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Large orbital magnetic moment and its quenching in the itinerant uranium intermetallic
compounds UTGa5 „TÄNi, Pd, Pt…
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The crystal structure, lattice strain due to the antiferromagnetic ordering, and magnetic form factor in the
itinerant 5f compounds UTGa5 (T5Ni, Pd, Pt) have been studied by neutron scattering. High-resolution
powder diffraction revealed that the tetragonality of the U-Ga layers increases down to the series of the
transition metal elementT. The integrated intensities of the antiferromagnetic reflections can be well explained
with the Néel-type structure for UNiGa5, whereas UPtGa5 has the antiferromagnetic stacking of the ferromag-
netically ordered uranium moments in thec plane. In both compounds the uranium moments orient along the
c axis with moments of 0.75~5! and 0.32~5! mB for UNiGa5 and UPtGa5, respectively. No magnetic peak could
be observed in the powder diffraction pattern of UPdGa5 due to the small magnetic moment less than the
experimental sensitivity. The orbital contributions in the magnetic form factor are reduced from the free-ion
value, especially for UNiGa5. This suppression shows a strong correlation with the bulk susceptibility. We
observed lattice anomalies associated with the antiferromagnetic ordering. The tetragonality of the U-Ga layers
is a sensitive measure of the nearest-neighbor interaction, the lattice anomaly and the orbital contribution
suggest that orbital degrees of freedom may play an important role for the magnetic properties in these itinerant
5 f antiferromagnets.

DOI: 10.1103/PhysRevB.68.214419 PACS number~s!: 75.50.Ee, 61.12.Ex, 75.30.Kz, 75.90.1w
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I. INTRODUCTION

Compounds incorporatingf-electron elements have a
tracted much attention on account of their unusual magn
and electronic properties, such as unconventional super
ductivity and its coexistence with magnetic, ordering.1 Ex-
amples include 4f rare earth electron systems based on
~Refs. 2–10! and Pr ~Refs. 11,12!, and 5f actinide com-
pounds of U~Refs. 13–18! and Pu.19,20

Despite the considerable amount of work, there is s
neither a consensus on a general mechanism nor an u
standing as to why some compounds exhibit novel forms
superconductivity and others do not. Some empirical tre
have however emerged: For instance, heavy fermion su
conductivity is often realized in the vicinity of a quantu
critical point ~QCP! to a magnetic state induced, for e
ample, by suppression of the magnetic critical tempera
by alloying or hydrostatic pressure. A second recurrent the
is the presence of a similar crystal structure. A first set
compounds which exhibit possible unconventional superc
ducting pairing mechanisms comprises rare earth or uran
elements incorporated in a body-centered tetragonal lattic
seen in the compounds: CeCu2Si2,2 CeCu2Ge2,3 CePd2Si2,4

CeRh2Si2,5,6 and URu2Si2.14 Another family, with apparent
d-wave superconductivity, is CeTIn5,8–10which has a crysta
structure consisting of the sequential stacking of a transi
metal ~T! and CeIn3 layer. Pure CeIn3 also exhibits super-
conductivity, but only under pressure in the vicinity of
magnetic QCP.7 Such stacked structures have been con
ered to enhance the nominal degree of two dimensionalit
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the electronic structure, which may play an important role
the formation of the emerging superconducting state.21

In this context, it is interesting that the recently disco
ered actinide high-TC heavy fermion superconductors
PuCoGa5 ~Ref. 19! and PuRhGa5,20 are isostructural with
CeTIn5. Prior to the Pu systems, UTGa5 compounds were
studied;22–25 however, despite the recent availability of hig
quality single crystalline samples, no superconductivity h
been reported either at ambient or under high pressure.26–31

