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Magnetic, electrical transport, neutron diffraction, and Mo¨ssbauer measurements have been performed on a
series of uranium–transition-metal–antimonides UTSb2 (T5Fe, Co, Ni, Cu, Ru, Pd, Ag, and Au!. Most of
these compounds were found to order magnetically at low temperatures and characterized as semimetallic
Kondo lattices with strongly screened magnetic moments. Combined neutron diffraction and Mo¨ssbauer results
allowed determination of the magnetic structures adopted in antiferromagnetic UNiSb2 , UPdSb2, and
URuSb2 . The magnetic behavior found in UTSb2 phases is here discussed with a special emphasis on the role
of the f -p and f -d hybridization.@S0163-1829~98!00538-4#
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I. INTRODUCTION

Uranium compounds UTX2 , whereT is a 3d-, 4d-, or 5d
transition metal andX stands for a pnictogen, form a nume
ous family of ternaries, closely related to the well-know
UX2 phases. Most of them crystallize in a simple tetrago
structure~space groupP4/nmm, see Fig. 1! usually referred
to in the literature as ZrCuSi2 , HfCuSi2 , UCuAs2 , or
ZrCuSiAs type. Although UCuAs2 was the first pnictide re-
ported to form with this structure,1 the very first compound
for which the corresponding atomic positions have been
termined was HfCuSi2 .2 For this reason, accepting the arg
ments presented recently by the authors of Ref. 3, the pr
type name HfCuSi2 will be consequently used in this and o
further papers on UTX2 pnictides.

Previously, in a series of publications we reported on
magnetic, transport, and thermal properties of several 1
uranium–transition-metal phosphides and arsenides~Ref. 4,
and references cited therein!. There, we addressed mainly th
problem of how the crystal-field potential acting on the u
nium atom and the exchange interactions between them
modified when atoms of a given transition metal are emb
ded into the unit cell of the respective UX2 parent com-
pound. Moreover, particular attention was paid to the role
the hybridization between the uranium 5f states and the
transition-metal d-conduction states and the pnictog
p-valence states in determining the behavior of these pha
In the following we extend our discussion to the uraniu
antimonides UTSb2. We report here on the preparation
PRB 580163-1829/98/58~14!/9227~11!/$15.00
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several such compounds and present the results of bulk m
netic, electrical transport, neutron diffraction, and Mo¨ssbauer
investigations, performed on polycrystalline samples of th
materials.

II. EXPERIMENT

Polycrystalline samples of UTSb2 were prepared by arc
melting the constituent elements in a purified argon atm

FIG. 1. Crystal structure of UTSb2 compounds. The near
neighbor environment of the Sb1 and Sb2 atoms is outlined.
9227 © 1998 The American Physical Society
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sphere. Some weight losses due to evaporation of antim
were compensated beforehand by correcting the star
compositions by excess amounts of antimony. The butt
were subsequently wrapped in molybdenum foil and
nealed in evacuated quartz tubes at 800 °C for two we
After the heat treatment the samples were quenched by
merging the tubes in water.

The x-ray powder diffraction examinations were pe
formed on a DRON 1.5 diffractometer with CuKa radia-
tion. They revealed that the attempts to synthesize UTSb2
compounds with the HfCuSi2-type structure have failed fo
T5Rh, Ir, and Pt but they have been successful withT
5Fe, Co, Ni, Cu, Ru, Pd, Ag, and Au. The tetragonal latt
parameters for these latter eight phases, determined by l
squares refinement, are given in Table I. It is worthwh
noting that the lattice parameters derived for UAgSb2 are
rather close to those given in the literature.3

Magnetic susceptibility measurements were carried ou
the temperature range 4.2–300 K using a Cahn electro
ance. The magnetization was measured in external field
to 4 T employing a moving sample magnetometer. Electr
resistivity studies were performed over the temperature in
val 4.2–300 K using a conventional four-point dc techniq

121Sb Mössbauer measurements~5/2–7/2, 37.2 keV! of
UTSb2 (T5Cu, Ni, Pd, and Ru! as well as USb2 samples
were performed using a 660mCi Ca121mSnO3 source kept
either at 4.2 K or 77 K and the absorber at variable tempe
ture from 4.2 to 210 K. The absorber thickness was ab
12 mg Sb/cm2. The spectra were recorded on a sinusoi
drive using conventional methods. The data were dire
fitted to the hyperfine parameters by constraining the rela
absorption energies and intensities of the Lorentzian line
theoretical values.

