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Within the homogeneous range of uranium monocarbide UB,_,C,, , the crystal structures of stoichio-
metric UBC and of the carbon-rich solid solution UB;4;C, ;, have been refined from single-crystal
X-ray counter data. From X-ray analysis crystal symmetry in both cases is consistent with the centro-
symmetric space group Cmcm and there are no indications of superstructure formation. In contrast
to the fully ordered atom arrangement revealed for stoichiometric UBC (a = 0.35899(4), 6 = 1.19781(12},
¢ = 0.33474(3) nm), random occupation by boron and carbon atoms is observed for the boron site in
UByeCs m (@ = 0.35752(4), b = 1.18584(3), ¢ = 0.33881(4) nm). For 279(278} reflections {|Fy| > 30)
the obtained reliability factors R, = Z|AF|/Z |Fy| were R, = 0.069 for UBC and R, = 0.050 for
UB %C, 5. Neutron powder diffraction experiments at 9 and 295 K unambiguously revealed full
occupancy by the nonmetal atoms in UBy 4C, 5, and prove the statistical occupation of B and C atoms
in the B-sites. For the orthorhombic symmetry Cmem, refinement was not better than B = 0.044. A
model calculation in monoclinic symmetry €12/m1, however, resulted in a significant reduction of the
residual value 1o By = 0,030, releasing spatial constraints on the boron atoms. Thus the boron—boron
chain in Cmcm (B-B = 0.1874 nm) is dissolved into boron pairs (B-B = 0,1706 nm) which are loosely
bound at a distance of 0.2043 nm. The formation of C—B-B-C groups corresponds to the structure
types of ThBC and ThyB,C;. The magnetic behavior has been investigated in the temperature range
from 4.2 K to 1000 K for UB,_,C,,, (UBC-type) and U,_ M,B,C (ThB,C-type for the high temperature
modification and 1-UB,C-type for the low temperature modification) with U partially substituted by
Th or Sc, Lu. From magnetic susceptibilities, the alloys UB,_,C,,, reveal temperature independent
paramagnetism with typical intermediate valence fluctuation behavior (T5r ~ 350 K). ThB,C and
1-UB,C both are temperature independent paramagnets, whereas h-UB,C is a ferromagnet with the
rather high Curie temperature Ty = 80(2) K. Ty and the saturation magnetiziation per U atom both
successively decrease on substitution of U by Th, Sc, or Lu in UB,C, whereas the U-moments remain
practically unchanged at g (U) ~ 1.9 gg. Uranium L;-XANES (X-ray Absorption Near Edge Structure}
spectroscopy revealed increased d-band localization, comparable to uranium-transition metal alloys,
in nonmagnetic UB,_,C,,, (x = 0, 0.22). No superconductivity was observed down to 1.5 K; no
hydrogen uptake was observed for UB,C and ThB,C even under hydrogen pressures as high as 7 X
107 Pa at 670 K.  © 1993 Academic Press, Inc.

1, Introduction

Investigation of the uranium-boron-
carbon system (/) essentially confirmed the
existence of the actinoid monoboroncarbide
with an extended region of homogeneity,
and revealed the formation of two new com-

pounds, UB,C and U.B,C;. The existence
of orthorhombic UBC was first described
by Matterson et al. (2) and it was later
shown by Toth et al. (3) from X-ray powder
intensity data to derive from the closely re-
lated structure types of CrB or ZrSi,. At
that time, however, no precise information
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TABLE 1
MAGNETIC DATA FOR (U, Th, RE) BoroN CARBIDES

Lattice Parameters in nm Asymptatic
Curie
oy BpaU Ty temperature
Compound a & ¢ () (pg) (K} (K) Type of order
ThB,C Q.66995(11) — 1.14467(48) — — — —_ weak PM, FM imp.
UB,C, h.t. 0.65224(18) — 1.0790%(29)  0.64(3) 1.8%5)  80(2} 742) FM
Ug.as5¢g 15B:C 0.65047( 8) — LOS757(76)  0.57()  178(5)  63(2 S%3) FM
Ug gsLig 15B;C 0.65337(15) 1.07332(41)  0.20(2)  2.01(5)  58(2) 14(5) FIM?
Vg a5 Thg 15B,C 0.65499( 7) — 1.0844B(20) 0.3%2) 1.82(5) 602} 60(3) FM
Ug 70Thp 30B2C 0.65641(17) — 1.09244(15)  038(2)  1.88(5) 35 2503) ™
Ug 4The BC 0.66054(13) — LUBIE(LS) 0041 2.17(9) 152  —120(5) weak FM, imp. ?
UB,C, Lt. 0.60338( 3) 035177 2)  0.41067¢ 2} — — — — weak PM, traces of h. t. UB,C
UBC (32/35/33at%) 0.35%08( 5)  [.19957(16) 0.33470( 4) — — — —_ ICF,
UBC (32/3236at%) 0.35899( 4)  1.19781{12) 0.33473( 3} — — — —_ contains traces of
UBC (32/29/39at%) 0.35843( 4)  [.I8961{13) Q.33646( 4) — — — — h.t. UB,C
Notes. h.t., high temperature modification; 1.t., low temperature modificasion; ICF, inter valence fluctuations; PM, paramagnetic state; FIM,

ferrimagnetic order; FM, ferromagnetic order.

was given (3) on the nonmetal occupation
or nonmetal ordering throughout the homo-
geneous region.

