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Antiferromagnetic structure of UNIAl
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UNIAI crystallizes in the hexagonal ZrNiAl-type structure. Magnetic, transport, and thermal properties of
UNIAI point to an antiferromagneti¢AF) ordering belowT = 19.3 K. Below this temperature UNiAl orders
with propagation vectog=(0.1,0.1,0.5). U magnetic moments are oriented along the hexagonal axis and
modulated sinusoidally within the basal plane. The modulation is not even partially squared-up down to 1.7 K.
The maximum size of U moment is (1.24.03)ug/U. However, the three U atoms that are crystallographi-
cally equivalent do not carry the same moment within the crystallographic unit cell. The propagation vector of
AF structure does not change in the whole temperature range. AF correlations that propagate atpo with
=(0.1,0.1,0.5) can be traced at temperatures up to 30 K showing the critical scatteringynear
[S0163-182698)02529-9

. INTRODUCTION (AF) ordering belowTy=19.3 K, (b) uniaxial magnetic an-
Compounds containing fselectron states have been the Isotropy in bqth AF af‘d paramagnetic reglqnsaxys IS an
subject of intensive experimental and theoretical studies ove2Sy magnetization directigin(c) large negatlve(amsot_r op-
past few decades due to numerous different ground state'tsc.) magnetoresistance effect due to a metamagnetic transi-
Systematic studies of equiatomicTX (T, late transition fon, (d) large value of the low-temperature specific-heat co-
y q ' P efficient y~167 mJ/K mol, which may be due to magnetic
metal; X,. p'-electron elementcompounds crystallizing in fluctuations in the ordered state, af@l pronounced and an-
several distinct crystal s_tructuﬂe?srevealed that the magne- igqtropic dependence of the specific heat and resistivity on an
tocrystalline anisotropy is closely related to the anisotropy iNypplied magnetic field.
the bonding of 3 electrons. In this respect, one deals with "~ Although UNIAI has been the subject of intensive studies
hybridization-induced magnetocrystalline anisotropy. Thealready for a couple of yeats*°the details about the anti-
degree of hybridization depends on the relative positiod of ferromagnetic structure at low temperatures remained un-
and 5 bands within the energy scale. The most pronounceglear, mainly due to lack of a good-quality single crystal in
consequence of hybridization is delocalization éfé&ectron  the past. Recently, a new, large, and good-quality single
states as the strength of hybridization increases. Conserystal grown by a modified Czochralski method has become
quently, the ground state can change within a certain isosavailable. This made our neutron studies at CENG-CEA
tructural group of compounds as a function of constitient Grenoble possible. Here we report results on elastic neutron-
and/orX elements from Pauli paramagnetism through wealdiffraction studies.
ferromagnetic or spin fluctuation behavior towards long-

range magnetic order. This development is readily observed Il. EXPERIMENTAL METHODS
also in other U-based compoufdsand is due to the gradual '
reduction of the 5-d hybridization on going from left to A single crystal of UNIAl has been grown from a slightly

right (or from top to bottomin the Periodic Table. As thef5  off-stoichiometric melt(excess of U by a modified tri-arc
electronic states participate both in bonding and magnetisnCzochralski technique in continuously gettered Ar atmo-
we can expect a strong relation also between the transposphere at the FOM-ALMOS center at the University of Am-
and thermal properties on the one side and magnetic anisogterdam. In order to reduce mosaicity, the seed was tilted
ropy on the other. from the easy-grow direction by an angle of 15°. No subse-
UNiAl is a member of the large group of ternary uranium quent heat treatment was given to the as-cast ingot. The qual-
compounds crystallizing in the hexagonal ZrNiAl-type ity of the resulting product was checked by x-ray diffraction
structuret? The following conclusions were drawn from re- and by electron microprobe analygiEPMA). It has been
sults of susceptibility, magnetization, specific-heat, andound to be single crystalline and homogeneous with com-
electrical-resistivity studies on UNiAl(a) antiferromagnetic  position deviating from the ideal stoichiometry by no more
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than 1 at. %(resolution limit of EPMA. The cylindrical- SRy
shape part0.4 g of this single crystal was sparked-out and ———¢---9_ ‘.*/ e -8B
used in the neutron-diffraction experiments. QA/;/ e
The integrated intensities were measured on the DN3 nor- /,_/Q—{—)————{}-;Z{I;\O 8C;U' 3

mal beam diffractometer at the SILOE reactor at CENG- ::_C_Z____@__,:}; %-Q————Q———ii )3 IN;; l(fb))
CEA, Grenoble in two subsequent experiments. In the first L/% ') \Q/ko/
one, the crystal was mounted with its hexagonal axis perpen- /W’L\*:\*—‘———;;r»i\\ plane2
dicular to the rotational axis of the diffractometer. In this ks=“e—-].O " 8.c—g’ 1O "~ ] @ 3AIniD