Neutron experiments on polycrystalline UPdSb2 and
URuSb2 were carried out at the Institute Laue Langev
Grenoble. Several diffraction patterns have been recorde
the temperature range 2–300 K~namely, above and below
the ordering temperatures! with the one-dimensional curve
multidetector D1b (l52.524 Å). The first refinements, ca
ried out in the paramagnetic state, indicated the occurre
of strong texture effects~because of the disklike crystallites
thec axis takes a preferential orientation perpendicular to
neutron beam!. In order to correct for these texture effects
procedure largely described in Ref. 5 was applied, and in
final refinements a fitted coefficient,f cor, was used that take
into account the importance of preferential orientation. T

TABLE I. Lattice parameters for UTSb2 compounds.

Compound Lattice parameters
a (Å) c (Å)

UFeSb2 4.332~1! 9.320~3!

URuSb2 4.342~2! 9.249~2!

UCoSb2 4.311~2! 9.075~4!

UNiSb2 4.322~1! 9.081~1!

UPdSb2 4.332~1! 9.520~2!

UCuSb2 4.297~1! 9.643~2!

UAgSb2 4.322~2! 10.281~1!

UAuSb2 4.342~1! 9.795~1!
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form factor of U41 was taken from Ref. 6 and the scatterin
lengths used in the calculations were as follows:bU
50.8417 fm, bRu50.703 fm, bPd50.591 fm, and bSb
50.551 fm. The least-squares fittings were performed e
ploying the MiXeD crystallographic executive fo
diffraction.7

III. RESULTS AND DISCUSSION

A. Bulk magnetic properties

The results of the susceptibility and magnetization m
surements are presented in Figs. 2 and 3. It appears
UCuSb2 and UAuSb2 are strongly anisotropic ferromagne
with the Curie temperatures of 114 and 36 K, respective
whereas URuSb2 , UNiSb2 , and UPdSb2 order antiferromag-
netically belowTN5127, 175, and 196 K, respectively. A
strong tail inx(T) observed for URuSb2 at low temperatures
may suggest a complex antiferromagnetic structure w
some canting of the magnetic moments but it may also
due to some strongly paramagnetic impurities in amount
low the detection limit of x-ray powder diffraction. The com

FIG. 2. Temperature dependences of the magnetization~left-
hand scale! and the inverse molar magnetic susceptibility~right-
hand scale! for the ferromagnets UCuSb2 and UAuSb2 . The solid
lines are the fits ofx21(T) to the modified Curie-Weiss law with
the parameters listed in Table II. The insets present the field de
dences of the magnetization measured at 5 K with increasing
~closed circles! and decreasing~open circles! magnetic field.
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pound UAgSb2 is probably a ferromagnet withTC592 K
but evaluation of the magnetic results obtained for this a
monide was hampered by the presence of a small amou
U3Sb4 ~not seen on the x-ray pattern! which is also ferro-
magnetic below 146 K. Similarly, in the case of UFeSb2 and
UCoSb2 , the magnetic behavior could not be determin
because of some traces of metallic iron and cobalt prese
the samples.

FIG. 3. Temperature dependences of the molar magnetic sus
tibility ~left-hand scale! and the inverse molar susceptibility~right-
hand scale! for the antiferromagnets: URuSb2 , UNiSb2 , and
UPdSb2 . The solid lines are the fits ofx21(T) to the modified
Curie-Weiss law with the parameters listed in Table II.
i-
of
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As shown in the insets to Fig. 2, thes(B) curves obtained
for UCuSb2 and UAuSb2 saturate in high magnetic field
reaching the magnetic moment of about 1.3mB ~estimated
with the assumption of a uniaxial magnetic anisotropy!. In
the paramagnetic region the magnetic susceptibility of all
compounds examined follows a modified Curie-Weiss la
The values of the effective magnetic momentmeff , the para-
magnetic Curie temperatureup , and the temperature inde
pendent termx0 , derived by least-squares fitting, are give
in Table II. It is worthwhile noting that, except for URuSb2 ,
up is always positive which may reflect strong ferromagne
exchange interaction between the magnetic moments, oc
ring also in antiferromagnetic UNiSb2 and UPdSb2 . This
observation is in line with the expected magnetic structu
in these compounds, consisting of alternating layers
strongly ferromagnetically coupled uranium magne
moments.8 Like the saturation magnetic moments found f
ferromagnets, the values ofmeff are always much smalle
than the free U41 or U31 ion values. As for many othe
uranium compounds, this reduction results predominan
from strong crystal-field interactions but in view of our ele
trical resistivity results~see below! it seems likely that also
Kondo-like screening effects may play some role in the ov
all reduction of the magnetic moment.

B. Electrical resistivity

Figure 4 displays the temperature variations of the el
trical resistivity for ferromagnetic UCuSb2 , UAgSb2 , and
UAuSb2 . The r(T) dependencies for antiferromagne
URuSb2 and UPdSb2 are shown in Fig. 5. In turn, Fig. 6
presents the resistivity of UFeSb2 . The shapes of all thes
curves as well as the absolute values of the resistivity in
cate a semimetallic character of the antimonides studied
all cases the magnetic phase transitions manifest themse
as pronounced anomalies onr(T) and sharp extrema in th
dr/dT vs T functions. It is worth noting that a
ferromagnetic-type anomaly is observed also for UFeS2,
which may suggest that this compound is a ferromagnet w
Tc of about 30 K. In the paramagnetic region the resistiv
always decreases monotonically with increasing tempera
in a manner characteristic of Kondo systems.