The compound UB,C has been observed
() to exist in two modifications with a tran-
sitton temperature of 1675°C. While the
crystal structure of h-UB,C was found to
be isostructural with the recently described
structure type of ThB,C (4}, the crystal
structure of [-UB,C is unique (J) and has
not been observed with homologous acti-
noid elements. The crystal structure of
“UsB,C,,”" although recognized to be re-
lated to that of UC,, has not been refined
vet (I).

The lattice dimensions and interatomic
distances of the various uranium boron car-
bides are close to the Hill limit (6), sug-
gesting interesting magnetic and/or super-
conducting behavior, which served to
motivate the present study of the structural
and magnetochemical properties.

2. Experimental

Samples with nominal compositions given
in Table I, each of a total amount of ca. 1 g,
were prepared by arc-melting the clements
together on a water ¢cooled copper hearth,
using a nonconsumable tungsten electrode
in a protective Ti/Zr-gettered high purity

argon atmosphere. Uranium platelets of nu-
clear grade (E. Merck, Darmstadt) were sur-
face cleaned prior to use in dilute HNO4;
thorium was in the form of arc-melted but-
tons prepared from powder as obtained from
Cerac Inc. with a claimed purity of 99.8%;
3N-rare earths (Sc, Lu) were in form of in-
gots (Auer—-Remy, Hamburg); reactor grade
carbon (impurities <1.4 ppm, Carbonne
Lorraine, France) and boron (from H. C.
Starck, Goslar, 99.8%) were used as pow-
ders which prior to arc-melting were com-
pacted into small tablets. Weight losses
were small and usually found to be within
0.5 wt.%. Due to the congruent melting be-
havior of h-UB,C (stable above T = 1675°C;
see Ref. (1)) h-U,_ M, B,C alloys were used
for further investigations in the as cast con-
dition. Practically single phase 1-UB,C and
U, _.M,B,C with minor amounts of untrans-
formed h-UB,C was obtained after heat
treatment of the alloy buttons for 75 hr at
1600°C in a W sheet metal high vacuum fur-
nace (107* Pa) on a W substrate. The re-
maining samples of ThB,C and UB,_,C,,,
were annealed under similar conditions for
120 hr at 1400°C and finally radiation
quenched.

Precise lattice parameters and standard
deviations (Table 1) were obtained by least-
squares refinement of room temperature
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Guinier—Huber X-ray powder data, using
monochromatic CuKe,-radiation with an in-
ternal standard of 99.9999% pure Ge (a5, =
0.5657906 nm).

The UB, 1sC, 2, sample {15 g) used for the
neutron diffraction experiments was pre-
pared as described above, but with 98.15%
'B-enriched isotope from AERE Harwell,
UK, impurities <6000 ppm.

Neutron powder diffraction was per-
formed by means of the multidetector pow-
der diffractometer with neutron wavelength
A = 0.17012 nm (resolution A did = 4 x 107*
(see Ref. 7)) at the 10-MW Saphir reactor
in Villigen (PSI), Switzerland. Preferred ori-
entation effects were minimized by powder-
ing the sample to a grain size smaller than 25
um in a He-filled glove box. Further details
concerning the experiment are summarized
in Table II. Atom distribution, precise atom
parameters and occupancies, individual
thermal factors, and profile parameters were
derived from a least-squares powder profile
refinement (8) using the neutron scattering
lengths of a recent compilation by Sears (9).
A series of reliability measures, which are
defined in detail in Tabte I, was calculated.
The observed powder diffractogram, con-
taining small amounts of UC as a secondary
equilibrium phase, is shown in Fig. 1.

Rather small but isodimensional single
crystal fragments were broken from needles
or briquettes, selected by mechanical frag-
mentation of the arc melted UBC and the
UB, +5C4 5; alloy buttons respectively. X-ray
intensity data were collected on an auto-
matic STOE four-circle diffractometer in
one hemisphere of the reciprocal space out
to a limit of sinf/A» = 9.0 nm™! using mono-
chromatized MoK e- radiation. Sets of 281
(282) symmetry independent reflections
were obtained for UBC and UB, C, 5, re-
spectively, by averaging symmetry equiva-
lent reflections out of a total number of 2012
(2015) recorded intensities; all observed in-
tensities [279 (278) for |Fy| = 30 (F,)] were
used in the structure refinement. An empiri-
cal absorption correction was applied, using
yr-psi scans of four independent reflections.
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The crystallographic data are summarized
in Table III. Analyses of Weissenberg pho-
tographs (axes [001] and [101]) revealed an
orthorhombic lattice geometry without any
indications of superstructure formation; a
center of symmetry was displayed from sta-
tistical tests. The only sets of extinctions
observed were (hil) for A + & = 2n and (RO!)
for A, [ = 2r; this observation is essentially
consistent with the centrosymmetric type of
space group Cmcm and/or the noncentro-
symmetric Cmc2, and confirms earlier find-
ings from X-ray powder data of UBC (3).

