlferromagpeu; order fOHO.WS
tems in this respect are (CeLa )Ru-28i where magnetism a Donlach—type phase d!agram. F'rom this diagram we infer
sets in atx—0.07 (Ref. 45 andXCng Z,Au where mag- that the antiferromagnetic instability in U(Pt,Pd,); takes

) - Y XX . place for Pd concentrations 0.00%<0.01.
netism sets in ak=0.1"" In these systems the magnetic
instability is reached at a critical hybridization, which results
from expanding the lattice. In the case ofR#, Pd; the oc-
currence of LMAF can be parametrized, to a certain extent,
by the reduction of the/a ratio upon alloyingland not by a This work was part of the research program of the Dutch
volume effect, as the volume decregs@he application of Foundation for Fundamental Research of Malit&stich-
pressure has the opposite effect, since pressure increases timg” FOM). J. Bossy, S. Pujol, N. H. van Dijk, and Ph.
c/a ratio due to the anisotropy in the linear compressibilitiesBoutrouille are gratefully acknowledged for experimental as-
(k.<k,).® These effects are however small and a satisfacsistance at various stages of these experiments. We thank J.
tory quantitative analysis is hampered by the limited accuflouquet and P. H. Frings for stimulating discussions. R. J.
racy in the values of the lattice constants and compressibiliKeizer and A. de Visser acknowledge the EC-TMR Large
ties. Pressure experiments, carried out on the 5 and 7 at. Bcale Facilities program at LLB for financial support.

silinearly, while the order parameter for the LMAF is con-
ventional and confirms a real phase transiti@n, Ty for the
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