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Spin and orbital moments in U;X ,-type pnictides (X=P, As, Sb, B):
Polarized neutron-diffraction study
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Polarized neutron experiments have been performed on single crystai®of Us;As,, U;Shy, and U;Bi,.
The spin and orbital components of the magnetic moments on the uranium atoms were separated within the
dipole magnetic form factor approximation and compared to the theoretical values. The ratio of these compo-
nents indicates an important hybridization df-&lectron states with the conduction band for all four com-
pounds. The hybridization estimated in this way differs significantly for two uranium sublatticegSh,.U
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All four pnictides of U;X,-series crystallize in the body- 9 and 1.89(0.3kg and 1.42(0.2)g for the magnetic mo-

centered-cubic structure§ or 143d space group.They or- ~ ments were found in yAs, and UsP,, respectively. .
der magnetically below fairly high Curie temperatu(&68— Recently our polarized and unpolarized neutron scattering
198 K) and their U-5 electrons hybridize with conduction results confirmed that 43b, and UBi, are both in thel
band electrond-® As the hybridization weakens with in- Phase at zero external fiefdAt the same time qualitatively
creasing nearest uranium neighbors distathgg the carrier sn:mlar theoretical results were shown by Sandratskii and
concentration decreases from 0.026 to 0.014 and to 0.007§lbler.**> Their electron band calculations yielded the
per U ion for P,, UsAs,, and U;Shy, respectively, which ~ Same types of structure, but the value ®fcalculated for
is due to a decrease in the overlappe$tates with the con- UsP; was 1.5°. The big discrepancy between theoretical val-
duction band. The unit cell of 4X,-type compounds con- Uues of & and the values determined experimentafiyn-
tains 12 uranium cations and 16 pnictogen anions. After takduced us to remeasure this angle faid, and U;P, prior to
ing into account body-centering of the unit cell, one canthe spin and orbital moment measurements.
distinguish in the structure six equivalent sublattices of ura- The WP, and U;As, single crystals have been grown by
nium ions. Details of the crystal and magnetic structuresonventional chemical transport method. ThgSh, and
were described in Refs. 7,8. U5Bi, single crystals have been grown by a modified van
An interesting feature of this structure is the fact that de-arkel methodj;6 and a molten metal solution evaporation
spite the overall cubic symmetry, the local symmetry of themethod!’ respectively. The?3®U of nuclear purity (N
U-ion neighborhood is tetragonal. In consequence, the urashemical purity and distilled pnictogengof 4N purity) were
nium sublattice can be divided into three sublattices, with the;sed in all syntheses. A neutron diffraction study of all four
4-symmetry axes parallel to one of three main cubic axescompounds was carried out on the single crystals of approxi-
Further we denote the magnetic moments of U ions in thesmate dimensions of :83x2 mnt.
three sublattices agq,u,, and us, respectively. Such low Perfoming measurements on the four-circle diffractometer
local symmetry leads to remarkable anisotropic magnetic an@T2at L.L.B.-Saclay(neutron wavelength of 0.9 and 1.5,A
electron transport properti¢for a review see Ref. 9. we noted that some reflections forbidden by t#&8d group
The theoretical symmetry analysis of the crystal structurgsymmetry had nonzero intensity even at room temperature,
by Przystawa and Oleksy predicted possible magnetic phas@gen the sample was in the paramagnetic state. Moreover,
in the U;X, series®~**The C phase, a noncollinear, three- the intensities of symmetrically equivalent forbidden reflec-
sublattice magnetic structure with a ferromagnetic compotions were significantly different. This indicated that this ef-
nent along the [111] direction: u;=(v,W,w),u> fect could be due to the multiple scattering.
=(W,v,w),u3=(w,w,v) in which moments are tilted from  The multiple scattering occurs when two or more, sets of
[111] towards cubic axes by certain angle was postulated crystal planes simultaneously satisfy Bragg’s condition. This
for U3P, and UAs,. Thel phase, a collinear structure con- effect can be particularly severe in the case of large unit
sisting of two sublatticesu;=u,=(0,0v),u3=(0,0w), cells, as those of uranium pnictides. One of the consequences
with all moments parallel t§001], was proposed for §8b,  of multiple scattering is the appearance of peaks at “forbid-
and U;Bi,. den” reflection positions. On the other hand, the noncol-
The first U;X, pnictides to be studied by means of neu- linear C-type magnetic structure is also characterized by the
tron scattering on single crystals wergRJ and UAs,.”®>  presence of purely magnetic reflections(b10)- and (002-
The magnetic structure corresponding to tBephase was type at the forbidden positions. The intensities of these re-
found for both compounds. Values of(B)° and 13(6)° for flections are proportional to sift and were reported to be
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all equivalent reflections of thél 1 0) and (2 0 O type.
These regions were chosen for subsequent measurements of
integrated intensity at room temperature and at 15 K. The
difference of integrated intensities measured at 15 and 300 K
& obtained in such a way was considered as magnetic intensity
° o and used to refine the values of noncollinearity angles. For
: : U,;P, no magnetic contribution was found in any of equiva-
lent reflections of both types within experimental accuracy.
: Do o S Very small but evident magnetic contribution was found in
t o Douiouoan the (1 1 0- and(2 0 0)-type reflections in YAs,. We should
s 6 P8 stress, however, that the intensities of these reflections were
about one hundred times smaller than those reported in
o L , ° | , Ref. 13.
20 The magnetic intensities measured in such a way were
used in the refinement performed with theGLsQ program
of the Cambridge Crystallography Subroutine Libr&db-