Magnetic data were recorded in the range
42 < T < 300 K with a P.A,R. vibrating
sample magnetometer. For measurements
from 77 to 1000 K a compensating high pre-
cision Faraday pendulum magnetometer
(SUS 10, A. Paar K. G., Austria) was used.
In the paramagnetic region the magnetic mo-
ment p, the paramagnetic Curie-Weiss
temperature 6. and the temperature inde-
pendent part of the susceptibility x, (includ-
ing core diamagnetism, Pauli paramagne-
tism, and second order van Vleck terms)
were obtained as final parameters of a non-
linear least squares minimization of the
Curie—Weiss law

__ N
Xm‘i3kB(T_9)+X0

where x, is the measured total mol-suscepti-
bility, N is Avogadro’s number and &y is
Boltzmann’s constant.

Uranium L;-edge XANES spectra were
recorded on beamline X-11A at the Brook-
haven National Synchrotron Light Source.
The X-ray storage ring was operated at 2.53
GeV with electron beam currents of 120 to
160 mA., Silicon (111) monochromator crys-
tals were used in combination with entrance
slit widths of 0.25 mm to provide an energy
resolution of about 2 eV at 17.2 keV. Pow-
ders of sample material were sealed in Kap-
tan tape to obtain transmission samples of
uniform thickness corresponding to 1 to 1.5
absorption lengths. The samples were ex-
amined using the conventional transmission
technique with an energy scan step size
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TABLE 11
ExPERIMENTAL DaTA For UB(#4C, 5

Sample container

Temperature {K)

Radiation, wavelength (nm)
Absorption correction

Reactor

Monochromator

Soller slits

28 — range (2 6)

Step — scan increment (2 )
Coherent scattering lengths (fm)

Number of contributing reflections

Background

Preferred orientation

Number of variables

Largest element of correlation matrix

Maximal Afor

R — Values:
Ry = |1, (obs) — (i/e) [; (cale)lf 3, I; (obs)
Ry = |{I; (obs)]¥? = [{; (calc)]2|1>) [, (obs)]™?
Ry = | ¥; (obs} — (l/c) ¥; (calc))/ 3. ¥; (obs)

Vanadium double cylinder, R/Ri= 5/4 mm
296 K

Neutrons, A = 0.17012(1)

pp = 0.241

Saphir, PSI CH-Villigen
Germanium-(311)

1011127

3.0to 1349

0.10

U §.417

B 6.646

C 6.646

119 )
Background refinement {6 parameters)
[001]

26

0.7

<0.01

Ryp = [2, w|Y; (obs) — (lic) ¥; (calc)|¥2, w,|Y; (obs)|21"?

R.={N - P+ CYY w, ¥ (abs)}'?

x? = {R.,/R}

I; Integrated intensity of reflection i

w; Weighting function

Y, Number of counts (background corrected) at 2¢
¢ Scale factor

of 0.5 eV. Freshly cleaned uranium foil
(2 absorption lengths) was simultancously
scanned as an energy reference during each
measurement.

3. Results and Discussion

3.1. The Crystal Structures of UBC and
UBy Cy 2

3.1.1. X-ray diffraction. The prominent
peaks of a three dimensional Patterson map
P(u, v, w) were all found to be compatible
with 4U in the 4c-sites of the centrosymmet-
ric space group Cmcm. A difference Fourier
map F, — Fy clearly resolved the nonmetal
atom sites to be four boron atoms in 4c and
four carbon atoms in 4¢, thereby confirming
the structure model as carlier derived for

UBC from X-ray powder data (3}. Assuming
these data as starting parameters, the inten-
sity data for both single crystals UBC
and UB, C,,, were refined using the
STRUCSY full matrix least-squares pro-
gram system (STOE & Cie., Darmstadt).
The weights used were based upon counting
statistics w; = l/or(F,), and structure factors
were furthermore corrected for isotropic
secondary extinction; different weighting
schemes had no significant influence on the
R-values obtained. Refinement of the occu-
pancy of the uranium atoms did not result in
a significant deviation from full occupation,
Due to the small X-ray scattering power of
the nonmetal atoms, model calculations
were carried out with (a) interchanged atom
positions, (b) partially occupied nonmetal
sites, and {(c) random distributions on the
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Fig. 1. Observed (solid line) and calculated (broken line) neutron powder diffraction pattern of
UBy5C,» at 9K; &, = 0.17012 nm. Bragg positions of UB, 4C, 5; and of UC reflections are indicated
by vertical bars in two top lines. Refinement in monoclinic symmetry C[2/m1 (see Table HI).

individual nonmetal sites; all unambigously
resulted in a fully ordered atom arrangement
for stoichiometric UBC and a statistical oc-
cupation of B,C-atoms in the B-sites in car-
bon-rich UBg 7C, ,; (see Table III and Sec-
tion 3.1.2.).

