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Absbad. URhAl is one of a large class of uranium compounds with the hexagonal ZrNiAl 
structure. It becomes Ferromagnetic at 27 K and the ordered moment is found to be 0.94 pg 
per formula unit. We have performed experiments with polarized neutrons in order to 
measure the magnetization density in the unit cell. A crystallographic study gives atomic 
positions in agreement with previous work, but we find that the crystals, which were grown 
by a b c h r a l s k i  method, are highly perfect and exhibit a large amount of extinction. 
Corrections for these effects are discussed. The magnetization density shows that the total 
moment as measured by magnetization is made up of four contributions. Tbe moments (in 
re) on uranium, Rh,, Rh,,, and from the conduction electrons are, respectively, 0.94(3), 
0.28(2),0.03(2), and -0.11(3). ?he observation of a large moment at the Rh, site, which lies 
in the (001) plane with the U atoms shows that strong anisotropic hybridization occurs 
between the U and Rh,. This is the cause of the very large bulk anisotropy. At the uranium 
site we have analysed the contributions from the spin and orbital moments and find -pJ 
pr = 1.81(7). The freeion 5F’valuefor this ratiois 2.6. Thereductiongivesusaquantitative 
measure of hybridization in the system. The results are compared with those calculated from 
density functional theory. 

1. Introduction 

Extensive studies of materials containing 5f electrons (i.e. U, Np, etc) have shown that 
many of the physical properties are affected by a phenomenon we call ‘hybridization’. 
What this implies is that when a uranium atom is brought together in a solid with, for 
example, an iron atom, it is not possible to consider the properties of the resulting solid 
asasimple linearcombinationof those of uranium and iron. Instead, astronginteraction 
between the outer electrons, in the case of this example between 5f and 3d electrons, 
occursandcan result in the compoundexhibitingcompletely newproperties. Early ideas 
on this hybridization are the basis for the so-called ‘Hill plots’ (Hill 1970). The most 
spectacular manifestation of these hybridization effects occurs for heavy-fermion 
materials, in which the ground state is superconducting at low temperature. In the case 
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Figure 1. Schematic representation of the 
URhAlstructure. Thevolumeshommn- 

@ c O G  tainsthreeunit cellsandnineU atoms. Tne 
U R b l  RhU bold edges highlights one unit cell. 

of the heavy-fermion materials it is clear that not only does hybridization occur, but also 
a correlated state is formed at low temperature (Stewart 1984, Ott and Fisk 1987). 

In a subject as complex and general as that of 5f-electron hybridization it is clearly 
advantageous to be able to examine a wide range of different compounds and establish 
trends, which can be useful in guiding our general understanding. One of the most 
promising groups appears to be the AnTX group of compounds, where An is an actinide 
(U, Np, or Pu), T is a transition metal, and Xis a p metal (AI, Ga, Sn, In, Si or Ge). 
Sechovsky and Havela (1988) and Sechovsky et al(1990) have shown that many of these 
form isostructural groups in which the magnetic properties vary from weak para- 
magnetism, spin-fluctuating systems, to stable 5f-moment systems. For example, UPdln 
and UNiAl have y-values as high as 280 and 134 mJ mol-' K-Z, respectively, and both 
order antiferromagnetically with sizeable magnetic moments. 

As yet there is relatively little microscopic information available about these series 
of compounds. Bulk properties are very important for classifying the systems; however, 
this information is usually insufficient to allow critical choices to be made between a 
number of possible theoretical approaches. We focus in this paper on the compound 
URhAl, and discuss in general the systems of the ZrNiAl structure, with X = AI and 
compounds with T = Fe, CO, Ru and Rh. URhAl becomes ferromagnetic at 27 K 
(Veenhuizen et all988) and has a reported y-value of 60 mJ mol-' K-*. The ordered 
magnetic moment is -1 pB per formula unit, and the magnetic properties are highly 
anisotropic, with theeasy axis beingparallel tothe hexagonaleaxis. Twomain questions 
motivatedour neutron measurements. (1) How is the magnetization density distributed 
throughout the unit cell? In particular, is there sufficient polarization of the Rh 4d 
wavefunctions for there to exist a moment associated with the rhodium atoms? (2) How 
big are the individual spin and orbital components on the uranium atom? Recently, by 
measuring these components in a series of intermetalliccompounds with the cubic Laves 
phase (Lebech et al1991, Lander et all991) we have shown that the ratio pL/ps can be 
used as a measure of the hybridization. 