. . . O .~ _ 1O 2N in 2(c)
configuration, we could reach nuclear and magnetikl) ="o s

reflections with highl index. In the second experiment, the
same crystal was mounted with its axis parallel to the
rotational axis of the diffractometer. However, in this experi-
ment we could not reachhkl) reflections withl index
higher than 1. In both cases, the crystal was encapsulated isotropy with the easy magnetization direction along the
a small aluminum container, sealed under helium, and meaaxis! For the crystal-structure refinement we have utilized
sured with an incident-neutron wavelength of 1.541 A. Thethe general structure analysis systéasas) because of its
DN3 diffractometer is equipped with a single, lifting-counter ability to refine two independent sets of observations simul-
detector and\/2 contamination filter leaving residual con- taneously.
tamination on the level of 510~ *. Although the results of the fit that included absorption,
In both experiments, the single crystal was oriented usingcale factors, positions, and temperature factors of the atoms
several sufficiently strong and well-centered nuclear reflecys free parameters were in good agreement with expected

tions. The cell parameters were refined from the UB matrix q)yes, the factors referring to the quality of fit were not
and the scan profiles were analyzed by the Lehman-Larsof,istactorily low. It is especially well known that extinction

: 6
alg%r]lthm. tall hi q fic struct det and stoichiometry(occupation of constituent elementare
_'he crystallographic and magneuc structures were Aetely, o y5in opstacles in the single-crystal neutron-scattering ex-
mined by fitting procedures using the prograasas (Ref. 7)

andruLLPROF® The function minimized during least-squares per.ime.nt. Therefore we also included in gée refinement the
refinement WasSw|F oo Foud?, W=1/02. The scattering extinction parameterd@ecker-Coppens mode) and the oc-

lengths were taken from Ref. 9 and th&* (i + co(i cupation num_bers as free parameters. Th_e best agreement
magnetic form factor from Ref. 10. Uior+cxliz)) between the fit and data was obtained by using the secondary

extinction. The quality of the fit was not improved by inclu-
sion of the primary extinction into the fit. The refined results
suggest that the extinction is mostly caused by small mosaic
spread of large domains. The results of this fit are summa-
rized in Table I.

FIG. 1. Schematic representation of the crystal structure of
UNiAI crystallizing in the hexagonal ZrNiAl type of structure.

Ill. RESULTS

A. Crystal structure

Using 73(32 inequivalent reflections from the first ex- “ . . .
periment(c axis perpendicular to the rotational axis of the [N addition, the quality of the fit was not improved when
diffractometef and 60(29 inequivalentreflections from the the occupation numbers were allowed to be free parameters.
second experiment, both sets observed at 40 K, we confirmethis means that the stoichiometry of our sample does not
that UNIAl forms in the hexagonal ZrNiAl-type structure deviate significantly from the ideal 1:1:1 composition. This
(space groug?62m). This structure(Fig. 1) is built up by result Is in good agreement with the electron-microprobe-
alternating two types of basal plane atomic layers alongthe analysis resuits.
axis. One of them contains the U atoms ahddf the Ni
atoms. The other one consists of the rest of the Ni atoms
together with Al atoms. Each U atom has four nearest U
neighbors within the basal plane and two other neighbors Previous neutron-diffraction experiments made on a pow-
along thec axis. Bonding of the U § states within the basal der sampl2@and on a single crysthhave indicated at 4.2 K
plane gives rise to a strong uniaxial magnetocrystalline anan antiferromagnetic structure wittp= =(0.1,0.1,0.5) and

B. Ground-state magnetic-structure determination

TABLE |. Refined structural parameters for UNiAl at 40 K.