The final R-values calculated with aniso-
tropic thermal parameters for the uranium
atoms were R = 0.069 for UBC and R =
0.050 for UBg 74C, ;- The final positional and
thermal parameters are given in Table III;
for interatomic distances, see Table IV. A
listing of F, and F_ values can be obtained
on request.

3.1.2. Neutron powder diffraction of
UB, 13C, 1. Refinements of the neutron data
for UB, 4C, 5, at 295 K and 9 K, based on
the structure model obtained from the X-
ray analysis with orthorhombic symmetry
Cmcm, were no better than R; = 0.044; how-
ever, they proved the full occupation of the
nonmetal sites as well as the statistical dis-
tribution of B,C atoms on the B-sites (Ta-
ble ILI).

A significant decrease of the residual
value to R, = 0.030 can be achieved by trans-
ferring the structure model to the mono-
clinic subgroup C12/ml, thereby releasing
the spatial constraints on the boron atoms.
It shall be mentioned that the corresponding
refinement of the unit cell dimensions in €2/
m did not reveal any deviations from the
orthorhombic lattice geometry; i.e., the ob-
viously monoclinic nonmetal sublattice
does not alter the orthorhombicity of the
unit cell (within the limits of the standard
deviations). Besides some small amounts of
UC, which were refined as a second phase,
there were no extra peaks detectable from
the neutron data, confirming the absence of
superstructures (see also Fig. 1). Due to the
identical neutron scattering lengths of ''B
and C, atom ordering within the nonmetal
sublattice, however, cannot be monitored
employing neutron diffraction techniques.

The final structural and profile parame-
ters, as well as the residual values obtained
from the least squares refinement, including
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"TABLE II1
CRYSTALLOGRAPHIC DaTa For UBC AND UBy3C, 5 (UBC-TYPE)

X-ray single crystal data at 295 K, A = 0.07071 nm

Space group, Cmcm — Dif, No. 63, , Z = 4; origin at center. The expression for the individual isotropic
temperature factor is T = exp(~B(sing/A)?) = exp(—2m2U,, (sind/A)).

Anisotropic thermal factors are expressed as T = exp(—2m XU, hla*? + Upk?b*? + Uylie® + 2Uhka*h* +
2Uhla*c* + 2Uxklb*c*). By symmetry U, = Uy = Uy = 0. The standard deviations are in parentheses,

(I) The crystal structure of stoichiometric UBC

Atom Site x ¥y z Occ. Un(Uig) Uy, Uy
U 4c 0 0.1386( 2) ] 1.0 0.01I(1) 0.005(1) 0.003(1)
B 4c 0 0.4624(47) i 1.0 0.007(9) — —
C 4c 0 0.3357(42) ] 1.0 0.007(8) — —

a = 0.35899(4), b = 1.19781(12), ¢ = 0.33473(3) nm; c/a = 0.932, b/a = 3.337; V = 0.1439 nm?;
py = 12.03 Mg m™?, w(MoKe) = 107.3 mm™L.

Correction for isotropic secondary extinction was g = 1.6 x 107,

Reliability factors: Rg = 0.069, R, = 0.069.

(II) The crystal structure of UByC, »

Atom Site X ¥ z Occ. Un(Uis) U Us
U 4c 0 0.1381( 1) i 1.0 0.013(1) 0.005(1) 0.008(1)
B 0.78

Cl} 4c 0 0.4648(30) e {0.22 0.015(5) — -
C2 4c 0 0.3355(23) ) 1.0 0.01E4) — —

a = 0.35752(4), b = 1.18584(3), ¢ = 0.33881(4) nm; c/a = 0.948, hig = 3.317; V = 0.1436 nm?,
p, = 12,08 Mg m~3, p(MoKa) = 107.1 mm™L.

Correction for isotropic secondary extinction was g = 2.8 x 107%,

Reliability factors: Ry = 0.050, R,, = 0.050.

Neutron powder diffraction at 295 K, A = 0.17012 nm.

(A) space group Cmem — DY, No. 63
a = 0.35835(3), b = 1.19012(8), ¢ = 0.33692(3) nm; c¢/a = 0.941 bla = 3.321 V = 0.1437 nm’.

Atom Site x ¥ z Oce. U, (Uy)
U 4c 0 0.1379(2) 3 1.0 0.30(5)
B! 0.78

p ] 4c 0 0.4648(2) i 0.22 0.88(7)
C 4c 0 0.3346(3) i 1.0 0.29(7)

Reliability factors: R, = 0.044, Ry = 0.030, Ryp = 0.064, R, = 0.036, x% = 3.15.

(B) space group C12/ml — C},, No. 12
a = 1.19013(8), b = 0.35835(3), c= 0.33692(3}), 8 = 90.0°.