2. Crystallography 

The ternary compound URhAl crystallizes in the hexagonal ZrNiAl structure (space 
group Pg22m), an ordered ternary derivative of the FezP structure. Cell dimensions at 
room temperaturearea = 6.9958(34) A, c = 4.0241(62) A. Aschematicrepresentation 
of the crystal structure is shown in figure 1. The atoms are arranged in planar layers 
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perpendicular to the short (c) axis, layers of Rh and Al alternating with layers of U and 
Rh. Atomic positions in the unit cell are as follows (Dwight ef a1 1968): 

U 3g c") x ,  0,112 o,x, 1/2 f,Z, 1/2 x 0.58 
R h I  l b  (62m) O,O, 1/2 

Al 3f (") x,o,o o,x,o Z,n,O x = 0.24 
Rhll 2c (g) 1/3,2/3,0 213,1/3, o 

The Rh atoms occupy two distinct sites in the lattice, one third of them lying on the 
U-Rh layer (Rh, site) and the remaining ones on the AI-Rh layer (Rhl~ site). The U 
atoms are at the highest coordination site (CN15), the shortest distances within the 
coordination polyhedron being the actinide-transition metal ones (dWRhL = 2.94 A, 
d,,!, = 2.91 A). The in-plane U-U distance (3.63 A) is smaller than the one in the c- 
direction, which is equal to the lattice parameter c. These inter-actinide distances are 
largerthan the Hill limit (Hill 1970) and the compound ordersferromagneticdy at 27 K. 

Neutron experiments were performed on a cylindrical single crystal approximately 
2 mm in diameter and 6 mm in length. The crystal was grown by means of a Czochralski 
technique and had its [Ool] axis approximately parallel to the cylinder axis. 

A series of measurements with unpolarized neutrons were made to establish the 
parameters of the nuclear structure at low temperature, needed for the polarized beam 
work. In addition, we needed to determine the amount of extinction and verify the 
correct stoichiometry of our sample. The integrated intensities were measured on the 
D15normal beam diffractometer at the high-flux reactor at the Institut Laue-Langevin, 
Grenoble. The neutrons (d = 1.176 A) were monochromatized with a Cu(331) crystal 
in transmission and thed/Zcontamination was =8 X 10-40f the primary beam intensity. 
The crystal was mounted with the [00l] axis parallel to the w-axis of the diffractometer, 
encapsulated in a small A1 container and used in an ILL 'orange' liquid-helium cryostat. 
Cell parameters were refined from the UB matrix using 18 strong and well centred 
reflections. 

Two data sets (300 K, 37 K) have been collected out to sin 0/A = 0.77A-'. The 
rather small c parameter of the unit cell restricted the data collection to the (hkO) and 
(hkl) layers. The number of independent reflections measured was 50 for the room 
temperature data set and 66 for the low temperature one. For each independent reflec- 
tion we measured at least four and usually six, symmetry equivalent reflections. The 
scan profiles were analysed according to the Lehmann-Larson algorithm (Lehmann and 
Larson 1974) to obtain the integrated intensities. These scan profiles were found to be 
rather sharp, clearly indicating that our sample had a high degree of crystalline perfec- 
tion. The data were corrected for the Lorentz effect and the intensities of the equivalent 
reflections averaged, using as weights the reciprocals of the variances derived from 
counting statistics. The internal agreement factors of the equivalent intensities were 
1.3% and 1.1% for the room temperature and low temperature data sets, respectively. 
A set of nuclear structure factors was derived from the averaged intensities and their 
standard deviations obtained from the distribution of the equivalent intensities. 