Structure type: ZrNiAl Local B (A?
Space groupP-62m Site symmetry Position parameters T=40K
U 3(g) (m2m) x, 0% xy=0.5719(9) 0.16)
Ni | 1(b) (—62m) 001 0.101)
Ni Il 2(c) (—6) 120 0.142)
Al 3(f) (m2m) Xa 00 X =0.2306(19) 0.3%)

Cell parametersa=669.2+0.8 pm,c=401.0+0.7 pm
Maximal extinction: 0.61
R factors:R=3.24%, y*>=5.38
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6000 . T T . TABLE Il. Symmetry operations on moment components in the
UNiAl 1 crystallographic unit cell of UNiAl. Note that there is no mixing
, S000F p_qok q between atoms Jand U, on one side and atomilbn the other.
3 index /=-0.5 |
§ 4000 ET —J Symmetric operations
= L Moment
% 3000 /Iz\ / 1 T Components M (E) M (mxyO) M (2xx0) M (mxxz)
) s I
Z 2000 - ],I \ T i Mix Mix — Mix — M2y M2y
L & ’:\t / \ ] Max M2ax — Mox My M1y
1000 f = T T y Max Max — Max — M3y M3y
I Z: 17_ ba #\%L M1y M1y — My — Mo2x Mox
%,6 ;(;.[8 ' 1j0 1o M2y M2y T M2y :Mlx M1x
h=k index (r.lu.) K3y K3y T My Hx Hax
Mz Mz M1z M2z M2z
FIG. 2. Representative reciprocal scan along[ ] direction M2z M2z M2z M1z M1z
at 1.7 K. Clearly, additional magnetic Bragg reflections can be in- M3z M3z M3z M3z M3z

dexed using the propagation vectpr +(0.1,0.1,0.5). Note that no
intensity is recorded around the(0.3,0.3,0.5) position marked by

the arrow. each other and form a group. Consequently, there are four

the U moments oriented along theaxis. Due to poor quality one-dimensional irreducible representations. The effects of
of the used single crystal, it was not possible to refine th .he symmetry elements on the U-moment components are
magnetic structure of UNAI. isted in Table Il. We note that there is no such symmetry
As the temperature is lowered below the magnetic-phase2peration that would project U atoms from they(0,7) (Uy)
transition temperaturdy=19.3 K, additional Bragg peaks or the (0x,,3) (U,) position to the Exy,—xy,3) (Us)
are observed. We assume these reflections to be of magnefigsition and it follows that these two U atomic positions are
origin. In Fig. 2, we show a representative reciprocal scariisconnected. Let us note, that we suppose, at this time, no
along the[110] direction at 1.7 K. Clearly, we observe addi- magnetic moment at the transition-metal att). This is a
tional magnetic Bragg reflections that can be indexed usingairly reasonable assumption as the compounds YNiAl and
the propagation vectoq=*(0.1,0.1,0.5). This result sug- LuNiAl that crystallize in the same hexagonal structure are
gests antiferromagnetic coupling of the moments along:the nonmagneti¢? Therefore, only an induced magnetic mo-
axis and some kind of modulation within the basal planement on Ni atoms due to U moments can be expected as has
Since no additional intensity is recorded at the nuclear Brag@een observed for instance, by Paixat al. for isostructural
peaks, the net magnetic moment in each basal plane is zergRhAI:'* We will restate this question in Sec. Il C.
The fact that no diffracted intensity is recorded at Basis vectors corresponding to each irreducible represen-
*(0.3,0.3,0.5) positions yields a sine-wave profile modulatation are obtained by the projection-operation methdgly
tion of the U magnetic moments in the basal plane, i.e., n@ombining the results obtained for both disconnected U po-
squaring-up of the in-plane modulation is observed down tGsitions belonging to the same irreducible representation,
1.7 K magnetic models are derived. It follows that the magnetic
In order to sort out all possible magnetic structures thaimoments on all U sites can be either along the hexagonal
are compatible with a paramagnetic crystal-structure spacgxis or perpendicular to iTable Ill). There are four basic
group and with the experimentally determined propagatiormagnetic-structure models associated with the propagation
vector, we have used irreducible representation theory as dgectorq= + (0.1,0.1,0.5) represented in Fig. 3. In modals
veloped by Bertaut? There are only four among the 12 sym- andB, the U moments orient along the hexagonal axis; how-
metry operations withirP62m space group that leave the ever, these models differ significantly. In modg] all the
propagation vectoq=*(0.1,0.1,0.5) invariant: the identity moments within one crystallographic unit cell are coupled
E, a mirror plane perpendicular to theeaxis m(x,y,0), a  ferromagnetically. In modeB, the two connected U mo-
twofold rotation axis along thgl10] direction 2k,x,0), and ments are coupled antiferromagnetically and the discon-
a mirror plane containing this axis and theaxis m(x,x,z). nected one has to be zero. In mod€lsand D, the U mo-
It is easy to check that these four elements commute witlments lie within the basal plane.