The behavior of the resistivity was analyzed assuming
validity of the Matthiessen rule. At low temperatures t
r(T) variations of URuSb2 , UPdSb2 , UAgSb2 , and
UAuSb2 can be fairly well fitted by the equation

r~T!5r01aT2expS 2
D

T D , ~1!

wherer0 is the residual resistivity and the second term d
scribes scattering of the conduction electrons on spin-w
excitations with the energy gapD in the spin-wave spectrum
Only for UCuSb2 and UFeSb2 could no region of a
T2exp(2D/T) dependence be detected.

In turn, in the paramagnetic region the resistivity
UPdSb2, UCuSb2 , UAgSb2 , and UAuSb2 follows the stan-
dard Kondo formula

r~T!5r01r0
`2cKlnT, ~2!

wherer0
` stands for the spin-disorder resistivity andcK is the

Kondo coefficient. The parameters occurring in the abo

ep-
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TABLE II. Magnetic data for UTSb2 compounds as deduced from magnetization measurements. A
symbols have their usual meaning~see also the text!.

Compound TC,N ~K! m0 (mB) meff (mB) up ~K! x0 (1024 emu/mole)

UFeSb2 P ~?!

URuSb2 AF127~5! 1.91~5! 240(4) 9.2~7!

UCoSb2 ~?!

UNiSb2 AF175~1! 2.46~3! 57~2! 3.6~9!

UPdSb2 AF196~2! 2.43~2! 20~1! 6.3~6!

UCuSb2 F114~2! 1.3~1! 2.31~2! 105~1! 7.9~7!

UAgSb2 F92~5! ~?!

UAuSb2 F36~3! 1.4~1! 2.25~4! 42~3! 38.5~5!
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two functions, found by least-squares fitting procedure,
listed in Table III. It is worth noting that the values ofcK are
rather large, which suggests a considerable density of s
at the Fermi level in all these intermetallics. The resistiv
of URuSb2 and UFeSb2 also decreases strongly with risin
temperature over a wide temperature range but no loga
mic variation of r(T) was observed for both these com
pounds.

C. Mössbauer spectroscopy

The Mössbauer spectra of121Sb in UTSb2 (T5Cu, Ni,
Pd, and Ru! obtained at 4.2 K~ordered state! and in the
paramagnetic state are reported in Fig. 7. The spectra c
be well fitted with two sites by constraining the relative i
tensities due to the Sb1 and Sb2 atoms in the proportion
that corresponds to the ratio of the multiplicities of the S
(2a) and Sb2 (2c) crystallographic sites~see Fig. 1!. In the
paramagnetic state, the spectra consist of an asymmetric
sorption line enlarged by the quadrupolar interactions ex
rienced by the Sb1 and Sb2 atoms. In the ordered state, a
K, magnetic splittings are clearly seen. However, due to
large natural linewidth of the121Sb resonance and relative
small hyperfine fields transferred to the Sb atoms, the line
the spectra are poorly resolved. The results of the data an
sis, given in Table IV, indicate that the two types of S
atoms experience quite different hyperfine interaction par
eters. This is not unexpected since the Sb1 and Sb2 a
occupy sites with entirely different coordinations. The S
atoms have four U neighbors forming a stretched tetrahed
and four Sb1 neighbors forming a square. In turn, the S
atoms are coordinated by fourT atoms and four U atoms a
in a distorted square antiprism arrangement~see Fig. 1!. The
assignment of the two sets of hyperfine parameters to t
respective Sb1 and Sb2 sites was made following the a
ments by Brylak, Mo¨ller, and Jeitschko.3 The formal charge
state of the Sb2 atoms is expected to be more negative
that of the Sb1 atoms, since the antimony atoms are the m
electronegative component in the UTSb2 compounds and
since the Sb2 atoms do not form any Sb-Sb bonds. Th
considerations allow us to assign the set of hyperfine par
eters with the larger~i.e., less negative! isomer shift to the
Sb2 atoms (D^r 2&, the change of the mean square nucle
charge radius, for the121Sb resonance is negative!. This as-
signment fully agrees with the121Sb isomer shift systemat
ics, e.g.,d IS5211.7, 28.75 and28.22 mm/s vs CaSnO3
for elemental Sb, NiSb, and USb, respectively.9,10
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The magnetic fields acting on the nuclei of the Sb ato
are the result of a finite spin density at the Sb sites produ
by the uranium magnetic moments through magnetic
change, either by the polarization of the conduction electr
via the Ruderman-Kittel-Kasuya-Yosida~RKKY ! interaction
or by covalent mixing of the U5f electrons with the Sbp
states. In order to observe a transferred hyperfine field,
uranium moments should be arranged in such a way