2.1. Structural refinement and extinction 

Comparison between themeasuredstructurefactorsandthosecalculatedforthe URhAl 
structure confirmed that the crystalexhibited alarge amount of extinction. By extinction 



832 

we refer to the processes other than absorption that result in a reduction of intensity 
below the kinematical limit Z CE. Iq2. The average intensity loss due to this effect was 
about 50% reaching a maximum value of 80% for a few reflections. This is a case of 
strong extinction and we tried to model it according to 5 different models: the Becker- 
Coppens secondary extinction model with a Lorentzian or Gaussian mosaic distribution 
(models1 and2),thesamemodelincludmgprimaryextinction(models3and4) (Becker 
and Coppens 1974a. 1974b, 1975) and the recently proposed randomelastic deformation 
model (RED) (model 5) (Kulda 1987,1988a). The Becker-Coppens model has as par- 
ameters the domain radius of the mosaic blocks and the width of the mosaic blocks 
distributions. Unlike the Becker-Coppens model that adopts the Darwin mosaic model, 
in RED the crystal is assumed to consist of elastically deformed domains rather than 
perfect blocks. This deformation is represented by a uniform bending with a constant 
radius R, the sign of the deformation gradient changing at random from domain to 
domain. The beam transport through the crystal can then be considered as a series of 
independent Bragg reflections on a random-walk sequence of mean free path T. In its 
simplest form the RED extinction correction relies on these two parameters, R and t; to 
be adjustedby fittingtoagiven intensity dataset. Amore realisticpoint ofview considers 
that a deformation consists of both a misorientation and small changes of the lattice 
parameter. Later, the RED model has been extended to this case (Kulda 1988b). The 
generalization is made at the cost of one more refinable parameter, 0 S c 1, the 
limiting case c = 0 corresponding to a pure lattice plane misorientation. 

A least-squares rekement of atomic positions, isotropic temperature factors and 
extinction parameters led to the results shown in tables 1 and 2. The neutron coherent 
scatteringlengthsused were b, = 0.8417 X lo-’’ cm, bRh = 0.588 X cm and b, = 
0.349 x lo-’* cm. The function minimized during the leastsquares procedure was 
I: wIFOb - FdCl2, w = l/oz. Anisotropic temperature factors were not refined due to 
the lack of (hkl) data with 1 > 1. Results of the least-squares refinements are shown in 
tables 1 and 2. In spite of the presence of strong extinction we were able to obtain precise 
values for the structural parameters. The quality of the fits are confirmed by the smaU 
R-factorsobtained. The modelgiving the best fit toour datawasthe secondary extinction 
model of Becker-Coppens with a Lorentzian mosaic distribution (model 1) for which a 
final R-value of 1.8% was obtained. The inclusion of primary extinction in the Becker- 
Coppens formalism (models 3 and 4) did not improve the quality of the fits. Indeed, the 
refined values of the domain radius and mosaic spread indicate that the extinction was 
mostly affected by the small mosaic spread (11 = l/(* zg) = 5 X lo-) m k ) .  In the low 
temperature data set models 3 and 4 tended to correlate the extinction parameters with 
unphysical negative temperature factors and have been discarded. The RED extinction 
model proved to work almost as well as that of Becker-Coppens giving comparable 
valuesforthe structural parameters. A pure lattice plane misorientation model wasused 
(c = 0) as the more general case did not improve the quality of the fit. The refinedvalues 
of the parameters rand R are physically reasonable and compatible with the values for 
the mosaic spread found by the other models (11 = f/R). There was no evidence from 
the least-squares refinement that our sample deviated from its nominal stoichiometry. 

It is well known that extinction presents as great a problem in polarized neutron 
studies as it does in the more conventional measurement of integrated intensities. The 
physical interpretation of the observations is therefore critically dependent on a proper 
correction for this effect. An extinction correction is judged satisfactory when the 
application of the extinction factors to the integrated intensities at constant temperature 
makes them proportional to the corresponding structure factors. The extinction plots 
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Table 1. Results of the least-squares refinements of URhAI data at 300 K. T and R are the 
parameters of the RED extinction model and r and g are the parameters of the Becker- 
Coppens model. (v) is the average value of the extinction correction factor (v = K&fI&. 
Lattice parameters and definitions of the least-squares figures of merit are given below the 
table, Models: I-Becker-Coppens secondary extinction only. Lorentzian mosaic distri- 
bution; 2-Becker-Coppens secondary extinction only, Gaussian mosaic distribution; 2- 
Becker-Coppens including primary extinction, Lorentzian mosaic distribution; &Becker- 
Coppens including primary extinction, Gaussian mosaic distribution; %random elastic 
deformation model. a = 6.9958(34) A; E = 4.0241(62) A. Also 

