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The tetragonal intermetallic compoundsNi,In and URh,Sn have been studied by means of specific-heat,
electrical-resistivity, and neutron-diffraction techniques. At low temperatures, both compounds order antifer-
romagnetically in a magnetic unit cell doubled along thexis, and we find $ moments of 0.60 and 0.38/U
atom for U,Ni,In and U,Rh,Sn, respectively. For iNi,In, our refinement also indicates a possible Ni moment
of 0.37ug perpendicular to the U moments. We discuss the development of fthredBnents together with
findings on other isostructural, U,X (T=transition metalX=In, Sn compounds, and confirm that the trends
expected due to Bligand hybridization also hold for this family of uranium compounds. Our analysis indi-
cates different arrangements of thé Bioments in the two compoundsoncollinear arrangement within the
basal plane for bNi,In and collinear arrangement along tbexis for U,Rh,Sn), although both compounds
have nearest-neighbor U-U distances alongctleis. This would mean that the magnetocrystalline anisotropy
in U,T,X compounds is not determined by nearest-neighbor U-U links alone.

[. INTRODUCTION firmed also in an extensive study of isostructural XJ
compounds:*

The magnetism in uranium intermetallic compounds is Recently, a number of isostructural,TJX compounds
governed by two delocalization mechanisms: first, the directT =transition metalX=Sn, In have been reportetf These
overlap of § wave functions of neighboring U atoms, which compounds form in the tetragonak®$l, structure type. An-
explains the importance of the interuranium spaalpg, as  tiferromagnetic ordering has been reported fosNUIn,
proposed by Hilt and second, the fSligand hybridization, ~U,Pd,In, U,Ni,Sn, URh,Sn, UPd,Sn, and YPLSn, while
which is particularly important in compounds with larger for the other YT,X compounds a nonmagnetic ground state
U-U distances, as pointed out by Koellirg al? Isostruc- was inferred from susceptibility, electrical-resistivity, and
tural groups of compounds are well suited for systematicspecific-heat measuremendd? In most cases, the magnetic
studies of these mechanisms because the geometry of tigeound-state propertigsn the sense of magnetic as opposed
U-ion surroundings is unchanged. Koellireg al? showed to nonmagneticare in agreement with the results of elec-
that the influence of & p hybridization can be studied sys- tronic band-structure calculatiof&:**In addition, these cal-
tematically in isostructural X5 compounds, wherX repre-  culations indicate strongly reduced Snoments due to &
sents a group-lll or group-1V element, as these compoundbgand hybridization. The experimental determination of the
exhibit similar lattice parametefge., the directf-f overlap  development of the U moments across thgiX series is
is almost the sameSimilarly, the influence of 6-d hybrid-  motivated by these predicted trends. Essentially, there are
ization can be studied in T compounds, wherd is a  two ways to determine the size of the ordered moment of an
transition-metal element. From these studies two basic findantiferromagnetic materia{a) using neutron-diffraction and
ings have emergeda) the degree of localization increases (b) using high-field magnetization measuremefity ex-
with increasing UX distance (increasing the volume by trapolation from a forced ferromagnetically aligned phase
moving down in the group-lll or group-1V column of the However, none of the I,X compounds exhibits a satura-
Periodic Tablg i.e., decreasindg-p hybridization, and(b)  tion of the magnetization in magnetic fields up to 35 &nd
filling up the d band(moving to the right in the transition- for some of these compounds the lack of saturation was fol-
metal row of the Periodic Tablgields an increasing degree lowed up to 60 8- Therefore, in the family of Yr,X
of localization, i.e., decreasing-d hybridization. These compounds a direct determination of thé Bioment using
trends, arising from &-ligand hybridization, have been con- neutron diffraction is necessary.

0163-1829/96/5®)/32639)/$06.00 53 3263 © 1996 The American Physical Society
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A second motivation for the magnetic-structure studies in
U,T,X compounds is to get more insight in the determining (@)
factor for the magnetic anisotropy in U compounds. In a
wide variety of U compounds, the magnetic moments are
found to align systematically in directions perpendicular to
the shortest U-U distand@ %’ The physical rationale is that
hybridization leads to a greater charge density in the direc-
tions or planes containing the U-U links, that orbital currents
flow in these regions of higher charge density and that the .