Likewise, to date, there has been no report concerning
superconductivity in the Np-115 family.20 One suggestion for
the absence of superconductivity in UTGa5 might be the
strong hybridization and itinerant character of 5f levels,
which leads to a relatively wide 5f band atEF and a lack of
spin fluctuations.32–34 UTGa5 compounds for T
5Fe, Ru, Os, Co, Rh, and Ir show Pauli-paramagnetic
havior which suggests an itinerant character of the polari
electronic levels, while UTGa5 compounds withT5Ni, Pd,
and Pt exhibit itinerant antiferromagnetic ordering belo
their respective Ne´el temperaturesTN586 K,26 30 K,25 and
26 K.28 In the case of the Pauli-paramagnetic compoun
UFeGa5, UCoGa5, and URhGa5, the Fermi surfaces hav
been systematically studied and reveal a two-dimensiona
pology. The observed extremal areas are well explained
terms of calculations incorporating 5f electron levels in the
conduction band.35 Recent advances in band theory have a
succeeded in reproducing experimentally compatible Fe
surface topologies in the antiferromagnetic compoun
UNiGa5 and UPtGa5, which carry a sizeable magneti
moment.36–38 These calculations reveal thed bands, prima-
©2003 The American Physical Society19-1
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rily associated with the transition metal elementT, to be fully
occupied whereas the hybridized U(5f )-Ga(4p) level sup-
ports the conduction band.35,36,38This explains the negligible
moment on transition-metal element site and justifies m
qualitative rigid-band models, which assume the full occ
pancy of the transition metald band. The calculations sug
gest that the U(5f )-Ga(4p) hybridized conduction band ha
a high density of states at the Fermi level in the paramagn
phase. This may be viewed as the origin of the~itinerant!
antiferromagnetic instability in these compounds.

Such calculations, predicting filledd states on progressin
through the 3d to 5d transition-metal series, suggest th
electronic structure and the Fermi surface~at least in the
paramagnetic state! should be almost identical. Howeve
neutron-diffraction studies reveal the magnetic structures
UNiGa5 and UPtGa5 to be different, see Fig. 1.39 The mag-
netic configuration of UNiGa5 is based on two interpenetra
ing sublattices in a classic Ne´el-type ordering. The adjacen
uranium moments are aligned in opposite directions, i
structure similar to theG-type antiferromagnetic configura
tion adopted by the simple cubic uranium lattice
UGa3.40–42On the other hand, UPtGa5 has an antiferromag
netic stacking along the tetragonalc axis of ferromagneti-
cally ordered uranium moments in the basal plane. The
ference in the two magnetic structures is significant sinc
implies a sign change of the nearest-neighbor interaction

It thus remains an open question as to why, on cool
below TN , the magnetic structures should be so differe
One suggestion is that the lattice expansion caused by
increasing ionic radius of the transition-metal element m
control the sign of the magnetic interaction between adjac
uranium ions when orbital degrees-of-freedom play an
portant role.39

To address this issue we report on~i! the crystal structure
including the positional parameter for Ga 4i sitezGa, ~ii ! the
thermal evolution of the chemical unit-cell dimension a
zGa below and aboveTN , and~iii ! the magnetic form factor

FIG. 1. ~Color online! Crystal and antiferromagnetic structure
UTGa5.39
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to assess the orbital contribution. In this manner, we hop
cast fresh light on the role of effective chemical strain on
UGa3 units, i.e., change in geometry relative to that of pu
UGa3, and the contribution of the orbital to the magne
degrees-of-freedom, respectively.

II. EXPERIMENT

The polycrystalline samples forT5Ni, Pd, and Pt were
synthesized by arc-melting stoichiometric amounts of
materials under argon gas atmosphere and subsequen
nealing in an evacuated quartz tube at 650 °C for 90 h.
observed a single phase in UNiGa5 and UPtGa5, while small
amounts of U2PdGa8 were detected in UPdGa5. On the other
hand, the single-crystal samples of UNiGa5 and UPtGa5
were grown by Ga self-flux method, with a typical samp
size of 2.033.631.0 mm3. A suitable single crystal of
UPdGa5 was not available for neutron scattering expe
ments. The details for the sample preparation technique h
been published elsewhere.26,28,29

Two sets of neutron scattering experiments were car
out at the research reactor JRR-3 of the Japanese Ato
Energy Research Institute, Tokai, Japan.