TABLE lll. Possible U magnetic moment configurations in UNiAl.

Moment components

Model Mix Mox M3x M1y Moy M3y Miz M2z M3z
A 0 0 0 0 0 0 M2z M1z M3z
B 0 0 0 0 0 0 — M2y — M1z 0
c Moy My ~ M3y — M2x — Mix — M3x 0 0 0
D M2y M1y M3y M2x M1x M3x 0 0 0
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the same propagation vect@ingleq structure, for (c) mag-
netic moments at connected positionsQ(3) and (0x,3)
propagate with the same propagation vector and the moment
at the remaining position{x,—x,3) propagates with one of
the remaining propagation vectadidoubleq structure.

It is well known'® that it is not possible to distinguish
between multipleg structures and singlg-structures with
magnetic domains that are equally populated, which is the
situation normally encountered in zero magnetic field. Both
structures give the same integrated intensities for equivalent
magnetic reflections. This is not true if a crystallographic
U distortion takes place at the magnetic phase transition that

! ! lowers the symmetry of the structure leading to preferential

FIG. 3. Possible magnetic structures of UNiAl considering only POPulation of one magnetic domain. However, our data do
U moments derived by group analysis for propagation vectoot indicate within the given resolution of the diffractometer
+(0.1,0.1,0.5) within one U-Ni basal plane. U moments in the nextthe presence of any distortion. The other possibility to solve
U-Ni layer are coupled antiferromagnetically to moments shown inthe problem would be the application of a magnetic field,
the figure. Symbols in circles denote magnetic moment orientechpplication of the uniaxial stress on the single-crystalline
parallel to thec axis (+), magnetic moment oriented antiparallel to Samp|e, or using high-re50|ution neutron powder or x-ray
the ¢ axis (—), and no moment allowe(D). diffractometers at low temperatures.

We do see a statistically significant difference between

One propagation vector would mean that with eachthe integrated intensities of the six magnetic reflections
nuclear Bragg peak only one pair of magnetic peaks is assground the origin of the reciprocal space that are equivalent
ciated. However, six magngtic reflectipns are associated w_ithom the point of view of the geometry of the experiment.
each nuclear Bragg peak, in three pairs. Here we are dealingherefore, we conclude that UNiAI contains three magnetic
with a hexagonal system, so there are other propagation vegy mains.
tors, q' = i(_—0.1,0.2,.0.5) andg”==(-0.2,0.1,0.5) thqt In total, 164 magnetic reflections in both parallel and
are symmetrically equivalent o Qne has to be careful with perpendicular to the rotational axis of the diffractomptet-
the fact thaty ends at the Brillouin-zone boundary beCauseperiments were measured. For the magnetic-structure refine-

then, in some cases, the propagation vegtdoes not need ment, only the magnetic reflections for which 3a(1) were

to be associated with- . However, in our case, it is neces- ; :
sy 1 assoite i sach o e propagtion veacs. _SASCE495 efleclons The reeutsof e s o e et
or " also—q directions to index all reflections and to make ) : . . .

g d (pe seen, the best agreement is achieved for mddelhich

magnetic moments a real quantity. For instance, the refle he two di ed U i qiff i i
tion (0.9,0.9,0.5, can be indexed as (1,1,19 and the reflec- . € wo disconnecte positions ‘carty difierent moments
(i.e., My, = Hu,# ,uua). The six magnetic reflections for each

tion (1.1,0.8,0.5as (1,1,1) . . . )
Then the question arises whether the magnetic structure ucle'ar reflection were generated by three magnetic domains.
y different combinations of the propagation vectors as-

characterized by all threge vectors(triple-q structure, if it ; . . .
contains three domains, each of them characterized by onségned to these magnetic domains and two disconnected U