FIG. 1. Angular dependence of integrated intensity @10 2 tained values of9 are one order of magnitude smaller than
reflection measured for 4As, at room temperaturél denotes the these from Ref. 13 and are shown, along with the most recent
angle by which the sample was rotated around the scattering vectOheoretical values obtained by Sandratskii ankul® in

Table I.
about two orders of magnitude smaller than those of stron- Spin and orbital moment measurements were performed
gest nuclear reflectiors. Since the precision of measure- using polarized neutron flipping ratio technique. The experi-
ment of these reflections is vital in the determinationdof ment was carried out on theCa diffractometer with the
we became convinced that no reliable information about thevavelengthh =0.845 A, in the magnetic field umt5 T and
noncollinearity angle can be obtained without a thoroughat the temperature of 4.2 K. An erbium filter was used to
analysis of multiple scattering. suppress higher order contaminations to less than 0.01%. Po-

It is known that the condition of multiple scattering can belarization of the incident neutron beam has been determined
changed by rotation of the crystal around the scattering vedsy measuring the flipping ratio of thH200) reflection from a
tor. This can be realized by a so called Renninger soa Co(Fe) single crystal in the sample position and was found to
scan which can be easily performed on the four-cirle dif- be 0.91.
fractometer. One of such scans(6f0 2 reflection measured Since the crystal structure of;¥, pnictides is noncen-
at room temperature on3J8s, is shown in Fig. 1. As seen trosymmetric, neither calculation of the magnetic structure
from this figure the intensity of forbidden reflection practi- factors from the measured flipping ratidRH), nor the aver-
cally never vanishes except for the very narrow angular reaging on symmetry equivalent reflections was performed.
gions of¥. The measure®; values were used directly in the refinement

In order to suppress the multiple scatteriigscans were by the PoLsQ program of the Cambridge Crystallography
performed at room temperature and tifeangular regions Subroutine Library® An extinction correction, using the
not contaminated by multiple scattering were determined foBecker and Coppens Lorentzian moffelyas applied in a
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TABLE I. Magnetic structures in  X,-type pnictides. Values of the noncollinearity andgleare com-
pared to previously reported experiment@ef. 13 and theoretica(Ref. 19 ones.

UsP, UszAs, U3Sh, U;Bi,

M123 M1,2,3 M2 M3 M2 M3
alA] 8.214 8.521 9.112 9.368
dyu A ] 3.83 3.97 4.25 4.37
easy axis (1131 (113 (001 (001
measuredRe 254 155 194 188
w+ps [pel 1.346) 1.826) 1.724) 2.367) 1.964) 2.31(6)
wl [ sl 2.4013 3.159) 3.1710) 3.6414) 3.2516) 3.6324)
C, 1.79 1.73 1.84 1.54 1.66 1.57
Ry [%] 4.10 3.72 6.16 7.00
e 0.99 0.84 1.30 1.37
¥ [deg] 0.02.3 3.1(0.5 0 0

13(6) 2 25(5) 2
Fiheor [dEQ] 2.13P 1.91° 7.03P
8 rom Ref. 13.

bFrom Ref. 19.
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TABLE II. Experimental and theoreticéRefs. 19,23 values of spin and orbital components of uranium
magnetic moment in §X,-type pnictides. All moment values are givenir .

Ms L Mst — Ll s
formula moment expt. theor. expt. theor. expt. theor. expt. theor.
UsP, M1, Mo,y —1.06(14) —1.73 240 3.10 1.34 1.37 2.@20 1.79
UsAs, M1,M0,43  —1.33(10) —-1.82 315 3.53 1.82 171  2.06H 1.94
UsShy 1Mo —1.45(11) —-1.90 3.17 3.94 1.72 204 2@  2.07
M3 —1.28(15) —-1.99 3.64 4.18 2.36 219 28 210
per U ion 1.93 2.09 2.41 2.08
U3Biy L1, Mo —-1.29(17) -2.16 3.25 4.37 1.96 221 285 202
M3 —-1.32(25) —2.20 3.63 4.50 231 230 2@ 2.05
per U ion 2.08 2.24 2.59 2.03