First, neutron powder diffraction data were collected
the high-resolution powder diffractometer~HRPD! to deter-
mine the structural parameters at incident energyEi
524.6 meV, l51.823 Å with angular resolution of abou
0.1 °, using a Ge~5 3 3! monochromator and collimation o
128-128-68. The powder diffraction patterns thus obtaine
were analyzed by the Rietveld refinement method us
RIETAN-2000 software.43 Stoichiometric full site occupancy
was assumed; we found that any defects are negligible in
present polycrystalline samples.

Second, the magnetic form factor was measured on sin
crystals of UNiGa5 and UPtGa5 using thermal neutron triple
axis spectrometers TAS-1 and TAS-2 collecting data in
(h 0 l ) and (h h l) scattering planes. Pyrolytic graphite~PG!
monochromator and analyzer crystals were employed wi
3He detector atEi533 meV or 40 meV together with PG
filters having a total thickness of 8 cm to reduce the conta
nation of higher-order Bragg harmonics. All collimation, e
cept that in front of the monochromator, was removed a
the background scattering from the sample cell and the
ostat was eliminated by a pair of beam slits giving a co
bined sample-spectrometer mosaic spread ofv'0.3°. The
signal intensity was obtained by integration overu-2u and/or
v scans. The relative intensities of the integrated nucl
peaks measured in this manner are compared well with st
ture factor calculations based on the HRPD measurem
and this served as a cross check on both the single-cry
stoichiometry and the general measurement technique. N
that the data are not biased by appreciable extinction effe
The magnetic contribution was extracted by subtracting
harmonic contaminations, measured atT.TN , whereTN is
the Néel temperature, and put on an absolute scale by c
bration against selected nuclear peaks. The pow
diffraction data were unavailable for the form-factor analy
due to the small magnetic moment.
9-2
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LARGE ORBITAL MAGNETIC MOMENT AND ITS . . . PHYSICAL REVIEW B 68, 214419 ~2003!
III. RESULTS

A. Crystal structure

Figure 2 shows representative powder-diffraction data
UTGa5 measured at 300 K forT5Ni, Pd, and Pt in Figs.
2~a!, 2~b!, and 2~c!, respectively. Structural and statistic
significance, or reliability, parameters are summarized
Table I for typical measured temperatures. The quality
data is significantly better than that in our previous study d
to improvements both in experimental and analy
techniques.39 The HRPD data confirm a tetragonal HoCoG5
structure, which, to aid discussion, it is convenient to rep
sent as sheets of UGa3 blocks in a basal plane stacked alo
the tetragonal,c axis, with intercalating sheets of transitio
metal ions, Fig. 3. In this structure there are pure Ga(i )
basal layers, which lie interstitial between the mix
U-Ga(1c) and pure T basal layers. The relative in-cell loc
tion of the pure Ga(4i ) basal layers is given by the position
parameterzGa. This parameter is then used to define a deg
of interlayer tetragonality between the U-Ga(1c) and pure
Ga(4i ) planes, i.e., the local distortion of the UGa3 unit from
that in the cubic UGa3 compound. Thus the local tetragona
ity t is generalized fromt512(c/a) to:

FIG. 2. Neutron powder diffraction pattern of~a! UNiGa5, ~b!
UPdGa5, and ~c! UPtGa5, respectively. The crosses are the me
sured data. The solid lines are calculated results after Rietveld
finement, based on the HoCoGa5 structure. The positions of the
peaks are denoted by small bars. The deviation of the calcula
from experimental data,I obs2I cal , is also plotted at the bottom o
each panel. A small portion of U2PdGa8 was detected as an impu
rity phase of UPdGa5.
21441
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t512~2czGa/a! ~1!

where, in Eq.~1!, positive tetragonality indicates the U-G
layer to be compressed alongc axis compared with the cubic
UGa3 which has the AuCu3 structure.