Atom Site X ¥ z Occ. Uy (Us)
U 4i 0.1378(2) 0 0.2500(-) 1.0 0.32(3)
Bl 4 0.4657(2) 0 0.275244) 0.78 0.73(6)
c ' ' 0.22 '

C 4 0.3352(2) 0 0.2603(4) 1.0 0.1%6)

Reliability factors: R, = 0.030, Ry = 0.028, Ryp = 0,062, R, = 0.036, y* = 2.96.
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TABLE IV
InTERATOMIC DIsTANCES (IN nm) FOR UBC AND UB;C, 2

X-ray diffraction

Neutron diffraction

Stoichiometric UBC UBy %C

UBy5Cop — Cmem, 9K

UByCin — C12iml, 9K

U-2U 0.3720(3)
-4U 0.3626(2)
-2U 0.358%(0)
=2U 0.334H0)

-2B 0.277(4)
—4B 0.274(3)
—4C 0.24K1)
-1C 0.236(5)

B-2U 0.277(4)
—40 0.274(2)
-2B 0.190(5)
-1C 0.152(7)

C-41 0.247(1)
-1U 0.236(5)
-1B 0.152(7)

U-2U 0.3687(1)
-4U 0.3621(1)
=2U 0.3575()
—-2U 0.3388(0)

-2B 0.272(3)
—4B 0.275(1)
—4C 0.248(0)
-1C 0.234(3)

B-2U 0.272(3)
-4U 0.275(2)
—2B 0.189(3}
-1C 0.153(4)

C-4U 0.247%0)
-1U 0.234(3)
~1B 0.153(4)

U-2U 0.3681(4)
—4U 0.3610(0}
-2U 0.3581¢0)
-2U 0.3361(0)

-2B 0.2723(3)
-4B 0.2743(2)
—-4C 0.2478(1)
-1C 0.2336(4)

B-2U 0.2723(3)
—4U 0.2743(2)
—2B 0.1874(2)
—1C 0.1553(4)

C-4U 0.2478(1)
—-1U 0.2336(4)
—-IB 0.1553(4)

U-2U 0.3679(4)

—-4U 0.3627(4)
-2U 0.3581(0)
-2U 0.3361(0)

-2B 0.2733(3)
~2B 0.2802(1
—2B 0.2687(7)
-2C 0.2500(8)
-2C 0.2455(8)
—1C 0.2340(3)

B''-2U 0.2723(3)

-2U 0.2802(7)
-2U 0.2687(7)
- B 0.2043(20)
- B 0.1706(20)
- C0.1553(3)

C-1U 0.2340(3)

~2U 0.2455(8)
~2U 0.2500(8)
B-B-B 127.5° — B 0.1553(4)
B-B-C 116.3°
B-B-C 116.3°
B-B-B 127.1°
B-B-C 111.7°
B-B-C 121.7

simultaneous refinement of the background
{8), are presented in Table 111 in comparison
to the single crystal X-ray data. Atom dis-
tances ar¢ given in Table IV, As seen from
Fig. 1 and from the residual values in Table
I11, observed and calculated neutron inten-
sities are in excellent agreement, This is fur-
thermore true for the X-ray powder inten-
sity calculation employing the refined atom
parameters from the neutron diffraction.
The unit cell dimensions obtained for UC
as the second but minor equilibrium phase
were o = 0.49455(5) in the alloy with the
UB,xC,» phase: @ = LI1S013(1), & =
0.35835(3), ¢ = 0.33692(3) nm at 295 K and

a = 0.494594) with UB;4C,»n: a =
1.18835(9), b = 0.35807(3), ¢ = 0.33611(3)
nm at 9 K and compare well with the data
earlier obtained from the investigation of the
U-B-C ternary system (/).

3.1.3. The solid solutions Th,_ U B,C and
U,_.RE.B,C (RE = Sc, Lu). Guinier X-ray
powder patterns of samples Th,_,U.B,C
(x = 0.4, 0.7, and 0.85), as cast or annealed
at 1550°C, and those of arc melted
UgssRE; 1sB;C, were completely indexed on
the basis of a rhombohedral unit cell (see
Table 1). Crystal symmetry (R3m as the
highest symmetric space group type) and
the observed intensities reveal structural
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identity with the crystal structure of ThB,C
(4). Figure 2 represents the variation of the
unit cell volume and lattice parameters for
the section Th,_,U,B,C as a function of the
Th/U substitution with only slightly nega-
tive deviations from Vegard's rule. In con-
trast to the rather sharp X-ray patterns of
the annealed alloys, those of the arc melted
samples were somewhat diffuse.