Model 1 2 3 4 5 

- 
- 
2q4) 
W4) 

0.5804(2) 
0.23(4) 

0.55(6) 

0.38(5) 

0.2361(4) 
0.36(5) 
0.50 
1.8% 
4.5 

- 
- 
10(2) 
4.3(4) 

0.5804(3) 
0.33(6) 

O.as(9) 

0.41(7) 

0.2369(6) 
0.41(8) 
0.61 
2.7% 

10.7 

- 
- 
W3) 
W) 

O.SW(2) 
0.19(5) 

0.45(7) 

0.31(6) 

O.W63(5) 
0.30(6) 
0.55 
2.0% 
6.4 

- 
- 
8(2) 
3.8(4) 

0.5804(3) 
0.30(6) 

0.46(9) 

O.Jo(7) 

0.2371(6) 
0.39(8) 
0.62 
2.8% 

12.3 

246(12) 
2N3) - - 

0.5803(2) 
0.30(4) 

0.55(7) 

0.42(5) 

O.W63(5) 
0.38(6) 
0.59 
2.1% 
6.1 

(figure 2) showing Fobs versus Fd before and after applying the extinction correction 
(model 1) for the 300 K data set clearIy show how successful the extinction model was 
in correcting for this effect. This gave us confidence that such a model could be applied 
to the polarized neutron data as well. 

3. Onset of ferromagnetism 

The intensity of the (110) reflection was monitored as a function of temperature in the 
range 4.7 to 37 K (figure 3). The increase of magnetic scattering below 28 K confumed 
the onset of magnetic order. We estimate the transition temperature to be 28(1) K in 
excellent agreement with the values of 27(1) K obtained from susceptibility and specific 
heat data (Veenhuizen et aZ1988). The temperature of the crystal was then lowered to 
4.7 K and the same set of reflections that was measured at 37 K was remeasured at this 
lower temperature. The procedure to reduce the raw data to a unique set of structure 
factors was the same as indicated above for the other data sets. At 4.7 K the Bragg 
intensities, in particular those at low sin @/A,  contain contributions from both nuclear 
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Tabk2.Rcsultsof theleast-squaresrefinemenuofURhAldataat37 K. Forexplanationof 
symbols sec caption of table 1. a = 6.9808(30) A; E - 4.0063(57) A. 

Modcl 1 2 5 

( Y )  

x' 
R-factor 

- - 
37(7) 
9.7(1) 

0.5805(1) 
0.04(5) 

O.lO(7) 

0.06(6) 

0.237314) 
o.is(7j 
0.51 
2.5% 

12.7 

- 
- 
9.7(1) 
3.6(4) 

0.5809(2) 
O.Ol(8) 

0.05( 10) 

0.02(9) 

0.2376(6) 
0.16(9) 
0.61 
3.5% 
26.8 

0.5806(2) 
U.fJl(4) 

0.04(6) 

0.03(6) 

0.237416) 
o.iz(sj 
0.58 
2.3% 

13.3 

and magnetic scattering. It is therefore possible to fit a magnetic model to the measured 
intensities, although the precision attainable is not as high as with polarized neutrons 
(see below). A least-squares fit of the U magnetic moment using this data set was 
attempted assuming aferromagnetic alignment along the c axis. The magnetic moment 
was allowed to consist of a spin and orbital component. A more complete discussion of 
this is given in section 5. During the least-squares refinement the thermal parameters 
were fixed to their 37 K values and the extinction model used was the one that gave the 
best fit at that temperature. The U moment and its orbital component refined to fi = 
1.08(17) pB and pL = 2.1(4) pB, respectively, for an R factor of 2.2% kz = 10). These 
values show that a large proportion of the U moment is of orbital origin, its spin 
component being coupled antiparallel to the orbital component as would be expected 
from Hund's rules. This value of the total moment is in excellent agreement with the 
results of magnetization experiments. 