their vectorial sum( im̄ i in the immediate vicinity of an Sb
atom does not vanish. Furthermore, if one assumes that
transferred field is isotropic, its direction with respect to t
principal axis of the electrical field gradient tensor~the four-
fold tetragonalc axis! provides the orientation of the ura
nium magnetic moments for collinear magnetic structur
Since the effective quadrupole couplings for both Sb1 a
Sb2 atoms are basically the same in the ordered and p
magnetic states, we conclude that the uranium mome
point along the tetragonalc axis in all the investigated com
pounds. Further information on the spin arrangement in
three antiferromagnets, UNiSb2 , UPdSb2 , and URuSb2 , is
provided by the transferred hyperfine field at the Sb1 ato
whose uranium neighbors~2 1 2! belong to two successive
uranium atom planes, stacked along thec axis ~see Fig. 1!.
The observation of a transferred field indicates a11 se-
quence of uranium atom layers, whereas its absence m
that the sequence should be12. Therefore, from the results
listed in Table IV, one concludes to a1221 arrangement
for both UNiSb2 and UPdSb2 @model~c! in Fig. 8#, whereas
two structure models,1212 @model ~a! in Fig. 8# and
2211 @model~b! in Fig. 8#, are compatible with the data
set of URuSb2 .

As concerns the magnitude of the transferred hyperfi
fields at the Sb1 and Sb2 atoms, one should first note
Hhf

(1) and Hhf
(2) have different values although( im̄ i54 for

both types of atoms in UCuSb2 , UNiSb2 , UPdSb2 , and
USb2 .11 Actually, Table IV shows thatHhf

(1),Hhf
(2) in UTSb2

compounds while the opposite trend is observed in the
lated USb2 phase~both structures only differ by the interca
lation of aT atom layer!. To explain the differentHhf values
in USb2 one could invoke the different Sb-U bonding length
@dSb12U53.248 Å anddSb22U53.111 Å ~Ref. 11!#. Yet,
such an explanation does not hold for the UTSb2 com-
pounds. Indeed, the Sb1-U bonds are here still weaker t
Sb2-U bonds butHhf

(2) is now larger thanHhf
(1) . This fact

clearly emphasizes the importance of the four neighboringT
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atoms showing up in the first coordination shell of the S
atoms. The intercalation ofT atoms into the unit cell of USb2
provides two additionals-conduction electrons per formul
unit. This effect as well as the Sb-T bonding features chang
dramatically the electronic structure of the Sb2 atoms
shown by the trend of the isomer shifts~see Table IV!.
Hence, at this stage, i.e., without a detailed knowledge of

FIG. 4. Temperature variations of the electrical resistivity
ferromagnetic compounds: UCuSb2 , UAgSb2 , and UAuSb2 . The
thin solid lines are fits ofr(T) to Eqs.~1! and ~2! ~see text!. The
insets show the temperature derivative of the resistivity in the
cinity of the Curie temperature.
2

s

e

electronic structures and of the exchange mechanisms
volved, it is not possible to establish any relationship b
tween the magnitude of the transferred hyperfine fields
the magnetic moment carried by the uranium atoms.

f

i-

FIG. 5. Temperature variations of the electrical resistivity
antiferromagnetic compounds: URuSb2 and UPdSb2 . The thin solid
lines are fits ofr(T) to Eqs.~1! and~2! ~see text!. The insets show
the temperature derivative of the resistivity in the vicinity of th
Néel temperature.

FIG. 6. Temperature dependence of the electrical resistivity
UFeSb2 . The inset presents the temperature derivative of the re
tivity at low temperatures.
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TABLE III. Electrical resistivity data for UTSb2 compounds. For explanation see the text.

Compound Eq.~1! Eq. ~2!

r0 (mV cm) a (mV cm/K2) D (K) r01r0
` (mV cm) cK (mV cm)

URuSb2 503~3! 0.03~2! 46~2!

UPdSb2 164~4! 0.02~1! 0 931~6! 77.5~8!

UCuSb2 562~4! 35.9~7!

UAgSb2 33~1! 0.19~3! 0 650~3! 65.6~9!