. K y g
magnetic moments are therefore perpendicular. Furthermore, (b) T f Q
the coupling between such U-U neighbors is ferromagnetic. d \
In U,T,X compounds, the shortest U-U links are found ei-
ther in the basal plane or along theaxis depending on the
choice of the constituent elemefitsf the anisotropy were
driven by hybridization-mediated-f coupling only, one
would anticipate a moment configuration perpendicular to
the shortest U-U distance in all cagsgmilar to the findings
in UTX compounds While this was found to be true in
U,Pd,X compound$? the case of LNi,Sn seems to contra-
dict this rule?* As an aside, we note that very recent band-
structure calculations including spin-orbit coupling have re-
produced the experimentally observed noncollinear

antiferromagnetic structure in ,Bd,Sn, and it was shown " g\

that this structure is energetically preferred over the other ' T

possible moment arrangements. O g % X
The discussions above have motivated us to perform

specific-heat, electrical-resistivity, and neutron-diffraction -+== mirror planes

experiments on LRh,Sn and YNi,In, in which antiferro-

_magnetlc ordering around 24 and 14 .K’ regpectlvely, vyas FIG. 1. The crystallographic structure o5T,X compounds(a)
mferred_ .from pronounc;ed aﬂo_n‘!alles In magé‘ét'c'schematic view, showing the shortest U-U distadcealong thec
susceptibility and electrical-resistivity measuremefi. direction, andb) projected onto a plane perpendicular to thaxis,

Possible antiferromagne‘ltic ground states at low temperaturegowing the nearest U-U distande in the tetragonal basal plane
were corroborated by a field-induced step of about@/BU.  (following Ref. 23.

in U,Rh,Sn around 20 T and a slight upward curvature in the

magnetization for LNiln visible in higher fields! Powder DiffractometefHIPD) at the Intense Pulsed Neutron

Source at Argonne National Laboratory. For both com-
pounds, powder patterns at various temperatures above and
below Ty were taken using both the 30° and the 90° detector

Polycrystalline samples of Mi,In and URh,Sn were banks. For each temperature, we have typically counted be-
prepared as-cast by arc melting together appropriate amouriween 12 and 24 h. For JRh,Sn, additional powder patterns
of the constituents with a purity of at least 99.99% togetherwere taken using a closed-cycle helium refrigerator in order
In the case of LNi,In, a few percent of indium, in excess of to reduce the background signal arising from the cryostat.
the exact stoichiometry, was added in order to compensat€he diffraction patterns were analyzed by using the Rietveld
for the higher evaporation losses. The phase purity of botkefinement progranesas®  For the magnetic-structure re-
samples was checked by x-ray diffraction and only reflecfinement, we determined the integrated intensities of indi-
tions representative of the tetragonajSij structure were vidual magnetic peaks, which then were fitted to possible
observed indicating that the quantity of secondary phasegodels.
was negligible in both samples. We also prepareRWSn
as a non-magnetic analog for a more accurate determination
of the lattice contribution to the specific heat.

The electrical resistivity was measured between 4.2 and Our neutron-diffraction results confirm thatRh,Sn and
300 K on bar-shaped samples with cross-sectional areas be-Ni,In crystallize in the tetragonal 43i, structure(space
tween 1 and 3 mmand a distance between the voltage con-group P4/mbm), which is shown in Fig. 1. In this structure,
tacts of about 5 mm by using the standard ac four-prob¢he uranium atoms occupy theh4positions, while the
method. The specific heat was measured between 1.2 and #@nsition-metal atoms occupyg4sites, and théX atoms the
K and in applied fields of 0 and 5 T by means of a semi-2a sites. For both compounds, our refinements indicate a
adiabatic method. composition very close to the exact 2:2:1 stoichiometry, and