It is interesting to note that the annealed
samples Th,_, U, B,C for all the investigated
compositions revealed the ThB,C-type,
which, for pure UB,C, is the high tempera-
ture modification (I) only observed above
1675 = 25°C; t.e., 15 mol% of ThB,C are
sufficient to stabilize the solid solution in
the high temperature type, whereas heat
treatment of UggcRE, sB,C for 150 hr at
1550°C in both cases, RE = Sc and Lu,
yielded the low temperature modification of
1-UB,C. Analysis of the X-ray powder inten-
sitics of the as cast alloys UggRE; sB.C,
based on the atom parameters earlier de-
rived from a single crystal X-ray refinement
of ThB,C (4), proved good agreement be-
tween observed and calculated intensities,
suggesting only a slight preference of the
rare earth element to occupy the 3a sites in
R3m over a random distribution U/RE in
both the metal sites 3a and 6¢.

3.1.4. Structural chemistry. Transition
metal monoborides TB hitherto have been
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classified (1) as boron chain type com-
pounds, owing to the formation of infinite
zigzag boron chains. Due to steric con-
straints on the small octahedral voids in the
monoborides of the transition metals, car-
bon solubilities in TB are exceedingly small,
and except for the larger rare earth and acti-
noid metals no ternary 7BC boron carbides
are formed (/7). The crystal structure of
UBC has been shown (12) to be isopointal
with the structure type of CrB with carbon
atoms filling the [U,B] bipyramidal voids.
Thus the crystal structures of UBC and
YBC (13} were grouped among chain-type
borides, although their B,C-nonmetal sub-
lattices have not been properly evaluated,
due to the feeble X-ray scatlering power of
B.C, in relation to the heavy metal atoms.
Only in the structure types of ThBC (i1)
and Th;B,C; (I1), boron atoms were found
to deviate from boron—boron chain forma-
tion, revealing C~B-B-C units separated
by a distance of 0.223 nm which seems too
long in terms of strong covalent bonding.

Similarly the X-ray single crystal refine-
ments of UBC and UB, +C, ,; (see Section
3.1.1) did not reveal the true nonmetal sub-
lattice, yielding merely averaged B—-B dis-
tances of ca. 0.189 nm. Whatever starting
parameters we used in the corresponding
neutron powder refinements of UBj7C, 2.
boron atoms at 9 K as well as at 295 K
unambigously revealed monoclinic symme-
try. The infinite boron chain is thus dis-
solved into boron-boron pairs at a bonding
distance of (0.1706 nm with a separation be-
tween pairs of 0.2043 nm (Table 1V and Fig,.
3). Each boron atom bonds to a carbonatom
at a distance of 0.1553 nm as typical for
a single bond type, thus forming a kinked
C-B-B-C group with C-B-B and B-B-C
bond angles of 112° and 121°. As seen from
Table 1V, the B-C distances do not vary
between orthorhombic and monoclinic sym-
metry.

Although not proven vet in detail for re-
cently discovered (14) isotypic UBN, a mo-
noclinic B-N sublattice is inferred, resulting
in kinked N-B—B—N subunits.
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FiG. 3. Crystal structure of UBC in a three dimensional view. Large spheres are U atoms, medium
sized spheres are B atoms, and small spheres are C atoms. The triangular prismatic coordination U B
around the B atoms and the pyramidal metal coordination around the C atoms are outlined; with one

additional boron atom a [UB] bipyramid is formed.

3.2. Magnetic Properties of UB,_,C,,,
and U,_ RE B,C with RE = Th, Sc, Lu

Reciprocal gram susceptibilities versus
temperature are presented in Figs. 4-6;
the numerical results of the minimized Cu-
ric-Weiss type behavior, the type of mag-
netic ordering, and the corresponding tran-
sition temperatures are listed in Table 1. In
all cases where paramagnetic extrapolations
are applicable, the temperature independent
contributions to the susceptibility (x,) typi-
cally were in the 107® emu/g range, as usual
for metailic alloy systems.

Magnetic ordering was found for all mem-
bers U,_ RE,B,C with RE = Th, Sc¢, Lu
(Figs. 4, 5). The variation of the interatomic
distances toward lower values (Sc, Lu-sub-
stitution) or toward larger values (Th) yields
qualitatively similar effects: The general re-
sult of the dilution of the uranium moments
by nonmagnetic elements (Sc, Lu, Th) is a
successive decrease of (a) the ferromagnetic
ordering temperature (Th, Sc substitution)
and (b) the saturation magnetization per ura-
nium atom (values for4.2 K, 18 kG are listed

in Table 1), while the individual paramag-
netic uranium moments remain practically
unaffected at a value of about 1.9(1) ug.

For the Lu-substituted alloy, the quatita-
tive behavior shown in Fig. 4 is significantly
different, compared to the behavior of the
ferromagnetic samples. The continuous
straight decrease of the magnetization vs
temperature as well as the low Curie—Weiss
temperature 0 <€ T~ and the strongly reduced
saturation moment might give reason to sug-
gest a ferrimagnetic coupling of the uranium
moments. Considering the crystal structure,
this assumption is not unreasonable: in the
space group R3m three uranium atoms oc-
cupy the 3a position (0, 0, 0) and six uranium
atoms are at 6¢ (0, 0, z, z = 0.3]) sites.
Taking the total moment of 0.65 uy for a
paralicl ordered spin system in h-UB,C, a
1:2 antiparallel spin arrangement should
yield a value of about 0.22 ug (minus a cer-
tain dilution effect). Indeed, we actually ob-
served a value of 0.2 uy for the saturation
U,_,Lu,B,C consistent with the above es-
timate.