+q vector (singleq structurg, or if it mixes both (three positions it became clear_ that the only consequence is a dif-
domains of tripleg or doubleg structures We have to con- ferent“U1/“U3 ratio for differently populated magnetic do-
sider the fact that the crystallographic unit cell contains thrednains. It seems to be quite reasonable to suppose the same
magnetic moments that do not necessarily propagate with theu,/#u, ratio for all three magnetic domains that is
same propagation vector. From this point of view, there areachieved in the case of a singlemagnetic structurdi.e.,

three possibilities{a) each of the three U magnetic moments within each magnetic domain there is only one propagation
propagates with different propagation vectihis would cor-  vector for all U positions We found the three magnetic
respond to tripleg structure, (b) all of them propagate with domains populated with the ratio 31.7%:27.4%:40.9%.

U

TABLE 1IV. Results of the fits to different magnetic-structure models of UNIAIl depicted in Fi§. 3
denotes fixed parametes,andJ are angles between momemy, and thea axis and thec axis, respectively.

Mu, .U, ¢ 0 Hu, (3 g Mmean
Model  (ug) (deg (deg (1g) (deg  (de9 wy, /my,  (m8) X
A 1.24(3) 0 (P 0(F) 0.54(9 0O(F 0P 0.44 0.64(3) 7.10
Aeq 1.08(4) 0 (P 0(F) 1.08 (4 O(F 0P 1.00 0.69(2) 25.6
0.58 (18 0 (F) 0 (F) 0 (F) 0OF O0(F 0 0.25(7) 183

0.77 (169 —36.1 (8) 90(F) 0.93(29 —30(F) 90 (F 121 0.52(14) 124
0.65 (15 59.5(8) 90 (F) 0.74 (26) 60 (F) 90 (F) 114 0.43(12 123

OO ®
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FIG. 4. Possible Ni moment configurations in UNiAl derived by
group analysis for propagation vectar(0.1,0.1,0.5) projected to
the basal plane. Ni moments in the next layer are coupled antifer-
romagnetically to moments shown in the figure.

Width (deg.) Integrated intensity (arb. units)

T (K)

FIG. 5. Temperature dependence of the integrated intensity of
both the magneti€0.9,0.9,0.5 reflection(®) and the diffuse scat-
tering around this positiofd) of UNiAl (a) and their width at half

These values are close {9 a value to be found in the case ‘ranaximum(b). The lines are guides for eye.

of equally populated domains. However, at the same time th

population of the domains differs enough to explain the d'f'magnitude of Ni moments is in all cases very small and

ferences in the integrated intensities of the geometrlcallyf,mpears to be below the detection limit of the experiment.

equivalent magnetic reflections around the origin of the re—Considering all possible models allowed by symmetry we

ciprocal space. Let us note that the difference in magnitude _. o . ‘
. o . estimate the upper limit for the magnitude of Ni moments to
of the U momentsuy, and,uu3 on disconnected positions is

, o ) be about 0.4 /Ni. This implies negligible influence on the
important. This is demonstrated by the fit to the model de-, moments, domain population, etc. and therefore also on
noted in Table IV asAq that differs from model only by e quality of the fits.

the fact that all U magnetic moments are equal. This fit
yields an almost identical magnetic domain population that is
about a 20% smaller magnitude pful. However, they?
value increases by more than a factor of 3. The other models It is well known that the influence of magnetic fluctua-