UAuSb2 315~2! 0.07~2! 61~2! 489~5! 33.1~7!
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D. Neutron diffraction

The neutron diffraction patterns, collected for UPdS2
and URuSb2 in the paramagnetic state~see the lower diffrac-
tograms in Fig. 9!, are characteristic of the space gro
P4/nmm and confirm the HfCuSi2-type structure for both
compounds. Comparison between the observed and ca
lated intensities of the nuclear peaks is given in Tables V
VI, where also the main results of crystal structure refin
ments~the lattice parameters, thezU and zSb2 atomic posi-
tions, the March factorf cor, and the reliability factorR) are
collected. It is worthwhile noting that a largef cor factor
('1.2) was derived for both compounds which indica
strong texture effects and thus supports the validity of
correction applied.

As is apparent from Fig. 9, the neutron diffraction patte
of UPdSb2 , recorded in the ordered state, shows several
perlattice Bragg reflections of magnetic origin. The observ
magnetic peaks follow the rulel 5(2n11)/2, where n
51, 2, 3, . . . .This leads unambiguously to the conclusi
that the magnetic unit cell is tetragonal and doubled alo
the c direction with respect to the chemical unit cell. Mor
over, the absence of the magnetic~00l! reflection proves tha
the magnetic moment is aligned along the fourfold ax
Analysis of the observed magnetic intensities yields two p
sible sequences of ferromagnetically coupled uranium a
layers:1122 and 1221, as shown in Figs. 8~b! and
8~c!, respectively. A simple criterion discerning these tw
types of magnetic structure was proposed by Przystawa12 on
the basis of magnetic symmetry considerations. Accordin
this rule, the exchange integral for coupling between
nearest uranium atom layers is negative~i.e., the structure is
1221) if the positional parameterzU.0.25, and positive
~i.e., the structure is1122) if zU,0.25. It is worth noting
that Przystawa’s criterion works well for known uraniu
compounds crystallizing with theP4/nmm space group,
such as UX2 pnictides with X 5 P, As, Sb~the magnetic
structure1221) or UOY oxychalcogenides withY5S
and Se~the magnetic structure1122).8 In particular, the
above rule is followed in the case of UPdAs2 ~the compound
closely related to the antimonides studied in this paper! for
which zU,0.25 and the sequence1122 was found.13 Un-
fortunately, for UPdSb2 the parameterzU is very close to the
critical value (zU50.252), and therefore it is not possible
choose unambiguously between the two magnetic struc
types, though the solution1221 is slightly marked out.
Interestingly, as discussed above, the Mo¨ssbauer spectros
copy results have yielded for UPdSb2 just that latter mag-
netic structure and thus Przystawa’s rule seems to be ap
priate also in this case. Comparison of the observed
u-
d
-

s
e

u-
d

g

.
-

m

to
e

re

ro-
d

calculated nuclear and magnetic intensities, measured at
together with the refined values of the lattice parameters
some other adjustable parameters are given in Table V.

The neutron diffraction pattern of URuSb2 taken in the
ordered state is presented in Fig. 9. It reveals the appear
of only one additional reflection, namely,~100!, which is
forbidden by the crystallographic space group. All the ma
netic Bragg peaks are indexable within the chemical unit c
and obey the ruleh1k1 l 52n11, wheren 5 1, 2, 3, . . . .
Thus the magnetic unit cell of this compound consists
ferromagnetic~001! sheets of uranium magnetic momen
which are arranged antiferromagnetically along the tetra
nal c direction according to the sequence1212. As for
UPdSb2 , the absence of any magnetic contribution to t
~00l! reflection proves that the magnetic moments po
along thec axis. It is worth noting that such a magnet
structure, displayed in Fig. 8~a!, has previously been found
for UNiAs2 ~Ref. 14! which is also a representative of th
HfCuSi2-type uranium pnictides. Table VI lists the observ
and calculated neutron diffraction intensities at 2 K, a
gives the refined values of the structural parameters.

Figure 10 shows the thermal variation of the magne
moment in both UPdSb2 and URuSb2 . At 2 K, the ordered
moment amounts to 2.2(1)mB and 1.2(1)mB for the
palladium- and ruthenium-based compound, respectiv
The extrapolated values ofTN are 225~5! and 135~5! K, re-
spectively, being in good agreement with the bulk magne
measurements.

IV. HYBRIDIZATION EFFECTS

A crucial point in the discussion of the magnetic prope
ties of UTX2 pnictides is a question concerning the mech
nism of salient change in the character of coupling betw
adjacent layers of uranium atoms upon incorporating into
unit cell of a given UX2 compound an extra layer o
transition-metal atoms. This question has already b
briefly raised in Ref. 4. There, it was argued that the mec
nism responsible for the magnetic ordering in UTX2 phases
is probably an interplay of superexchange via metalloid io
and RKKY interaction via conduction electrons. It is e
pected that an incorporation ofT atoms changes the streng
of the latter interaction because it causes not only an incre
of the U-U distances~mainly along thec axis! but also
changes the number of conduction electrons. Obviou
these two effects may explain different magnetic behavio
UTX2 pnictides with respect to their parent UX2 compounds.
However, it is hardly understandable why the UTX2 phases
with a givenX show such a large variety of magnetic pro
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FIG. 7. 121Sb Mössbauer spectra of UCuSb2 at 125 and 4.2 K, UNiSb2 at 186 and 4.2 K, UPdSb2 at 210 and 4.2 K, URuSb2 at 138 and
4.2 K.
e-
ac