4. Polarized neutron experiment 

4.1. Data collection 

The polarized neutron measurements were made on the D3B diffractometer at ILL, 
Grenoble, wingthesamecrystal thatwasusedforthemeasurementsofnuclearstructure 
factors. The crystal was supported at the centre of an asymmetric split-coil supercon- 
ducting magnet mounted on the diffractometer so that the c axis was approximately 
parallel to the w axis of the instrument and to the applied field. The diffractometer is 
fitted with a detector that can be tilted out of the horizontal plane by angles up to 25" to 
allow reflections with scattering vectors out of the horizontal plane to be measured in 
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normal beam geometry. A Heusler alloy single crystal was used to monochromatize and 
simultaneously polarize the neutron beam coming from the reactor hot source. We have 
used a wavelength of 0.843 8, for the major data collection, but wavelengths of 0.711 A, 
0.545 8, and0.477 8, were also used in order to check the extinction correction. Suitable 
filters reduced the A/2 contamination of the monochromatized beam to less than 
6 x lom3. A Meissner-Majorana cryo-Eipper with 100% efficiency was used to invert 
the neutron polarization. All data were taken at a stabilized temperature of 4.2 Kin an 
applied magnetic field of 4.7 T. 

J A Paixrio et a1 

4.2. Data analysis 

The cross-section for elastic scattering by a ferromagnetic crystal of a beam of neutrons 
polarized in the directionP is 

whereN,isthenumberofcells, vois thevolumeof the unit cel1,Qisthescatteringvector 
with IQ1 = 41c sin elk, and G a reciprocal-lattice vector. Nis the nuclear structure factor 

N(Q) = 2 bi exp(iQ. rJ) exp(-WJ) (2) 
J 

wherethe~umextendsoverallatomsintheunitcellwithpositionsr~andband Wdenote 
the nuclear scattering length and Debye-Waller factor, respectively. The magnetic 
structure factor, M, is given by 

M(Q) = 0.2695 pi.fi.(Q) exp(iQ. rJs)  exp( - W,.) (3) 
1" 

where p J t  is the magnetic moment in Bohr magnetons,h.(Q) is the associated form factor 
and the sum is now restricted to the magnetic atoms. The numerical factor 0.2695 is the 
scattering length (in cm units) associated with 1 pg. The magnetic interaction with 
the neutron involves the vector 

q = Q x  j i  x Q (4) 

in which 4 and j i  are unit vectors in the direction of the scattering vector and magnetic 
moment, respectively. 

The polarized neutron experiment consists of measuring the Bragg intensities, first 
with neutrons polarized parallel to the field applied to the sample and then with reverse 
polarization. The ratio of these intensities gives the so-called Ripping ratios, R. In 
the ideal case where the beam of neutrons is perfectly polarized parallel (+), then 
antiparallel (-) to the crystal magnetization, the ratio of the scattered intensities is 

(do/dQ) + fl + 2 Re(NM*) sin'u + M2 sin'n 
(do/dQ)- fl -2Re(NM*)sin2u++M2sin2~ 

- - R =  ( 5 )  

where (Y is the angle between the magnetization and the scattering vector. If the crystal 
structure is centrosymmetric, the structure factors are real numbers and it is possible to 
determine the magnetic structure factors from the measured flipping ratios, provided 
the nuclear structure factors are known. Solving equation (5) gives 
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(6) 

the selection between the two solutions being generally straightforward. However, in 
a non-centrosymmetric structure, as is the case of UIUIAI, the structure factors are 
in general complex quantities. In such a case the measurement of the flipping ratios 
alone does not determine unambiguously the magnetic structure factors, because one 
cannot obtain both real and imaginary components. We shall see how to circumvent this 
problem in section 4. For the moment, we consider only the subset of reflections of the 
form {hOo that do have real structure factors, because they are associated with planes 
where the projection of the structure iscentrosymmetric. For each reflection the flipping 
ratio can then be converted into a magnetic structure factor, taking into account the 
effects of extinction, imperfect polarization and second-order contamination of the 
primary beam. Expression (5) for the flipping ratios becomes 