We find that in the UTGa5 system there are systemat
differences in the generalized tetragonality between the p
Ga(4i ) and U-Ga(1c) layers together with the correspond
ing interplanar U-Ga(4i )-U bond angle uU-Ga5p
22 arctan(2czGa/a), see Fig. 3. The generalized tetragon
ity coefficient increases markedly fromt51.5% in UNiGa5
to t57.0% in UPtGa5. Correspondingly, the bond angl
uU-Ga590.9° in UNiGa5 is very close to 90° expected in
local cubic symmetry while in contrast, both UPdGa5 with
t55.4% anduU-Ga593.0° and UPtGa5 at uU-Ga594.2° de-
viate significantly.

As suggested, it is instructive to consider the unit cell a
superposition of UGa3 units in the basal plane separated by
T metal layer. It is then apparent that the basal plane UG3
units in UNiGa5 are very close to pure UGa3 both in U-Ga-U
bond angle~i.e., local cubic symmetry! and basal plane lat
tice parametera54.238 Å (UNiGa5) and 4.248 Å (UGa3)
at 300 K.44 The increases ina and the decrease inzGa down
the series of UTGa5 (T5Ni, Pd, Pt!, without a proportional
increase inc, act to distort the UGa3 block as if under
uniaxial compression increasing the U-Ga-U bond angle g
ing a new magnetic structure with a concurrent reduction
TN .

We can furthermore calculate the distance from a U at
to the two Ga atoms, one in the basal tetragonal pl
@Ga(1c)# and the other in the next plane~see Figs. 1 and 3!
at z along thec axis Ga(4i ). The U-Ga(1c) distance steadily
increases down to the series from 2.98 Å in UNiGa5 to 3.06
Å in UPtGa5, whereas the U-Ga(4i ) distance averages 2.96
with a standard deviation of60.004 Å for all three materi-
als. ~All using the low-temperature lattice parameters.! The
difference between U-Ga(1c) and Ga(4i ) thus increases
from the insignificant 0.03 Å in the Ni compound to 0.10

-
e-

n

FIG. 3. ~Color online! The tetragonality between the Ga(4i ) and
U-Ga(1c) layers in UTGa5. The interplaner U-Ga(4i )-U bond
angleuU-Ga corresponds touU-Ga5p22 arctan(2czGa/a).
9-3
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TABLE I. Structural parametersa, c, zGa of UTGa5 (T5Ni, Pd, Pt! determined from the Rietveld
analysis of neutron powder-diffraction data at selected temperatures. Uranium atoms are located at 1a ~0, 0,

0!, T at 1b (0,0,12 ), Ga at 1c( 1
2 , 1

2 ,0), and 4i (0,1
2 ,zGa), wherezGa is a positional parameter. The tetragonali

of U-Ga layert obtained by Eq.~1! and the bond angleuU-Ga are also listed.Rwp , S, andRB are conventional
reliability factors.43

T ~K! a ~Å! c ~Å! zGa t ~%! uU-Ga Rwp S RB

UNiGa5 9.0 4.2246~1! 6.7751~1! 0.3070~1! 1.51 90.87~1! 8.31 1.62 4.11
(TN586 K) 86.7 4.2272~1! 6.7708~1! 0.3070~1! 1.70 90.98~1! 7.32 1.45 3.45
c/a51.604 300 4.2380~1! 6.7864~1! 0.3074~1! 1.55 90.89~1! 9.65 1.33 3.56

UPdGa5 3.0 4.3101~1! 6.8428~1! 0.2980~1! 5.37 93.16~1! 9.87 1.82 5.3
(TN530 K) 29.7 4.3099~1! 6.8435~1! 0.2979~1! 5.40 93.18~1! 9.50 1.76 4.91
c/a51.587 300 4.3218~1! 6.8637~1! 0.2987~1! 5.12 93.01~1! 7.32 1.79 2.13

UPtGa5 7.5 4.3281~1! 6.7889~1! 0.2965~1! 6.97 94.14~1! 8.00 1.65 5.30
(TN526 K) 26.3 4.3275~1! 6.7880~1! 0.2964~1! 7.01 94.16~1! 7.16 1.48 5.40
c/a51.568 300 4.3386~1! 6.8054~1! 0.2964~1! 7.02 94.17~1! 5.61 1.16 2.15
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in the Pt compound. It is this change with the heavierT
substitutions, and the resulting change in the hybridizat
and exchange interactions, that probably gives rise to
different magnetic structure.