The neutron-diffraction results were obtained on powdersve find no evidence of secondary phases in our powder pat-
of about 20 g of material, which were encapsulated undeterns. The refined structural parameters glijin (at 20 and
helium atmosphere in vanadium tubes. The samples werg00 K) and for URh,Sn (at 3 and 300 Kare listed in Table
then mounted in a helium cryostat on the High Intensityl. Because of the observed cell doubling in the magnetic unit

IIl. METHODS

lll. CRYSTAL STRUCTURE
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TABLE |. Refined structural parameters fopNi,In and URh,Sn at low temperaturneutror) and 300
K (x rays from Ref. 1b

U,NiIn U,Rh,Sn
20 K 300 K 30 K 300 K
Space groufr4/mbm
U (4h) xy, xytl/2, 1/2 xy=0.172699) 0.1727 0.17244) 0.174 0
T (49) xr  xg+1/2, O x7=0.3744@8) 0.3761 0.367480) 0.3702
X (2a) O, 0, 0
Lattice parameters
a (A= 7.38463)  7.375 7.534 ®) 7.524
c A= 3.574 §2) 3.572 3.624 B) 3.630
Shortest interuranium distances
d =c @A) 3.57482)  3.572 3.624 B) 3.630
d,=2v2axy A) 3.606 418)  3.602 3.675 Q5 3.703
R factors for 2 histograms
Rp 5.08 3.16
Rwe 7.98 5.03
Reducedy? 3.276 3.158
cell (see below, we also checked the possibility of a nuclear- IV. BULK PROPERTIES

cell doubling at low temperatures in,Ni,In and URh,Sn,
assuming a superstructure reported for two other members of N ) _ N
this family, namely WPtSn and UIr,Sn?"2% For U,Ni,In In the specific heat, the antiferromagnetic transition of
and URh,Sn, this yields only a very slight improvement in UoNizln is r_nanlfest by a sharp maximum located at 14K as
the refinement, and within the error bars the originabi _shown |n_F|g. 2: The shape and the pQS|t|o_n of the maximum
structure is found down to 1.5 K. is only slightly influenced by an applied field of 5 Ty«

We also checked the location of the shortest U-U distanceShlfts to a Iow_e_r temperature by about 0.3 K. Ak_Jove th_e
which is important in the context of anisotropy consider—magnet'c transition, the speqﬂc hea’g can be de.scnbed using
ations. In the X compounds there are two short U-U & Debye model for the lattice specific heat with a Debye
dist j hi %Tz | pt @ d, al thee di temperature of about 185 olid line denoted bw in Fig.
tigsnagﬁzfl;)vé l\(/:vitk?irr\etﬁ(;nt?;saeI%IJZnIg:igL %Og?evigis I)Zer(;y 2). Although this lattice contribution accounts well for the

' I - b -

) . specific heat at higher temperatures, assuming a constant
5

studies® revealed thad, is shorter at room temperatuf®ee  gjectronic contributiony to the specific heat, we find lower

Table ). The present neutron-diffraction results indicate that, 5| ,es for the specific heat at low temperatures. This behav-

this remains valid down to the lowest temperatures. We fingy, may be indicative of a change of in this compound.

no evidence for a crossover in the tempzegrature dependencgfe low-temperature extrapolation yieldsyavalue of 206
of d; andd, , as was reported for JPd,Sn: mJ/mol K2, which is substantially smaller than the value of

A. Specific heat

TABLE Il. Observed magnetic intensities of,Rh,Sn and calculated quantities by fitting to magnetic
structures listed in Fig. 6.

Observed
hkl r, T, I I's Iy Iy I I'g intensity
001 0 0 0 0 0 0 0 0 1.07+1.12
101 2.58 0.00 2.47 2.49 2.66 2.61 2.69 2.39 2:AN17
1112 0.49 0.17 0.17 0.32 0.98 0.67 2.90 3.90 38633
201 0.07 0.44 0.07 0.61 0.65 0.54 0.00 0.00 60385
211 0.05 1.05 0.21 0.45 0.16 0.44 0.13 0.25 *o®1
221 0.05 0.04 0.01 0.01 0.11 0.10 0.16 0.35 6022
311 0.11 0.11 0.10 0.04 0.05 0.22 0.00 0.00 6.688
U moment(ug) 0.212) 0.284) 0.202) 0.282) 0.291) 0.301) 0.321) 0.381)

Reduced)(2 3.7 6.4 4.0 3.9 3.3 3.5 1.4 0.7

@0nly these reflections have statistically significant intensities.