(7) 
+ ~ ) / 2 l ~ + ( d d d Q ) +  + [(I -~) /21v-(dddQ)-  + C.$z 

[(I - ~ ) / 2 l ~ + ( d o / d Q ) +  +[(I +~)/21v'(dddQ)- -+ Cn/z 
R =  

where 0 G p < 1 is the polarization of the beam, y+ and y- are the extinction corrections 
for the (+) and (-) cross-sections and CZn,2 denotes the correction for the A/2 con- 
tamination of the beam. It is a good approximation to consider this last correction 
independent of the neutron spin and =&(J(A/2)/J(A))y(A/2)Nz(A/2), where J ( A )  rep- 
resents the flux of neutrons in the incident beam at wavelength A. The polarization and 
second-order contamination of the beam at the four different wavelengths used have 
been measured using a standard technique. The extinction corrections have been made 
on the basis of the least-squares refinements of the 37 K data that was described in 
section 2. Equation (7) was solved numerically to obtain the M(hk4) values for the 13 
centrosymmetric reflections that were measured. For each reflection, the flipping ratios 
of a minimum of 4 equivalent reflections have been collected. All reflections have been 
measured at two different wavelengths (A = 0.843 8, and 0.711 8,) and the strongest 
ones also at the shorter wavelengths of 0.545 8, and 0.477 8,. A summary of the results 
is given in table 3. The final observed magnetic structure factor, M,(hkl), was taken as 
a mean of all values and its standard deviation calculated from the distribution of the 
measurements. It was found that the extinction correction gave coherent results at 
different wavelengths, but extinction corrections remained large for the majority of 
reflections, even at the shortest wavelength. Correction for second-order contamination 
was found to be important (>lo%) only for the (100) and (101) reflections. The large 
value of the correction for (101) (44% at A = 0.843 8,) arises because the scattering from 
the (202) reflection is =90 times more intense than the (101). 

5. Magnetization densities and U form factor 

5.1. The uranium magnetic form factor 

In the dipole approximation (Marshall and Lovesey, 1971), valid at low Q = 4n sin 
€'/A, we can wiiie the magnetic scattering amplitude, pf(b), of a uranium atom as 
follows: 
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Tnble3. Summaryof polarizednentrondata(centrosymmetricreflections)ofURhAlar T =  
4.7 K, H = 4.7T.Hlc. Nisthenuclearst~ureiactor,yistheexperimentallydetermincd 
MIN ratio at A = 0.843 A, C, and CAp are respectively the extinction and second-order 
contamination mrreetions of the y-values at this wavelength. M. i s  the observed magnetic 
structure factor (in Bohr magnetons) and is a mean of the values measured at different 
wavelengths. Standard deviations in parenthesis nfer to the last significant digit. 

100 0.0827 
200 0.1654 
300 0.2481 
500 0.4135 
600 0.4962 
700 0.5789 
101 0.1497 
201 0.2072 
501 0.4320 
601 0.5117 
701 0.5922 
202 0.2994 
302 0.3520 

-0.232 0.538(9) 
1.392 0.350(5) 
2.701 O.OSO(2) 
2.795 0.106(4) 
0.649 -0.166(4) 
2.335 O.W(Z) 

-0.149 -0.518(16) 
-3.233 0.194(4) 
-2.787 O.lOs(1) 

-3.507 0.037(2) 
1.390 0.299(10) 
2.690 0.068(6) 

1.152 0.os2(2) 

1.22 1.18 -0.466(5) 

2.04 1.00 o.no(l5) 
1.58 1.00 1.816(23) 

1.88 1.00 1.079(10) 
1.30 1.17 -0.3%(14) 
1.65 1.00 0.504(19) 

2.16 1.00 -2.337(46) 
1.85 1.00 -1.115(8) 
1.37 1.06 0.336(9) 
1.86 1.00 -0.451(32) 
1.40 1.00 1.483(31) 
1.82 1.00 0.703(32) 

1.40 1.44 0.246(40) 

Pf(Q) = PSUJ + k((jd + (h)) = PUO) + k ( j z ) .  (8) 
Here, /.is and llL are the spin and orbital components of the magnetic moment p. The 
functions (ja) and ( j z )  are given by 

where p(r)  is the 5f electron density and j ,  is the spherical Bessel function of order n. 
The functions (io) and (jz) are those calculated by Desclaux and Freeman (1978) for the 
U3+ state. 