FIG. 4. The neutron powder-diffraction profiles of the bas
plane 2 2 0 and out-of-plane 0 0 4 reflections. The data, meas
below and aboveTN , are denoted by solid and open symbols,
spectively. The solid (T,TN) and dotted (T.TN) lines are the
fitting results after Rietveld refinement. The panels~a!, ~b!, and~c!
indicate the data for UNiGa5 , UPdGa5, and UPtGa5, respectively.
21441
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B. Temperature dependence of structural parameters

The high-angle powder-diffraction patterns around t
2 2 0 and 0 0 4 reflections are shown in Fig. 4 for UTGa5
(T5Ni, Pd, Pt). With decreasing temperature belowTN , the
2 2 0 and 0 0 4 reflections of UNiGa5 shift to the higher and
lower scattering angle, respectively, implying the lattice co
stanta of UNiGa5 to decrease whilec increases in the anti
ferromagnetically ordered phase. In UPdGa5, the thermal ex-
pansion in thea direction is almost canceled out by th
magnetostrictive anomaly while thec direction exhibits a
small shift. On the other hand, for UPtGa5, both the 2 2 0 and
0 0 4 reflections shift slightly towards the lower scatteri
angle, indicative of a lattice expansion belowTN .

These qualitative observations have been quantified b
careful Rietveld refinement of the neutron powder-diffracti
data. The lattice constants, which show an anomaly atTN are
given in Figs. 5~a!–~c! for UNiGa5 , UPdGa5, and UPtGa5,
respectively. At base temperature, 9.0 K, UNiGa5 exhibits a
relative increase ina of about 0.1% and decrease inc about
0.04% compared with their respective values atTN .

The lattice parametera in UPdGa5 exhibits a quasi-invar-
like plateau belowTN , indicating a magnetoelastic interac
tion in the basal plane, which essentially compensates
paramagnetic thermal contraction, whereas thec axis exhib-
its a monotonous decrease with decreasing temperature

The lattice constants in UPtGa5 increase by;0.013 % at
base temperature relative to their value atTN in both a- and
c-directions as shown in Fig. 5~c!. Thus the lattice expansion
due to the magnetic ordering is estimated as;0.02 % after
subtracting the thermal contraction;0.07 % estimated by
extrapolation from the paramagnetic state. The relativ
more important values of thermal expansion in UNiGa5 cor-
relates with its elevated Ne´el temperature and magnetic mo
ment. The lattice contraction ofa in UPtGa5 is opposite from
the lattice expansion in UNiGa5, while intermediate behavio
is found in UPdGa5.

The change in sign of the basal plane contribution to
thermal expansion between the two compounds UNiGa5 and
UPtGa5 may reflect the different, antiferromagnetic as o

l
ed
-
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posed to ferromagnetic, coupling in UNiGa5 and UPtGa5,
respectively. This situation suggests the presence of a cri
separation«0, where the effective U-U basal plane intera
tion changes sign:

H5( 2I («)
i j JiJj , ~2!

I i j ,0 ~antiferromagnetic; UNiGa5! for «,«0 ,

I i j .0 ~ ferromagnetic; UPtGa5! for «.«0 .

On the other hand, the antiferromagnetic coupling as wel
the negative thermal expansion forc axis is common to
UNiGa5 and UPtGa5.

The ab plane invarlike anomaly of UPdGa5, together
with the lack of spontaneous magnetization,25 suggests the
magnetic structure of this compound may be composed
ferromagnetic UGa3 basal plane blocks antiferromagnetica
stacked alongc as in UPtGa5. To date, however, no antifer
romagnetic peak has been observed in neutron pow
diffraction experiments, possibly on account of a small
dered moment lying below our experimental sensitiv

FIG. 5. Temperature dependence of the basal and out-of-p
lattice constantsa and c denoted by open and close symbols, r
spectively, for~a! UNiGa5, ~b! UPdGa5, and~c! UPtGa5. The lines
are a guide to the eyes.
21441
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;0.4mB /U. In order to clarify the magnetic structure,
single-crystal sample will be required.