®For the refinement of 1o, ¢ was fixed at 45°, though this makes no difference to the calculated structure
factor.
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FIG. 2. Temperature dependences of the specific heat of 0 100 20 30 40 50
U.NioIn, U,Rw,Sn, and YRh,Sn. The solid lines represent the sum T (K)

of the low-temperature and an estimated lattice contribution to the

specific heat of §) U,Ni,In, estimated from temperatures above

Ty, and @) U,Rh,Sn, taken from the nonmagneticRu,SN. FIG. 3. Low-temperature electrical resistivities ofNi,In and
U,Rh,Sn. The magnetic-ordering temperatures are indicated by ar-

350 mJ/mol ¥ derived from the data abovi, . Note, that 1~ "OWS-

mol f.u. of these compounds contai@ U atoms. They val-

ues in the paramagnetic and magnetically ordered regiong,Ni,In and URh,Sn. It has been shown, that electron-

may be different because of superzone boundary formatiomagnon interactions can contribute to the specific heat and

due to an additional periodicity in the antiferromagneticthe electrical resistivity, giving rise to additional exponential

state. This can open a gap on the Fermi surface and remoygrms?® These are difficult to detect in strong uniaxial mag-

a substantial portion of the electron states riéar For an  pets, while they contribute significantly in the planar-

estimate of the magnetic entropy, we adjusted our estimate ofyisotropy case, where the in-plane anisotropy is small. The

the nonmagnetic contribution to the specific heat in a wayqncents of electron-magnon interactions have been found to

wh|ch conforms W|th the Iow—tempera;ure specific heat. Thls pply qualitatively in TX compound$! and the presence

gIves us an upper limit of the magnetic entropy, and_we_ fmd@r absence of such an exponential term in the specific heat

a relatively low value of about OR’In2, which clearly indi- can be taken as a hint regarding the nature of the magneto-

cates itinerant 6 magnetism in this compound. . : : o
The antiferromagnetic ordering of,8h,Sn around 25 K crystalline anisotropy. While the low-temperature specific
2 at of UNi,In did not allow to deduce reliable results, a

is reflected in a maximum in the temperature dependencej}e . . o
the specific heat, which is hardly affected by an applied field2'9€ €xponential term in the specific heat gRY,Sn seems
of 5 T. As can be seen in Fig. 2, the temperature dependencé% be excluded. This finding may support uniaxial-type an-
of the specific heats of Rh,Sn and UNi,In are very simi- SOropy for URR;Sn.
lar at high temperatures, except for generally higher values in
U,Rh,Sn. This may indicate an even highgralue extrapo-
lated from the paramagnetic range in this compound. The
low-temperature extrapolation of ,Bh,Sn, on the other The temperature dependences of the electrical resistivities
hand, yields a rather low value of about 131 mJ/mgl K of U,Rh,Sn and UNi,In are shown in Fig. 3. The data on
which would mean even stronger Fermi-surface gapping thab/,Rh,Sn have been reported previodsiyand our results are
in U,Ni,In. For U,Rh,Sn, adjusting our estimate of the non- very similar. The anomaly around 25 K is indicative of anti-
magnetic contribution to the specific heat gives an uppeferromagnetic ordering and, below 18 K, the electrical resis-
limit for the magnetic entropy of about R8n2. For the tivity obeys a quadratic law(T)=py+ AT? with the param-
purpose of a more reliable estimate of the lattice contribuetersp,=60 xQ cm andA=0.160u( cm/K2. The maximum
tion, we also studied the nonmagnetic compoun®RWSn, in the electrical resistivity of LRh,Sn just belowT may be
but this “background” turned out to be unsatisfactory. Espe-another indicator of gap formation due to the antiferromag-
cially at low temperatures, JRu,Sn exhibits a smaller slope netic ordering. As with the specific heat, no additional
in C/T vs T? than U,Rh,Sn (see Fig. 2, which indicates a electron-magnon exponential term was found in the tempera-
stiffer lattice, i.e., a higher Debye temperature, for the formeiture dependence of the electrical resistivity giRB,Sn.
compound. Nevertheless, subtracting the low-temperagure  For U;Ni,In, the magnetic ordering occurs below 14 K,
and the specific heat of JRu,Sn, we obtained a tentative where the electrical resistivity is found to drop drastically.
value for the magnetic entropy of ,Bh,Sn of about Again, we find a quadratic law at low temperatures. Al-
0.43RIn2 at 35 K. though the resistivity measurements may be in error by as
Finally, we examined whether an additional exponentialmuch as 20%due to errors in the geometrical factors and/or
term contributes to the low-temperature specific heats oficro cracks present in the samplboth py andA are found