an

vi
le

he
tion
uc-
ity
es-
erties. For example, in the UTAs2 series, UCoAs2 is ferro-
magnetic and UNiAs2 is antiferromagnetic despite the clos
ness of the atomic radii of Co and Ni, and despite the f
that both transition metals introduce twos electrons into the
conduction band. Therefore it seems likely that an import
role in the magnetism of UTX2 compounds is played byd
electrons of transition metals and that the magnetic beha
of these phases is governed by the interaction of these e
trons with 5f electrons of uranium.
t

t

or
c-

It is well known that the so-calledf -p,d hybridization is
the driving mechanism of delocalization off electrons in
many cerium and uranium intermetallics~see, for example,
Ref. 15! being in this manner the main factor determining t
magnetic behavior in these phases. A quantitative descrip
of the hybridization effects may be obtained via band str
ture calculations in the framework of the local spin dens
approximation. However, as shown in Ref. 16, a proper
timation of the strength of thef -s,p,d hybridization in series
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TABLE IV. Hyperfine parameters of the121Sb Mössbauer spectra of the UTSb2 (T5Cu, Ni, Pd, Ru! ternary antimonides and the relate
USb2 compound. The isomer shifts (d IS) given are relative to the source at 4.2 K or 77 K~measurements performed in the paramagne
state!. W represents the linewidth of the Lorentzian line shape,Hhf is the hyperfine field, andeVzzQ stands for the effective quadrupol
coupling constant. The labels~1! and ~2! refer to the Sb1 and Sb2 atoms, respectively. The parameters fixed in the fitting procedu
marked by the symbol *.

Compound T ~K! Hhf
(1) (kOe) Hhf

(2) (kOe) eVzzQ
(1) (mm/s) eVzzQ

(2) (mm/s) d IS
(1) (mm/s) d IS

(2) (mm/s) W (mm/s)

UCuSb2 125 13.1~3! 24.7(5) 29.84(5) 27.77(4) 2.79~9!

4.2 115~1! 137~2! 13.1* 24.7* 29.65(3) 27.80(3) 2.82~5!

UNiSb2 186 12.8~6! 26.5(6) 29.9(1) 27.93(8) 2.4~2!

4.2 97~1! 106~1! 11.1~4! 25.5(4) 210.14(4) 27.72(4) 2.40~6!

UPdSb2 210 10.7~6! 27.4(6) 29.77(5) 27.76(4) 2.5*
4.2 120~1! 128~1! 9.9~3! 27.8(3) 210.30(3) 27.48(3) 2.50~6!

URuSb2 138 12.0~4! 25.4(5) 29.72(6) 27.44(4) 2.5~2!

4.2 44~1! 12.1~2! 25.4* 210.30(1) 27.16(2) 2.7~3!

USb2 4.2 122~1! 104~1! 9.9~4! 26.0(3) 29.68(4) 28.99(4) 2.92~3!
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of isostructural compounds may be obtained employing
method developed by Straub and Harrison.17,18 This ap-
proach combines the linear muffin-tin orbital~LMTO!
theory19 with the transition-metal pseudopotenti
formalism20 to yield the method for calculating two-cente
couplings betweenf orbitals of cerium or uranium ands, p,
d orbitals of neighboring ligands. The input parameters
the model are the atomic radii of interacting atoms,r l and
r l 8 , the distance between these atoms,d, the respective an
gular momenta,l and l 8 ( l ,l 850, 1, 2, and 3 fors, p, d,
and f orbitals, respectively!, and the symmetry of the bond
m (m50, 1, 2, and 3 fors, p, d, and w bonds, respec-
tively!. The general hybridization matrix element has t
form

FIG. 8. Magnetic structures of antiferromagnetic UTX2 com-
pounds, crystallizing with the tetragonal HfCuSi2-type unit cell.
The arrows indicate the alignment of the uranium magnetic m
ments. Model~a! represents the structure adopted by UNiAs2 and
URuSb2 . Model ~b! is appropriate for UPdAs2 . Model ~c! shows
the magnetic structure found for UNiSb2 and UPdSb2 .
e

f

Vll 8m5h l l 8m

\2

me

~r l
2l 21r l 8

2l 821
!1/2

dl 1 l 811
, ~3!

whereme is the free electron mass, and the coefficienth l l 8m
is given by

h l l 8m5
~21! l 811

6p

~ l 1 l 8!! ~2l !! ~2l 8!!