Figure 6 summarizes thez parameter of the Ga-4i site,
zGa as a function of temperature. The magnitude of thezGa
parameter decreases down to the series of the transition
mentT5Ni, Pd, Pt and this, coupled with the increase ofa,
drives the U-Ga(4i )-U bond distortion referred to above
However, while sensitive to the phase transition, this inter
parameter does not respond in a dramatic fashion to the m
netostrictive anomaly having a maximal relative decrease
;0.001.

C. Magnetic form factors

The magnetic form factor was obtained by measuring
intensity of antiferromagnetic reflections. The integrated
tensity of magnetic Bragg peak is expressed as,

I mag~Q!}uFmag~Q!u2m2f 2~Q!~sina!2L~u!, ~3!

whereFmag is the magnetic structure factor,f (Q) is the mag-
netic form factor,a is the angle between the ordered ma
netic moment and the scattering vectorQ, andL(u) is the
Lorentz factor. The magnetic structure factorFmagis constant
in both magnetic configurations of UNiGa5 and UPtGa5. The
magnetic form factors were thus derived by normalizing
antiferromagnetic intensity with Lorentz and angular facto
in Eq. ~3!.

Within the dipole approximation the magnetic form fact
may be expressed by the sum of the spin and orbital con
bution f S(Q) and f L(Q),45

ne

FIG. 6. Temperature dependence of thez parameter of Ga atoms
at 4i -site, zGa, for ~a! UNiGa5, ~b! UPdGa5, and ~c! UPtGa5, re-
spectively.
9-5
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K. KANEKO et al. PHYSICAL REVIEW B 68, 214419 ~2003!
m f ~Q!5mSf S~Q!1mL f L~Q!. ~4!

wheremS and mL are the spin and orbital moment, respe
tively.

The individual form factors are then expanded in the ba
of Bessel functions,

f S~Q!;^ j 0& ~5!

f L~Q!;^ j 0&1^ j 2&. ~6!

Thus, with the total momentm5mS1mL , we get

m f ~Q!5m~^ j 0&1C2^ j 2&!, ~7!

where C25mL /m,

mL /mS5C2 /~12C2!.

The experimental form factors, given in Fig. 7, have be
decomposed using Eq.~7!. The result of a least square fittin
to the momentm andC2 coefficient is denoted by the soli
curves and values ofm, mL , mS, and C2 for UNiGa5 and
UPtGa5 are listed in Table II.

FIG. 7. The experimentally obtained magnetic form factors
~a! UNiGa5 and ~b! UPtGa5 denoted by circles and triangles, re
spectively. The solid lines are the best fit of the calculated fo
factors using Eq.~7! with m and C2 as fitting parameters. The
dotted line indicates the magnetic form factor for U31 free ion. The
dashed line and dash-dot line show the calculated curves for^ j 0&
and ^ j 2& terms, respectively.
21441
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The most remarkable thing is the large orbital contrib
tion, which is characteristic to the uranium intermetal
compounds based on itinerant 5f electrons.45 However, we
found that the contribution of the orbital momentsmL/mS is
strongly suppressed in UTGa5 from the value for U31 free
ion. For comparison the values ofC2 and mL/mS for U31

with f 3 configuration are also described in Table II.umL/mS
u51.68 for UNiGa5 is much smaller than the value of U31

free ion, umL/mSu52.56. umL/mSu52.10 for UPtGa5 is also
smaller than that of U31 free ion. The suppression ofmL can
be recognized in the large contribution of^ j 2& term denoted
by dash-dot lines in Fig. 7. The dotted lines in Fig. 7 rep
sent the magnetic form factor for U31 free ion, which clearly
deviates from the experimental data, especially for UNiG5.