B. Electrical resistivity
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FIG. 4. Plot of a portion of the kNi,In raw neutron-diffraction ) ) )
data taken in the 30° bank of HIPD a)(20 K and p) 4.2 K. In FIG. 5. Plot of a portion of the LlRh,Sn raw neutron-diffraction

the upper plot, reflection markers indicate the positions of both thélata taken in the 30° bank of HIPD a)(30 K and p) 4.2 K. In
magnetic(lower) and nuclear reflection@ippej. The bottom plot the upper plot, reflection markers indicate the positions of both the
(c) is the enlarged 4.2—20 K difference curve. The positions ofmagnetic(lower) and nuclear reflection&ippey. The bottom plot
some magnetic and nuclear reflections in a double-sized cell ar€c) is the enlarged 4.2-30 K difference curve. The positions of
indicated with the indicesn andn, respectively. Note that, in the various magnetic reflections in a double-sized cell are indicated
raw data, thdl()l) magnetic reflection is not fu||y resolved from with the indexm. Clearly, there is some additional magnetic inten-
the (110 nuclear reflection. Clearly, there is some additional mag-sity Visible for the(101) and(111) reflections. All indexing is in the
netic intensity visible for thé101), (111) and(211) reflections. Al magnetic unit cell which is doubled along theaxis with respect to
indexing is in the magnetic unit cell which is doubled along the the chemical unit cell. The spectra have been divided by the inci-
axis with respect to the chemical unit cell. The spectra have beeflent spectrum.

divided by the incident spectrum.

to be enhanced in comparison with,Rh,Sn. For UNi,ln, V- MAGNETIC STRUCTURES OF U 2RhzSn and UxNizin

we find values of about 1420 cm and 0.365u( cm/K?, Figure 4 shows some of the raw neutron-diffraction data
respectively. from U,NisIn taken in the 30° bank of HIPD at 4.2 and 20 K.

It should be noted that the values Afreported here are At low temperatures, a weak magnetic peak appears around
several orders of magnitude higher than in simple metalsg,,=4.2 A. The difference curve between the 4.2- and 20-K
where electron-electron scattering gives rise to a gquadraticaw data reveals that there are other magnetic contributions,
contribution in the temperature dependence of the electricakhich appear in the proximity of nuclear reflections. In total,
resistivity. The dominant quadratic term in many heavy-we find four additional magnetic peaksdy,,=2.0, 3.0, 4.2,
fermion materials, on the other hand, is usually attributed t@nd 5.1 A. An inspection of the locations of these peaks
strong spin fluctuations, and an approximate scaling with indicates that they can be indexed in a cell with a doulsled
was observed experimentally, which yields an universal rati@xis as(321), (211, (111), and (101), respectively, corre-
Al¥? of 1x10°° uQcmmJ?molPK* for heavy-fermion sponding to a magnetic wave vector:(0,0,1/2 in the origi-
materials>® Although the validity of this universal behavior nal chemical cell. The additional magnetic contributions
is questionable in magnetically ordered materials, where thwere found to disappear abo¥g =14 K.
anisotropy of the magnetic structure and magnetic excita- Figure 5 shows some of the raw data frorsRI,L,Sn taken
tions can lead to differem values in different direction¥,  in the 30° bank at 4.2 and 30 K. The bottom plot is a differ-
we find that the experimental/y* values of UNi,in and  ence curve between the 4.2- and 30-K raw data. For this
U,Rh,Sn are very close to this universal ratio. compound, two extra weak magnetic peaks around 4.2 and
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moment configurationél';, I's, I's, andI’;), three configu-
rations with moments collinear along theaxis (I',, I'g, and