2l 1 l 8l ! l 8!
~21!m

3F ~2l 11!~2l 811!

~ l 1m!! ~ l 2m!! ~ l 81m!! ~ l 82m!!
G 1/2

. ~4!

The strength off -l 8 hybridization can be estimated a
follows:

Vf l 85F(
i

ni

2l 811
~Vf l 8s

2
12Vf l 8p

2
12Vf l 8d

2
12Vf l 8w

2
!G 1/2

,

~5!

whereni is the number of neighbors with the angular m
mentuml 8 at a given distanced. According to Ref. 18, the
second moment of the hybridized band

^~Ek2« f !
2&5Vf p

2 1Vf d
2 1Vf f

2 5Vtotal
2 ~6!

may be taken as a measure of the delocalization tendenc
f electrons, while the square root of this quantity may
identified with the total covalent energy which contributes
the cohesion in a solid. Furthermore, Harrison and Strau18

derived in their work a criterion for localization of magnet
moments: ifVtotal is smaller thanUsin2(Zfp/14), whereU
stands for the Coulomb repulsion andZf is the number off
electrons,f -electron localization and magnetic ordering m
be expected. In the case of uranium compounds the crit
energy amounts to 680 and 1380 meV forf 2 and f 3 configu-
ration, respectively. It is worthwhile noting at this point th
in the case of well-localized systems, i.e., when thef -p,d
hybridization does not result in creating bands, the ma
elementsVll 8m , given by Eq.~3!, make the hybridization
contribution to the ligand field and thus reappear in sing
ion anisotropy.

-
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FIG. 9. Neutron diffraction
patterns of UPdSb2 and URuSb2
at 300 K and 2 K.
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In the following the above described approach was
plied on UTX2 compounds. The calculations have been p
formed for all the phases for which the precise structural d
are known: UCuP2,21 UCuAs2 ,1 UNiAs2 ,14 UCoAs2 ,22

UPdAs2 ,13 and studied here, URuSb2 and UPdSb2 ~Tables V
and VI!. Moreover, for comparison, the parent compoun
UP2, UAs2 , and USb2 ~Ref. 23! have also been taken int
consideration. The atomic radii of the respective atoms w
taken from Refs. 17 and 18. The results of the calculati
are collected in Table VII.

As is apparent from this table, a direct mutual overlap
5 f orbitals of uranium is almost negligible in all the com
pounds considered (Vf f is less than 0.5% ofVtotal). This
finding is in accord with the Hill criterion for thef -electron
localization because the shortest U-U distances are her
ways much larger than 3.4 Å. The total hybridization ene
in UTX2 pnictides is given mainly by thef -p contribution
which amounts to above 90% ofVtotal in the phosphide and
all the arsenides, and 70–80 % ofVtotal in the case of two
-
r-
ta

s

re
s

f

al-
y

antimonides. Yet, it is worth noting that the magnitude
Vf p does not change much within a given series of pnictid
being close to that value derived for the respective par
UX2 compound~except for UP2). This feature suggests tha
the magnetic properties which are common for all the
phases, e.g., strong ferromagnetic coupling of the magn
moments within uranium atom layers and huge magnetic
isotropy ~for discussion see, for example, Ref. 24!, may be
caused by thef -p mixing, as it is the case in cerium an
uranium monopnictides and monochalcogenides.25

In turn, the f -d hybridization in UTX2 compounds is
rather moderate,Vf d being only 3% ofVtotal in UCuP2 and
3–11 % ofVtotal in the arsenides. Only in the case of URuS2
and UPdSb2 doesVf d make a big contribution toVtotal ~28%
and 16%, respectively!. Yet, in all the compounds considere
the strength off -d hybridization varies significantly upon
exchange ofT component. For example, within the group
ternary uranium arsenides containing a 3d-electron transition
metal,Vf d increases by 30% when Cu is replaced by Ni, a
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as much as by 43% when Cu is substituted by Co. Simila
in the group of ternary uranium antimonides containing
4d-electron transition metal,Vf d increases by 42% when P
is substituted by Ru. As seen from Table VII, the changes
the magnitude of thef -d hybridization in UTX2 pnictides do
not yield any appreciable weakening in the 5f -electron lo-
calization becauseVtotal is always much larger than the crit
cal value of 680 meV~appropriate for compounds based
U41 ions!. However, as noted above, the change inVf d re-
sults in different types of the magnetic coupling betwe
adjacent uranium atom layers occurring. Therefore it see
likely that just thef -d interactions govern the overall mag
netic behavior of UTX2 compounds, i.e., the strength of th
f -d hybridization may decide if a given compound is ferr
magnetic or antiferromagnetic and what the type of its m
netic structure is.