B, C, andD yield a very bad agreement with experimental tions in the vicinity of the magnetic phase transition gives
observations. rise to additional magnetic-scattering intensity that can be

recorded in a diffuse-scattering experiment. As has been
shown by Brik et al,! there are clear deviations from the
expected temperature dependencies of some bulk properties
Up to now, we have supposed no magnetic moment at Nihat can be attributed to magnetic fluctuations in the vicinity
positions. However, small induced moments can be expecteof Ty . In Fig. 5, the temperature dependence of the inte-
due to hybridization betweend3and 5 states’* Possible grated intensityFig. 5a)] and width at the half-maximum
configurations of the Ni moments compatible with the spacdFig. 5b)] of both the magneti€0.9,0.9,0.5 reflection and
group and the propagation vectpmwere derived in the very the diffuse scattering around this reflection are shown. As the
same manner as for U moments. In this case, two inequivaemperature approaches the magnetic phase transition, broad
lent Ni sites[1(b) and 2(€)] have to be treated indepen- diffuse scattering centered #.9,0.9,0.5 appears. Above
dently. The possible moment configurations are depicted iy, the diffuse-scattering intensity increases with decreasing
Fig. 4. There are four models corresponding to four onetemperature. At the same time, the width of the Lorentz-
dimensional representations. They are labeled in the sanshape diffuse-scattering peak decreases, reflecting that the
way as in the case of U moments. As can be seen, the mapatial correlations increasg&ig. 5b)]. Below Ty, the
ment on Ni | at position 1) that is situated in the U basal magnetic(0.9,0.9,0.5 reflection emerges on top of the dif-
plane is within theA model oriented along the axis, i.e., it  fuse scattering as a result of the onset of coherent scattering
can be parallel or antiparallel to the U moments. The Ni Illdue to long-range magnetic order. Its width stays constant
moments on the 2f) position are oriented perpendicular to below Ty . Antiferromagnetic correlations can be traced at
the hexagonal axis. In modB| there cannot be any moment least up to 30 K, a temperature that is 50% higher than
at the Ni | site and the moments at Ni Il sites are within theThe onset of antiferromagnetic correlations clearly coincides
basal plane. In modelS andD, the moment on the Ni | site with the change of the sign of the temperature derivative of
is within the basal plane and the moments on the Ni Il siteghe electrical resistivity. The electrical resistivity for both
are oriented along the hexagonal axis, coupled antiferromagprientations(current parallel to the hexagonal axis and per-
netically and ferromagnetically with each other, respectivelypendicular to it decreases slowly with lowering temperature;
The fits of the experimental data to all models yield thethey reach broad minima at 30 K and form maxima at 18 K
conclusion that the experimental data do not allow accuratéplic) and 14 K (pLc), respectively. The increase of the
determination of the magnitude of the Ni moments. Theelectrical resistivity with lowering temperature was previ-

D. Diffuse scattering

C. Nonzero Ni magnetic moments
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ously attributed to appearance of antiferromagnetic correladreds of kelvin if derived from magnetic susceptibility
tions and our results support this statement. It is interestingtudies: With conventionally available magnetic fields the
that the intensity of the diffuse scattering in the ordered redirection of U moments is hardly changed. For instance, at
gion seems to be higher than in the paramagnetic state wedl2 K a magnetic field of 11.4 T applied along theaxis
above Ty, suggesting that magnetic fluctuations might bejnduces a moment reorientation manifest as a spin-flip tran-
present even in the long-range antiferromagnetic state. Dugition in the magnetization curbewvhile the magnetic re-

to high magnet?c anisotropy of this system, any_deviations Ofsponse in fields applied within the basal plane is much
the moment direction from the axis are forbidden and gmajler, which is also true for the paramagnetic range. At 4.2
therefore ordinary low-energy transverse spin waves are N the magnetization curve for field applied perpendicular to
favorable. In this case, when only the moment size is NOfpe ¢ axis is a straight line up to 35 T yielding only

f'Xed.’ the possibility of Iong|.tud|nal quptuaﬂons has 'to' be 0.14ug/f.u. in this field. However, we do not have any direct
considered. However, to clarify unambiguously the origin of _ . . . . :
evidence for anisotropically induced magnetic moments on

the diffuse scattering an inelastic neutron-scattering experiz .. " 2 .
ment is highly desirable. Ni sites. Our data do not indicate any sizable moments cen-

tered at Ni sites.
The participation of the electronic states df Brigin in
IV. DISCUSSION AND CONCLUSIONS anisotropic bonding and their presence at the Fermi surface