I'y) and one configuration with moments collinear in the
basal plane(I’;y). For WNi,Sn, thel';, configuration was
preferred in the neutron-powder-diffraction res@i®ut one
cannot determine the in-plane anglé by powder
diffraction2 If we also include moments on the transition-
metal(T=Ni, Rh) sites, the same symmetry analysis applies.
Note that both ¢(T) and s(U) sites have the sanm@2m
symmetry. In general, the-axis arrangement of uranium
moments occurs with transition-metal moments in the tetrag-
onal basal plane andce versaThis is due to the fact that if

U ions lie in a magnetic mirror plane, with the cell doubling,

. . i . .. theT moments necessary lie in a magnetic antimirror plane,
FIG. 6. Possible magnetic configurations, shown as projections

onto the tetragonal basal plane, for the U momen®4imbmwith andvice vgrsaF_or ex"’Tmp'e’ th@? F:onflguratlon of uranium
wave vectork=(0,0.1/2 after Boufe et al. (Ref. 24. The dot- moments is paired with a transition-metal-moment arrange-

dashed lines represent the mirror planes parallel tatheis. Note ~ Ment like that ofl’; in Fig. 6.
that there a 8 U atoms in the doubled unit cell, the four in next U~ For U,Rh,Sn and YNiyIn, integrated intensities were de-
layer having a reversed moment configuration. The crosses signifiermined for those magnetic peaks which are clearly visible
that the moments are antiparallel to the solid circles. Fgy, the  in the difference patterns. After correction for absorption, the
in-plane angles is a free parameter and cannot be determined byl orentz factot° and the J* form factor®* the observed in-
powder-diffraction only. Note that there are no adjustable angulatensities were fitted to the eight possible models. Some re-
parameters in any of the other representations. flections with low or zero intensities were also included in
the refinement.
5.1 A, also indicating a magnetic unit cell with a doubled For U,Rh,Sn we find that only thé’s and Iy, configura-
axis, appeared beloWy=25 K. These extra reflections are tions account for the strongest observed magnetic peak at
again indexable a$11l) and (101), respectively, but their (111) as can be seen in Table Iy represents a collinear
intensity ratio is reversed compared tgN,In, indicating  c-axis configuration andl';, represents the collinear in-plane
that the magnetic structures of the two compounds are vergonfiguration of the magnetic moments. Both of these con-
different. figurations imply uniaxial anisotropy for JRh,Sn, which is
The location of the magnetic peaks indicates in both comeonsistent with the specific-heat and electrical-resistivity
pounds cell doubling along theaxis similar to that found in  analysis. The least-squares refinement clearly prefer§the
U,Ni,Sn?* Using irreducible representation theory, Baaire configuration, with moments along theaxis, as shown in
et al** derived all possible magnetic configurations of theFig. 7(a). The refinement gives a low magnetic moment of
2:2:1 structures with a wave vecthr=(0,0,1/2. In essence, 0.38ug/U atom. This is close to the sensitivity limit of cur-
only 10 different configurations are allowed by representarent neutron-powder-diffraction experiments and we did not
tion theory. Two of the representatiofIs, andI’g) give zero  try to refine an induced moment on the Rh sites. We find
moments on the U sites, while finite moments are found fosimilar values of the U moments for most of the other con-
the representations drawn in Fig(@sing Boure’s notation.  figurations, which shows that the actual moment value is not
Therefore, we have to consider four different noncollinearvery sensitive to model applied. Furthermore, it is interesting

TABLE Ill. Observed magnetic intensities of;Ni,In and calculated quantities by fitting to magnetic structures listed in Fig. 6. In the
penultimate column, the fit tb; with both U and Ni moments, as shown in Fidc)is given.