5.2. Analysis of the centrosymmetric data set 
For the centrosymmetric data set (13 reflections) the magnetic structure factors are 
known in magnitude and phase. As is well h o w n ,  the magnetic structure factors are the 
Fourier components of the magnetization density in the unit cell. However a Fourier 
synthesiswithsucha limiteddatasetwill beveryweliable,due to thesetiestermination 
effect of the missing Fourier components. Instead we choose to compare the observed 
magneticscattering amplitudesto those calculatedon the assumption that allthe moment 
is localized on the U sites. In this approximation we have 

WQ) = G(Q) ex~(-Wu)(Pf(Q)), (10) 

G(Q) = exp(iQ r;) (11) 

with the geometrical structure factors 

i 

where the r; denote the positions of the U atoms, W the Debye-Waller temperature 
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Fgure4. Centrosymmetric reflections in URhAl represented on a form factor curve as pRQ) 
versus Q/4n (=sin 8l.l). f i e  open triangles assume all the contribution comes f" the U 
moment, WhereasthesolidpoinLsassume thecontributicnsontheRhatomsasdiscussedin 
the text. The solid tine is the best fit to the latter points. 

Figure 5. Difference magnetization density map obtained by Fourier synthesis, using the 
centrosymmetric data and the best model including only a moment at the U site. Contours 
at O.OIOp, The atom symbols are: U, U; A, Rh,; 0, Rh,,; *, Al. (U) Section at z = 
0.0. (b) Section at z = 0.5. 

factor and (pf(Q)), the uranium magnetic scattering amplitude. If M(Q) is a good 
approximation to the observed magnetic structure factors we should expect @f(Q)), 
to be asmooth function of Q. We usedequation (10) and the observedmagneticstructure 
factors to evaluate this function at the Bragg points. These values are shown as open 
triangles in figure 4. Clearly no smooth curve can be drawn through these points, 
especially those at low Q. The best fit of the observed structure factors to equation (10) 
using an isotropic U form factor, in the dipole approximation, gave p = 0.90(12) p ~ ,  
pL = 2.06(11) p,and the highX*-value of 76. We used the IJ3+ radial functionsdiscussed 
in section 5.1 above. 

To obtain some insight regarding the origin of this unusual form factor, we evaluated 
the Fourier components (M,(Q) - M&)) and performed a Fourier transform with 
these coefficients. This gives the difference density between the observed density and 
thatgivenbythemodel.Thisdensitywasaveragedoveracube0.5 Aedge toreduceseries 
termination effects. Figure 5 shows the calculated difference magnetization density map 
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Tsble4. Resultsofthe least-squares refinement of URhAlcentrosymmetric magnetic Stmc- 
Nre factors, 

U: p = 0.91(9) pB 
BL = 2W8) PE 

-pJps = 1.83(21) 
Rh,: p = 0.32(9) I(B 

w,: B = 0.09(9) Pa 

R = 12% 
x' = 39 for 13 reflections and 4 variables 

in the z = 0.0 and L = 0.5 planes. The most significant feature of these maps is the 
presence of a positive magnetization density on the Rh, sites. This observation suggests 
that a much better fit could be obtained by allowing some additional moment to be 
present at the Rh sites also. We therefore extended (10) to 

WQ) = G d Q )  exp(-wd(Pfclf(Q)), + GR~AQ) e x p ( - W ~ d ~ f ( Q ) ) , , ,  

+ Gmll(Q) ex~(-w~h,,)(llf(Q)),,,. (12) 