The electronic structure of actinides is characterized by2" beldocumente_d by the transport and thermal properties of
partially occupied $-electron states in analogy with partly UNIAL The5/e3Iectr|caI reS|§t|V|ty is strongly anisotropic. An
occupied 4 states in lanthanides. However, there are funda@nomalousT™ power law is found at low temperatures for
mental differences between the character of tife dnd  current parallel to the hexagonal axis. The rather high re-
5f-electron states in metals. The most important one is &idual resistivities are strongly reduced upon application of a
much larger spatial extent of thef Svave functions, and thus Magnetic field that is high enough to force the system to
a much stronger interaction with the environment, compare@rder ferromagnetically. Finally, the low-temperature
to the 4f case. As a consequence, thé &ectrons in ac- specific—heat coefficient in UNIAIl that amounts at zero field
tinides are, as a rule, delocalized due to their participation iio 167 mJ/maj K? (Ref. 1) reflects a high density of states of
bonding, and hence there is considerable hybridization of thef origin at the Fermi surface.
5f states with the valence states of neighboring atoms While the coupling of the U moments along thexis is
(5f-ligand hybridization in the crystal lattice. Consequently, antiferromagnetic in UNiAl, the coupling within the basal
the magnetic moments due to the itinerartéectrons are plane is in principle ferromagnetic albeit a sine-wave modu-
much smaller than expected for a freé"Uor U*" ion. On  lation of U moments within the basal plane is found. In this
the other hand, the hybridization leads also to strong magrespect, UNIAl is unique among theTlXX compounds crys-
netic anisotropy of a type depending on the crystal structurdallizing in the ZrNiAl type of structure because all other
In this respect, we speak about the hybridization-inducedompounds consist of ferromagnetic basal-plane sheets
magnetic anisotropy. The hexagonal structure of the ZrNiAlcoupled in various ways along tleaxis> The uniqueness
type (Fig. D exhibits a relatively close packing of U and of UNiAl is reflected also by the fact that the U moments are
transition-metal atoms within the U-layers leading to a not equal at all sites. First, the three U sites, which are crys-
highly correlated electron gas within the T-basal-plane tallographically equivalent, do not carry the same moment
layers. Clearly, the most important parameter concerning thwithin the crystallographic unit cell. Second, the modulation
two-ion (5f-5f) interaction is the U-U spacin.In UNiAI, is not even partially squared-up down to the lowest tempera-
the U-U separation amounts to 344.8 pm at 40 K, a valugure applied in the experimeft.7 K). Moreover, the propa-
inside the critical region(340—360 pm In this case, also gation vectorg=*(0.1,0.1,0.5) is invariant with tempera-
5f-ligand hybridization is expected to play an important role.ture. This observation is striking because, normally, equal-
One of the most apparent manifestations are theanoment structures are found in the ground state due to
hybridization-induced magnetic moments on the transitionminimum magnetic entropy. In the case of sine-wave modu-
metal sites as was observed by Paiea all* in the case of lated structures one usually observes a temperature depen-
URhAI that crystallizes in the same structure as UNIAI. dence of the propagation vector. This is not the case in
Highly correlated 3-electron states are expected to form aUNiAl and, at this moment, we do not have a clear explana-
band pinned at the Fermi surface. The high density of statetgon for this behavior.
at E is projected into highy values of the low-temperature In conclusion, we have reported on the antiferromagnetic
specific heat and into highly anomalous transport propertiesstructure of UNiAl. The compound crystallizes in the hex-

In the case of UNIiAl, one immediately notes the stronglyagonal ZrNiAl-type structure. Belowy=19.3 K, UNiAl or-
reduced magnitude of the U moments of (HBL03)ug in ders antiferromagnetically with propagation vectar
agreement with expectations based on the U-U separatior (0.1,0.1,0.5). The magnetism in UNiAl is due to U mo-
Moreover, due to reasons given in the preceding paragrapments that are oriented along the hexagonal axis and modu-
(anisotropic hybridizatiopp UNIAI exhibits a strong uniaxial lated sinusoidally within the basal plane. The maximum size
magnetic anisotropy that locks the U-moment orientationof the U moment is (1.240.03)ug/U. However, the three
along thec axis that also is the easy-magnetization directionU atoms that are crystallographically equivalent do not carry
The anisotropy energy determined from single-crystatthe same moment within the crystallographic unit cell. The
studie$? exceeds several hundreds of tesla if derived frompropagation vector of the antiferromagnetic structure does
the high-field magnetization measurements and several humot change in the whole temperature range of existence of
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