case of UP; (Ymin=0.6) and WAs, (Ynin=0.92). The pa- On the other hand the u, / ugratio depends strongly on the
rameters for this correction were obtained from the inte-degree of hybridizatiof? the smaller the ratio, the stronger
grated intensity measurements. In a case 8lt) and U;Bi,  the hybridization.
no significant extinction was detected, hence the extinction As seen from Table Il, the- u, /ug values obtained for
correction was not applied. all compounds are very close to 2.5. At first sight this value
The mutual orientation of the field and the easy magneticorresponds well to the ratio 2.56 yield by the intermediate
zation axis is taken into account in theLsQprogram. Since  coupling scheme for the U-free ion. The corresponding
the noncollinearity angles are very small or equal to zero, theatio for the U *-free ion is equal to 3.32. It should be noted,
refinement on flipping ratios was performed for collinearpgwever, that the value 2.56 fort) ion was obtained with-
models in the case of all four compounds. _ out taking into account the hybridization bflectrons. On
The magnetic amplitude of elastic neutron scattering on gne other hand, strong experimental evidence for significant
partlicular magnetic ion with the momept and for the re- hybridization in X, pnictides exists. Both optical spectros-
flection corresponding to the scattering ved@pcan be writ- copy and de Haas—van Alphen measurements indicate the
ten as hybridization®=° For example YP, and UAs, show rather
large cyclotron effective masses of 289 and 14.8n,,
#HQ)=(ust rUT(Q). (1) resgpecti></elyf‘.’6 It is clear that if such a hyglr(i%ization exisots it
should bring the- u, / us value for the 3* ion well below

f(Q) denotes the magnetic form factor of this magnetic |on,2.5 observed in experiment,

a spin component ang, the orbital component of its : . .
ff)?al mggnetic rFT)mmerm a P Moreover, the polarized neutron scattering provides not
The magnetic form factor forions can usually be used 1USt the ratio— s /us, but the spin and orbital moments
in the dipole approximatidi separately as well. One can see that the values of spin and

orbital moments in all four compound$able Il) are consid-
f 7/ L Coli ' erably reduced with respect to the freé Uion valuesu,
(Q=(o(Q)+Cali2(Q)) =4.716ug and pug=—1.432ug. This difference will be
where even more pronounced if we compare the experimental val-
ues of the magnetic moments with those of th&" Uon,
m=5.58%g, us=—2.16%ug. Thus, in spite of a good
agreement of the- u, / us ratio with that of the 3* ion, we

Fitting of flipping ratios to those calculated from the mag- Suggest that the ionic state of uranium igXJ pnictides is
netic amplitudes allowed us to separate spin and orbital confather closer to a significantly hybridized%state than to
ponents of the magnetic moments for each sublattice of urahe 5f3 one, bearing in mind of course, that the attribution of
nium ions. In the refinement the theoretical form factor ofan ionic state to a semimetallic compound is a very crude
U** ion was used as an analytical approximation to(gh¢  approximation.
and(j,) (Ref. 22 (the choice of another theoretical form In conclusion we shall compare the results obtained here
factor, for instance that of ¥ is irrelevant in the refinement with those predicted by the LSDF theoisee Table ). The
procedure, as will be discussed belpWhe results of such change of values of the average magnetic moment per ura-
refinement on the flipping ratios measured fogXJ pnic-  nium ion from one compound to another: Lg4for UsP,,
tides are collected in Table I. In Table Il experimental valuesl.82ug for UzAs,, 1.93ug for U3Shy, and 2.08.g for U;Bi,
of the spin and orbital components are compared to thoselearly reflects an evolution of hybridization with increasing
calculated by Sandratskii, Kpfle, and Kibler1%2® nearest uranium neighbor distandg,, (the free ion values

It is known that the refinement using radial integréls) are 3.4165 and 3.2845 for US* and U, respectively).
and(j,) for different ions (J*, U*", and U") does not The LSDF theory overestimates both spin and orbital com-
allow the determination of the ionization state of uraniumponents of the moments but predicts rather well the total
because these integrals are very similar for all above 3bns. resulting moment of uranium.

Co=u (st py). (2
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FIG. 2. Comparison of experimental and theoreti¢Rlefs.
19,23 values of the—u, /ug ratio for U;X, series. Values for
U,;Sh, and U;Bi, are averaged on both sublattices.
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two sublattices in antimonide are significantly different, in-
dicating an important role of the local symmetry in the hy-
bridization. A similar effect is present in bismuthide but it is
weaker as the corresponding difference in the ratios of the
spin and orbital components is much smaller.