It is interesting to note that the low tem-
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F1G. 4. Susceptibilities vs temperature for U(Lu, S¢,
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substituted compound, measured at 40 G, has to be
multiplied by a factor of 10.

perature modification I-UB,C does not ex-
hibit any magnetic ordering; the origin of the
residual ferromagnetic contribution present
in this compound as well as in all of the
UBC alloys is unambigously attributed to
traces of incompletely transformed h-UB,C.
The ordering temperature of h-UB,C was
observed in these alloys, but the total value
of the resulting magnetization was about a
factor of 100 smaller, indicating an impurity
level below 1% (see insert in Fig. 6). Most
probably the intrinsic magnetic property of
the UBC alloys is a temperature indepen-
dent paramagnetism with a tendency to the
onset of a weak uranium valence fluctua-
tion behavior.

ThB,C is weakly temperature indepen-
dent paramagnetic and did not show any
intrinsic ordering down to 4.2 K.
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Plotting the magnetic ordering tempera-
tures for the uranium borides, uranium
carbides, and uranium boron carbides (in-
cluding superconductivity of the modifica-
tions of uranium metal) versus the ura-
nium—uranium distance in their crystal
structures, we do not encounter a simple
correlation of the localization and delocal-
ization of the uranium magnetic moment
as a function of the U-U distances in
terms of a Hill plot with a critical distance
of ca. 0.35 nm as suggested earlier (6),
see also Fig. 7. Further studies on large
single crystats are planned to get deeper
insight in the interesting and peculiar mag-
netic behavior of UBC and L,h-UB,C.

3.3. X-Ray Absorption Spectroscopy

Additional information on the electronic
structure of uranium alloys on the border-
line between localized and itinerant behav-
ior can be derived from uranium L; near-
edge X-ray absorption spectroscopy. The
transition of 2p;, core level clectrons into
unoccupied 6d electronic states results in
a “‘white” line (peak) at the L; absorption
threshold. This resonance absorption line is
weak or nearly lost in case of the rather
itinerant uranium metal or in uranium inter-
metallic alloys with additional 5f-6d hy-
bridization. Systems with a higher degree
of localization, such as uranium oxydes or
fluorides, exhibit distinct and sharper L,-
edge features (15, 16). In the case of rare
earth elements, with a high degree of local-
ization of their 4 f electrons compared to the
5feclectrons in light actinoid ¢lements, even
metallic systems exhibit distinct white lines
which can be analyzed to explore mixed va-
lence (MV) behavior in rare earth—transition
metal alloys (/7).

In Fig. 8 we compare the XANES spectra
of a-uranium, UBC, UB,_,C,,,, and f.c.c.
UC and UN. The spectra were analyzed by
deconvoluting them into a Lorentzian line
representing the discrete transition at the
threshold resonance and an arctangent func-
tion describing the continuum transition
(18). Due to the high spectrometer resolu-
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tion compared to the 2p;, core hole life time,
it was not necessary to fold the Lorentzian
line with a Gaussian (instrumental) broaden-
ing term in order to obtain acceptable fits.
The resulting values for line width, energy
shift relative to a-uranium, and the relative
intensity of the white line peak are listed in
Table V.

From our spectra and the data presented
in Table V, it is evident that little variation
exists in the line width and the relative line
intensity among the alloys (which them-
selves exhibit a distinctly sharper and more
intense white line transition than a-ura-
niumy}, and that their line widths and shifts
are similar to those observed for ura-
nium-transition metal alloys (15, 19). The
changes mainly reflect a variation in the (un-
occupied) 64 density of states from the large
6d bandwidth in g-uranium to the partly
5f—6d hybridized (boron) carbides dis-
playing increased localization. XAS can
thus probe the localization of electronic
states in cases where magnetic data do not
reveal a direct indication of localization
(Fig. 6) and although UC and UBC, for ex-
ample, are located in different regions of the
Hill Plot (Fig. 7), they appear to have similar
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electronic structure as far as X-ray absorp-
tion spectroscopy can probe it. In our sam-
ple series, the highest degree of localization
(i.e., the narrowest bandwidth) as inferred

L, - XANES

Normalized absorption

75 0 75
AE (V)