I'

I's (U-+Ni Observed
hkl Iy T, s I, g Ty I (Uonly momenty intensity
001 0 0 0 0 0 0 0 0 0 0.781.02
102 14.73 0.00 14.24 11.66 241 13.47 4.29 15.84 15.35 150282
112 2.75 0.57 1.79 4.21 4.00 3.38 4.68 1.03 2.11 a9
201 0.38 1.45 3.41 2.80 0.00 2.71 0.00 0.41 0.40 1284
211# 0.29 3.32 2.60 0.74 0.25 2.22 0.20 1.29 2.54 3083
221 0.30 0.13 0.06 0.46 0.34 0.50 0.25 0.04 0.04 HR5%1
311 0.61 0.34 0.19 0.22 0.00 1.11 0.00 0.61 0.76 101984
3212 0.95 0.00 0.44 0.30 0.16 0.53 0.11 0.14 0.32 6.0514
U moment(ug) 0.583) 0.597) 0.782) 0.714) 0.455) 0.792) 0.485) 0.582) 0.6011)

Ni moment(ug) - - - - - - - - 0.3@)
Reducedxz 3.6 9.9 2.6 5.6 9.4 3.1 8.7 2.4 1.7

@0nly these reflections have statistically significant intensities.

bFor the refinement oF ;,, ¢ was fixed at 45°, though this makes no difference to the calculated structure factor.
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FIG. 7. The low-temperature uranium mo-
ment configurations ofa) U,Rh,Sn, (b) U,NisIn
neglecting Ni moments, an@) U,Ni,lIn allowing
Ni moments, as described in the text. The alter-
nating mirror planesrf) and antimirror planes
(m') in these structures are denoted by dashed
and dotted lines, respectively. For sake of clarity,
we have drawn only atoms carrying a magnetic
moment with U and Ni/Rh atoms represented by
0 o 0 open and filled circles, respectively. The dimen-

(@) U,Rh,Sn [T ] (b) U;Ni,In [13] (¢) U,Ni,In sions are not drawn to scale.

(with Ni moments)

to note that the 5 moment determined in our refinement is compounds, Purwantet al?* found the moment in the In-
close to the step detected in the high-field magnetizatiomontaining compound reduced by about#gkAJ atom com-

measurements. pared to the Sn-containing compound. Similarly, we find the
For U,Ni,lIn, theI'; configuration as shown in Fig(B) is  magnetic moment in WNi,In reduced by 0.4&z/U atom
preferred, as can be seen in Table lll. In this case the moeompared to the moment of 1.,05U atom reported for

ments lie in the basal plane and within tf€.0)-type mirror ~ U,Ni,Sn?* Assuming similar changes in JBhX com-
planes. Even if we allow an induced moment on the Ni sitepounds, a possible nonmagnetic ground state gRhin
the I'; configuration is still preferred. The uranium moment might be anticipated owing to the small moment of about
is quite insensitive to this addition at 0@Qug/U atom.  0.38ug/U atom in U,Rh,Sn. A nonmagnetic ground state for
However, the symmetry considerations outlined above nedJ,RhyIn is indeed indicated by bulk measuremehtéNei-
essary imply that the Ni moments are uniaxial as shown irther U,Co,X nor UWlr,X order magnetically, but spin-
Fig. 7(c). This would be very unusual, as we normally think fluctuating behavior is indicated by low-temperature en-
of induced moments being parallel to the U moments. Nevhancements of the specific heat and magnetic susceptibility
ertheless, we do obtain a better fit by including a Ni moment
of 0.374)ug/Ni atom as listed in Table Il and as shown in
Fig. 7(c).