Since all uranium sites are symmetrically equivalent, the
different hybridization of their b-electron states does not
seem to have any physical justification. On the other hand an
anisotropy of the hybridization has been suggested for an-
other ferromagnetic uranium compound, UA$%dn the
case of this compound, the tetragonal symmetry of the crys-
tal structure would intrinsically lead to such an anisotropy. In
U;X,-type pnictides, the local tetragonal symmetry might
cause similar anisotropy, where the delocalization éf 5
states would be different along the local symmetry axis than
in the plane perpendicular to that axis. Although anisotropy
of all equivalent U ions would be the same, the orientation of
its axis would be different for each sublattice. It would cause
not only different reduction of the moment, but also different
— u g ratios on two sublattices.

All these results combined with the corrected, very small,
noncollinearity angle values ford®, and U;As,, show that
the local symmetry of U-ions neighborhood has a very sig-
nificant influence on the hybridization off States and, con-
sequently, on the magnetic structure ipX/ series.

We are indebted to K. Kiqfle, L. M. Sandratskii, and J.

The dependence of experimental and theoretical values dubler for the results of their still unpublishexb initio cal-

the —u /g ratio ondy.y is shown in Fig. 2. Theoretical
values of the— u /ug are considerably smaller than mea-
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P.W. at LLB was supported via PECO Extension of the Hu-

sured, i.e., the hybridization is smaller than that resultingman Capital and Mobility - Access to Large Scale Facilities

from band calculations. Experimental u, /ug ratios for

Program(Contract No. ERB CIPD CT 940080

*Present address:roki Laboratory, Graduate School of Science,

and J. J. M. Franse, J. Magn. Magn. Ma®8, 54 (1987).

Osaka University, Toyonaka, Osaka 560-0043, Japan. Electronit?Cz. Oleksy, Acta Phys. Pol. A6, 665 (1984.

address: wisniew@lonukiO2.phys.sci.osaka-u.ac.jp

B3p_ Burlet, J. Rossat-Mignod, R. Troand Z. Henkie, Solid State

1R. Madanka, Z. Henkie, J. J. M. Franse, R. Verhoef, Cz. Oleksy Commun.39, 745(1981).

and J. Przystawa, Physical59, 181(1989.

2G. W. Crabtree, J. Magn. Magn. Maté&2, 169 (1985.

3J. S. Schoenes, M. lag, R. Hauert, and Z. Henkie, Solid State
Commun.47, 23 (1983.

47. Henkie, W.R. Johanson, A. J. Arko, G. W. Crabtree, and C
Bazan, Phys. Rev. B8, 4198(1983.

5Y. Inada, H. Aono, N. Takeda, N. Sato, A. Sawada, M. Suzuki, T.

Suzuki, and T. Komatsubara, PhysicalB6-188 761 (1993.

6Y. Inada, H. Aono, J. Kimura, A. Ishiguro, N. Sato, A. Sawada,
T. Komatsubara, D. Kaczorowski, and R. Tr@&hysica B194-
196, 1173(1994.

"R. Trog J. Mulak, and W. Suski, Phys. Status Solidi4B, 147
(1971

8A. Gukasov, P. Wisiewski, and Z. Henkie, J. Phys.: Condens.
Matter 8, 10 589(1996.

93. M. Fournier and R. Trgcin Handbook on the Physics and
Chemistry of Actinidesedited by A. J. Freeman and G. H.
Lander(North-Holland, Amsterdam, 1985Vol. 2, p. 61.

103, Przystawa, J. Phys. Chem. Solgls 2158(1970.

117 Henkie, R. Mafnka, Cz. Oleksy, J. Przystawa, F. R. de Boer,

14L. M. Sandratskii and J. Kaler, Phys. Rev. Letfr5, 946 (1995.

5., M. Sandratskii and J. Kaler, Physica B217, 167 (1996.

167 Henkie and P. J. Markowski, J. Cryst. Growth, 303 (1977).

177 . Henkie, P. Wisiewski, and A. Gukasov, J. Cryst. Growti2,
459 (1997.

18p_J. Brown and J. C. Matthewmaanpublishel

19, M. Sandratskii and J. Kaler, Phys. Rev. B55, 11 395(1997).

20p_J. Becker and P. Coppens, Acta Crystallogr., Sect. A: Found.
Crystallogr.30, 129 (1984).

2LA. J. Freeman, J. P. Desclaux, G. H. Lander, and J. Faber, Jr.,
Phys. Rev. B13, 1168(1976.

22p_J. Brown, ininternational Tables for Crystallographyedited
by A. J. C. Wilson(Kluwer Academic Publishers, Dordrecht,
1992, Vol. C, p. 391.

23K, Knopfle, L. M. Sandratskii, and J. Kiler (private communi-
cation.

24G. H. Lander, M. S. S. Brooks, and B. Johansson, Phys. Rev. B
43, 13 672(199)).

25p. M. Oppeneer, M. S. S. Brooks, V. N. Antonov, T. Kraft, and
H. Eschrig, Phys. Rev. B3, R10 437(1996.