V. SUMMARY

For many years the problem of localization off electrons
in a solid has been the central point of actinide research.
commonly believed that the degree of 5f -electron localiza-
tion is mainly determined by the interactions of 5f -electron

TABLE V. Observed and calculated intensities at 300 and 2
and refined parameters for UPdSb2 .

300 K 2 K
hkl Fo

2 Fc
2 Fo

2 Fc
2

001 9 13 41 45
002 ,5 ,5 ,5 ,5

101
2

503 499

101 133 128 401 416

103
2

263 276

102, 003 186 193 721 730
110 38 42 131 124

111
2

428 417

111 73 66 185 197

105
2

92 108

113
2

267 260

112, 103 4122 4274 14009 14216

004, 115
2

472 483 1662 1685

107
2

63 67

113 375 359 1001 1013
200 4222 4301 12439 12588
201 107 114

201
2

701 731

104 122 117

203
2 , 117

2
433 466

a (Å) 4.325~1! 4.316~1!

c (Å) 9.552~2! 9.545~2!

f cor 1.17~1! 1.18~1!

zU 0.252~1! 0.252~1!

zSb2 0.674~1! 0.677~1!

m0 (mB) 2.15~10!

R(%) 2.3 1.6
,
a

n

n
s

-

is

states withs-, p-, andd-electronic states of surrounding a
oms. The way to study the hybridization effects is such
modification of the neighborhood of a givenf -electron atom
in which only a selected factor~e.g., the coordination num
ber, the spatial arrangement of ligands, their electronic ch
acter, etc.! is being changed in a systematic manner, wh
keeping all the other factors unaltered. In practice, this tas
usually realized by detailed investigations carried out
long series of isostructural compounds. The best exam
here are the results obtained on well-known numerous fa
lies of UT2M2 and UTM ~M5Si, Ge! intermetallics~for a
review see Ref. 26!.

The group of UTX2 pnictides is another example of suc
a series of ternary uranium phases, and the compound

TABLE VI. Observed and calculated neutron diffraction inte
sities at 300 and 2 K and refined parameters for URuSb2 .

300 K 2 K
hkl Fo

2 Fc
2 Fo

2 Fc
2

001 42 46 142 148
002 ,5 ,5 ,5 ,5
100 198 192
101 231 211 1273 1293
102 143 152 432 455
110, 003 184 180 792 829
111 87 94 928 952
112 6107 6215 20628 20971
103 725 772 3122 3143
004 378 406 1393 1419
200, 113 4112 4141 13564 13884
201 498 477 1802 1764
104 ,5 ,5 25 22

a (Å) 4.335~1! 4.330~1!

c (Å) 9.230~2! 9.221~2!

f cor 1.27~1! 1.28~1!

zU 0.263~1! 0.264~1!

zSb2 0.652~1! 0.651~1!

m0 (mB) 1.20~9!

R(%) 1.5 1.8

FIG. 10. Temperature dependence of the uranium magnetic
ment in UPdSb2 and URuSb2 .
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ported here withX5Sb considerably enlarge the number
family members. The antimonides withT5Co, Cu, Ag, and
Au have been found to order ferromagnetically, while tho
with T5Ni, Ru, and Pd to order antiferromagnetically at lo
temperatures. The magnetic structures of the latter c
pounds have been determined by combined studies of M¨ss-
bauer effect and powder neutron diffraction. Most of the

TABLE VII. Contributions of the f -f (Vf f), f -d(Vf d), and
f -p(Vf p) hybridization to the total covalent energy (Vtotal) in UTX2

and UX2 compounds.

Compound Vf f (meV) Vf d (meV) Vf p (meV) Vtotal (meV)

UP2 90 1698 1700
UCuP2 91 195 1173 1193

UAs2 69 1137 1139
UCuAs2 70 190 1006 1026
UNiAs2 70 245 1021 1052
UCoAs2 68 271 999 1037
UPdAs2 65 355 1028 1088

USb2 41 882 883
URuSb2 36 493 793 934
UPdSb2 37 347 810 882
f

se

m-

se

UTSb2 phases exhibit an interplay of crystal-field a
Kondo-like effects which results in considerable reductio
of uranium magnetic moments.

The magnetic behavior of the antimonides studied here
well as their phosphide and arsenide relatives, can be at
uted to superexchange and RKKY exchange interactio
modified by f -p and f -d hybridization. In particular, the
strong anisotropy, characteristic of all these compounds
probably due to pronouncedf -p mixing, whereas the type o
magnetic ordering is presumably correlated to the magnit
of f -d overlap. The results of the semiquantitative analy
of the hybridization effects in UTX2 compounds, performed
employing the method proposed by Harrison and Straub,
tirely support the above hypothesis. However, a more
vanced theoretical study is needed to get complete and
able information about the electronic structure of the
materials. This requirement is the more important as so
further experimental attempts to synthesize and physic
characterize several brand new representatives of the UTX2
series are now underway.
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