Our refinements indicate that,Rh,Sn and UNi,In form
in entirely different antiferromagnetic configurations denoted
by I's and I';, respectively. In both cases, the orderedd 5
moments are drastically reduced compared to the free
Hund’s rule moment{~3.2ug for both U** for U*"). Also
for the effective paramagnetic momeiig&s4ug for U,Rh,Sn
and 2.Qug for U,Ni,ln) deduced from bulk susceptibility
measuremenfave find strongly reduced values with respect
to the free-ion value$~3.6u5 for both U™ and U).

Pauli paramagnetic

U:T2X compounds

paramagnetic with
spin fluctuations

antiferromagnetic

VI. DISCUSSION

A. Trends of 5f-ligand hybridization and magnetism in
U,T,X compounds

In Fig. 8, we have collected for the first time some basic
properties of those 4T,X compoundsT=In, Sn studied up
to now, using the graphical representation applied XU
compounds in Ref. 4. For both systems, we find an increased
tendency towards magnetic ordering upon filling of tthe
band of the transition metéby moving from Fe-~Co—Ni or
Ru—Rh—Pd or Ir—Pt), which we attribute to a reduction of
the f-d hybridization®

/; Hord
T~ (K)(‘@\
y (mJ/molK?2)

[1 1.0 pp/U-atom

o FIG. 8. Schematic diagrafisimilar to those used for UX com-
On the other hand, the substitution of Sn atoms for Inpounds(Rel‘. 4] illustrating the development of some electronic

atoms in 4T,X compounds affects all kinds of hybridization . nerties of YT,X compounds with corresponding transition-
as the In(or Sn) atoms are in the same plane as the transitionyeta| andp-electron elements given to the left and on the top,
metals. Simple tight-binding calculatlcfﬁsndlcate that the  respectively. The uranium momentg,y of antiferromagnetic
total hybridization strength is reduced in Sn-containing com-y,T,x compounds determined by neutron diffraction are displayed
pounds. Although there may not be a single mechanism regs filed chimneys. Furthermore, the magnetic ordering tempera-
sponsible for changes in the magnetic moment in this caséures Ty and the low-temperature electronic contributiprto the

we may anticipate similar changes on going frogPhSnto  specific heat are given in the upper left and lower right corner,
U,PdIn, and also from WNi,Sn to WNisIn. For LPA,X  respectively. Note, that 1 mol f.u. contains two uranium atoms.
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TABLE IV. Type of the exchange couplingkof various T,X In Table IV, we summarize the types of the nearest-neighbor
compounds alongl, andd, (see Fig. 1 F denotes ferromagnetic out-of-plane exchange coupling, and also the in-plane

coupling, AF denotes antiferromagnetic coupling. neighbor couplingl;, as inferred from the magnetic struc-
tures determined to date. We also note thsRRJSn (I'g-type

Compound Ji J Ref. ordep and UNi,Sn (I';,-type ordey are both collinear and

U,Pdbin F AF 23 hgve exact_ly the_same “configurational” symmetry: t_he_ only
difference in their structures is that the moments lie in the

U,Pd,Sn F AF 23 _ ) o

. : basal plane in LNi,Sn and along the axis in U,Rh,Sn.

U,NisIn AF AF This work . :

U,Ni,Sn AF F 24 Although_our result§ s_hould be taken with caution as they

U,Rh,SN AF . This work were derived on a limited data set with four and two mag-

netic reflections, respectively, they give some evidence that
the magnetocrystalline anisotropy is not determined by the
U-U distances alone. This is not altogether surprising as it is
the f-d and f-p hybridization that is all important in ura-
nium intermetallics and these hybridizations may have com-
roletely different characteristic directions.

for X=Sn! U,PtIn exhibits a nonmagnetic heavy-fermion
ground statgwith a y value of about 850 mJ/mol¥ and
U,Pt,Sn orders antiferromagneticaff§,but no U moment
has been determined by neutron diffraction up to now. In al
cases, we find an increased tendency towards long-range

magnetic ordering in WI,Sn compounds compared with ACKNOWLEDGMENTS
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