A large orbital contribution and the suppression of t
magnetic orbital moment has been reported in UGa3.44 The
results for UGa3 are summarized in Table II for compariso
The suppression ofmL in UGa3 was also confirmed with ou
own sample.46 TheC2 as well asmL/mS in UNiGa5 are very
similar to those for UGa3. We understand this to be related
the similarity of the structure in U-Ga layer and the resulti
itinerancy of the 5f states.

IV. DISCUSSION

Figure 8 gives the bulk,q50, magnetic susceptibilityx
of UGa3 and UTGa5 (T5Ni, Pd, Pt) as a function of
temperature.26,47,28 It is seen that the paramagnetic low
temperature susceptibility is enhanced in the order Ni,Pd
,Pt which correlates with the local tetragonality of the U-G
layers.

UNiGa5 has the similar bulk magnetic susceptibility
UGa3 ~Ref. 48! as well as the local structure. AboveTN , x
of UNiGa5 lies below 231023 emu/mol, is more or less
isotropic and exhibits a weak temperature dependence.
low TN , xic decreases by a factor;2 falling to the magni-
tude of the Pauli paramagnetic susceptibility in UCoGa5.49

The larger discontinuity inxic than in xia below TN is
consistent with the antiferromagnetic structure having
uranium moment parallel to thec axis.

The magnetic susceptibility of UPdGa5 in the paramag-
netic regime has a small anisotropy and a temperature de
dence that is hard to reconcile with a Curie-Weiss behav
Further investigations of this composition, behaving as
does in an intermediate fashion between the itinerant Ni
tercalated and more strongly localized behavior of the
intercalated materials, will be most interesting as single cr

r

TABLE II. Fitting results of total magnetic momentm, orbital
and spin magnetic momentmL and mS, umL/mSu and C2 for U31,
UPtGa5 , UNiGa5, and UGa3.44

m (mB) mL (mB) mS (mB) umL/mSu C2

U31 2.56 1.64
UPtGa5 0.32~5! 0.62~7! 20.30(7) 2.10~20! 1.94~17!

UNiGa5 0.75~5! 1.84~7! 21.09(7) 1.68~4! 2.45~7!

UGa3
44 0.63~5! 1.5~1! 20.9(1) 1.66~5! 2.52~5!
9-6
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tals become available for both x-ray and neutron scatte
techniques.

In UPtGa5 the magnetic susceptibility has a much stro
ger anisotropy and temperature dependence. Again, in ag
ment with our neutron diffraction data, this is suggestive o
more localized character of the uranium moment with
increasing transition-metal ion radius and concomitant d
tortion of the local UGa3 symmetry. The effective paramag
netic moments are, however, still rather small 1.1mB (Hia)
and 1.85mB (Hic) compared with those for U31 and U41

free ion of 3.62mB and 3.58mB , respectively.
Tables I and II indicate the orbital contribution to corr

late with the local U-Ga structure and the magnetic susc
tibility. Orbital polarization in itinerant magnets is possibl
but few examples are known. In the present series of UTGa5
compounds, the neutron diffraction data suggest a signific
orbital contribution. To investigate the systematics, since
ordering temperatures and moments vary, it is useful to c
pare the ratios of orbital and spin to total moment across
series UGa3, UNiGa5 to UPtGa5. Inspection of Table II
shows that for UGa3 and UNiGa5 the scaled orbital and spi
contributions to the net moment are closely similar. The
most comparable local U-Ga structure between UGa3 and
UNiGa5 implies its definitive role on the orbital polarizatio
as well as on the magnetic susceptibility mentioned above
case of UPtGa5, where the local distortion from cubic UGa3
units is maximal, the ratio of spin and orbital moments,umL/
mSu, approaches more closely to that of the free U31 ion, see
Table II. The form-factor observations and the magnetic s
ceptibility suggest that the system may be regarded as m
closely ionic with respect to the extent and symmetry of
uranium moment. However, while our result does not
force a lack of itinerancy to the 5f levels, it may imply a
reduced degree of U-Ga hybridiszation.