Fig. 8. L;-XANES of uranium L;-threshold. The
zero of energy £, is determined by the peak position
of the a-uranium white line at 17.176 keV. (This value
for £y is about 10 ¢V above the inflection point of the
edge spectrum (or peak in the first derivative of the
spectrum) of 17,166 keV. The determination of energy
shifts is more consistent and not as susceptible to line
shape deviations when the peak center positions of
fitted white lines are used compared to inflection points
{see also Ref. /5).) For UN, the typical deconvolution
in a Lorentzian threshold resonance and an arctangent
continuum transition are shown. (It should be noted
that these fits are not unique with respect to the relative
position of the arctangent and the Lorentzian. Similar
results, proving the same qualitative trends, were ob-
tained from fits where the center of the white absorption
line lay at lower energies than the inflection point of
the arctangent curve. A more detailed analysis involv-
ing the subtraction of the  phase-shifted L, edge spec-
tra indicates that the Jatter description is physically
more meaningful (see for example F. W, Lytle and
R. B. Greegor, Appl. Phys. Lert. 56(2}, 192 (1990)).
For consistency and better comparison with previously
reported results only, we adhered in this work to the
approach used in Ref. (/5-17, 19).)
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tion compared to the 2p4;, core hole life time,
it was not necessary to fold the Lorentzian
iine with a Gaussian (instrumental) broaden-
ing term in order to obtain acceptable fits.
The resulting values for line width, energy
shift relative to a-uranium, and the relative
intensity of the white line peak are listed in
Table V.

From our spectra and the data presented
in Table V, it is evident that little variation
exists in the line width and the relative line
intensity among the alloys (which them-
selves exhibit a distinctly sharper and more
intense white line transition than e-ura-
nium), and that their line widths and shifts
are similar to those observed for ura-
nium-transition metal alloys ({5, 19). The
changes mainly reflect a variation in the {un-
occupied) 64 density of states from the large
6d bandwidth in e-uranium to the partly
5/~6d hybridized (boron) carbides dis-
playing increased localization. XAS can
thus probe the localization of clectronic
states in cases where magnetic data do not
reveal a direct indication of localization
(Fig. 6) and although UC and UBC, for ex-
ample, are located in different regions of the
Hill Plot (Fig. 7), they appear ta have similar
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electronic structure as far as X-ray absorp-
tion spectroscopy can probe it. In our sam-
ple series, the highest degree of localization
(i.c., the narrowest bandwidth) as inferred

L, - XANES

Normalized absorption

75 0 75
AE {&V)

FiG. 8. Ly-XANES of uranium L;-threshold. The
zero of energy E, is determined by the peak position
of the a-uranium white line at 17.176 ke'V. (This value
for E; is about 10 eV above the inflection point of the
edge spectrum (or peak in the first derivative of the
spectrum} of 17.166 keV. The determination of energy
shifts is more consistent and not as susceptible to line
shape deviations when the peak center positions of
fitted white lines are used compared to inflection points
{see also Ref. 15).) For UN, the typical deconvolution
in a Lorentzian threshold resenance and an arctangent
continuum transition are shown. (It should be noted
that these fits are not unique with respect to the relative
position of the arctangent and the Lorentzian. Similar
results, proving the same qualitative trends, were ob-
tained from fits where the center of the white absorption
line lay at lower energies than the inflection point of
the arctangent curve. A more detailed analysis involv-
ing the subtraction of the 7 phase-shifted L, edge spec-
tra indicates that the latter description is physically
more meaningful (see for example F. W, Lytle and
R. B. Greegor, Appl. Phys. Lett. 56(2), 192 (1990)).
For consistency and better comparison with previously
reported results only, we adhered in this work to the
approach used in Ref. (15-17, 19).)
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TABLE V
LEAST SQUARES FIT PARAMETERS FOR URANIUM L;-EDGE SPECTRA
Compound AE FWHM I (%) AS (eV)
{ev) (eV)
@-uranium 0.00(25) 2§.21(76) 8.87 9.78(36)
0):10 0.34(13) 14.64(42) 11.60 9.21(28)
UB7Cin 0.57(12) 14.35(39) 10.63 9.62(25)
uc 0.44(14) 14.38(42) 10.77 9.66(30)
UN 0.21(14) 13.31(41) 10.31 9.1521)

Note. AEis the energy shift with respect to q-uranivm, FWHM the full width at half maximum for the Lorentzian
(white line) peak, f the intensity of the Lorentzian peak relative to the edge (arctangent) jump, and AS the shift
between the arctangent inflection point and the Lorentzian peak center (serving as a measure of consistency
between the fits). The numbers in parentheses give the standard deviation o of the last two significant digits.
See Ref, (15) and (I9) for additional data on intermetallic alloys.

“ We also investigated the temperature dependence of the spectral parameters in UBC over the range of
presumed valence fluctuation behavior, but no significant variations with temperature could be inferred.

from the width of the absorption line, is ob-
served for UN which indeed exhibits type
1 antiferromagnetic ordering and 53 K. The
ordering in UN was attributed to a large
orbitai-moment contribution to its 5f band
magnetism (20), and the match with the pre-
diction from the Hill plot (Fig. 7) is there-
fore weak.

3.4. Hydrogen Absorption in (Th, U}B,C

Attempts to force hydrogen absorption in
the (Th, U)B,C-alloys were unsuccessful,
even under hydrogen pressures as high as
70 MPa at 670 K.
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