One of the more intriguing aspects is the relation betw

FIG. 8. Magnetic susceptibility of UNiGa5 , UPdGa5, and
UPtGa5. The broken line and dotted lines are the magnetic susc
tibilities for UGa3 ~Ref. 48! and UCoGa5.49 The magnetic suscep
tibility along the @0001# direction in UPd3 is also displayed as a
typical example for the 5f localized system.50
21441
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the local distortion and the magnetic structure; namely,
sign of the nearest-neighbor interaction is different betwe
UNiGa5 and UPtGa5, see Fig. 1. This is a rather surprisin
result; UNiGa5 and UPtGa5 have an identical electronic
structure and Fermi surface topology in the paramagn
state, hence one expects the same magnetic structure.
anomalous behavior becomes clear on comparison with o
systems, such as UT2Si2 (T53d, 4d, and 5d transition
metal elements!.51,52 The nearest-neighbor interaction in th
c plane in antiferromagnetic UT2Si2 is always ferromagnetic
despite the variety of materials.53,54

We have argued that the Ni compound is the closest, b
structurally@smallest value oft in Table I and almost similar
spacings U-Ga(1c) and U-Ga(4i )] and electronically~i.e.,
paramagnetic susceptibility, value of total moment, andumL/
mSu) to the pure UGa3 material and, therefore, it is perhap
not surprising that the magnetic configurations of the t
resemble each other, with nearest neighbor U atoms ant
romagnetically aligned. On the other hand, the increas
‘‘distortion’’ of the U environment~see Fig. 3! as seen by the
larger t values in Table I, appears to favor a planar config
ration of the U moments, such that they form ferromagne
planes stacked antiferromagnetically. The precise mic
scopic mechanism responsible for this change remains
clear, and it remains to be seen what the magnetic struct
are of UPdGa5 as well as the Np analog, NpCoGa5.20

One possibility is that a concurrent orbital orderin
which would introduce a anisotropy and the difference
hybridization, takes place in UTGa5, which affects on the
change of basal plane magnetic configuration from antife
to ferromagnetic order. The present study clarifies the
evant lattice distortion which corresponds to the differe
magnetic structure between UNiGa5 and UPtGa5. In this
light it is noteworthy that recent NMR~Ref. 55! and resonant
x-ray scattering56 work on UGa3 also suggest strong 5f -4p
hybridization and the possibility of some form of orbital o
dering. The enormous enhancement,; 1000 fold, seen in
pure UGa3 in resonant x-ray scattering tuned to the Ga-4p
edge might be related to the degree of Ga hybridization w
uranium 5f levels, this hypothesis may be tested by expe
ments on the UTGa5 series. This systematic study expect
to bring an origin of the enhancement into relief from dive
sified viewpoint: the different magnetic structure, hybridiz
tion and so on.

The comparable local chemical structure of pure UG3
and the UGa3 basal plane blocks in UNiGa5, reinforces the
idea that one may regard the transition-metal intercalation
UNiGa5 as serving primarily to define a unique symmet
axis on an otherwise undistorted UGa3 system. The chemica
unit-cell symmetry breaking obliges the moments to po
along the tetragonal axis in a simple fashion unlike the c
of UGa3 where, despite intense efforts,55,46 the moment di-
rection is still unresolved. The spin and orbital polarization
some 20% stronger in the tetragonal symmetry, accompa
ing the change in Fermi surface topology towards two
mensionality.

In contrast in the CeTIn5
8–10 series, which has a simila

crystal packing consisting of a sequential stacking of a tr
sition metal~T! and CeIn3 layers, the trend is to become les

p-
9-7
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magnetic and have a developing superconductivity with
creasing two dimensionality of the Fermi surface. Care
structural and form factor measurements in the CeTIn5 series
may be eminently worthwhile.

In conclusion, the weak temperature dependence, as
as the small magnitude of the bulk susceptibility, taken
gether with the partial quenching of the orbital moment
these materials, point to the itinerant nature of the 5f levels.
Careful structural studies, combined with band-structure
culations, which indicate the transition metald band to be
full, suggest the primary role of the transition-metal interc
lation is to change the equilibrium lattice parameter and t
affect the overlap of orbitals involved in 5f -4p bonding. It
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