The Rh form factor used was calculated from the Hartree-Fock wave function given by 
Clementi and Roetti (1974). Results of the least-squares fit to this expression are shown 
in table 4. The refinement gave a significant moment of 0 . 3 2 ~ ~  at the Rh, site and a 
probably not significant smaller value of 0.09 pB at the Rh,, site, the x2 dropping to 
roughly half its initial value. Interestingly enough, the Rh, sites are those located in the 
planes containing the U atoms. The solid points in figure 4 represent (pf(Q)), derived 
from the observed magnetic structure factors using the refined values of pnh, and pRhl,. 
The fit of the calculated U form factor to the experimental data is now quite acceptable, 
except for the reflection (201). However we should bear in mind that this reflection has 
the highest extinction of the complete data set (y = 0.43 at h = 0.477 A). 

5.3. Analysis of the full dataset 

AU reflections not belonging to the {hOl) set have complex structure factors, and as 
explained in section 4.2, it is not possible to obtain the magnetic structure factors from 
the measured flipping ratios alone. This arises because their phases are unknown. These 
could be calculated if the moment was localized only at the U sites, but we have seen 
from the analysis of the centrosymmetric data set that this is not the case. However we 
can fit a magnetic model directly to the flipping ratios. The function minimized was 
X w(R, - R,)', w = l/&. Here R,denotestheobservedflippingratios and &the values 
calculated using equations (3) and (9) and the magnetic structure factors given by (12). 
Inthiswaybothextinctionandh/2correctionswere takeninto accounton thecalculated 
flipping ratios. The parametersof the model are the U moment, its orbital component, 
and the Rh, and RhlI moments. All measured flipping ratios were used in the refinement 
except reflections (201) and 111) which were rejected due to the high values of their 
extinction corrections. The fitting procedure converged well to a final xz of 19 for 88 
observations and 4 variables and a weighted R-factor on the flipping ratios of 1.9%. 
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Table 5. Results of the least-squares refinement on the flipping ratios data of URhAl. The 
full data set, except reflections (201) and (111) for reasons discussed in the text, has been 
used in this refinement. 

U: p = 0.94(3) pg 
pL = 2 . ~ 3 )  pB 

- p h i s  = 1.81(7) 
Rh,: P = 0 . W )  P s  
m,,: p = 0.03(2) pe 

Totalmoment/m = p u  i + 3pRh,, = 1.05(4)pB. 
Conduction electron polarization moment = -0.11 p, 
R = 3.1% 
x2 = 19 for 88 re0ections and 4 variables 

1 

8 0.6 c ' 0.4 
0.2 

0 

~ / 4 n  (a')  
Figure6. Form factor curve pf(Q) for the U atom versus QI4n (=sin (?/,I). The solid points 
assume acontribution of 0.32pBand0.03 peat the Rh, and Rh,, sites, respectively. The solid 
linewasdrawn from theresultoftheleast-squaresfit. 

Results of this fit are given in table 5. Refined moment values are in agreement with the 
results of the centrosymmetric data analysis and again a significant moment at the RhI 
site was observed. The phases of the magnetic structure factors can now be accurately 
computed from these results, which enables the amplitudes of the magnetic structure 
factors to be extracted from the measured flipping ratios. The U form factor derived 
from these values assuming the Rh moments as given by the least-squares fit is shown in 
figure 6 .  Difference magnetization density maps are shown in figures 7-9. The full model 
including the 0.28 pB moment at the Rh, site and the smaller 0.03 pB at the Rh,, site 
reproduces the observed magnetization density quite well and the difference Fourier 
maps are rather featureless. On the contrary, a model with the same U contribution but 
without the transition metal moments shows clearly a significant positive residual at the 
Rh, site and a smaller feature at the Rhn site also. 

6. Discussion 

The main experimental difficulty in this study is concerned with the corrections for the 
very large extinction effects. Usually for diffraction work we can assume that the mosaic 
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distributionof the crystallitesisrelativelylarge, and under these conditionsthe scattering 
follows the kinematical theory with the intensity being proportional to the square of the 
structure factors. The other extreme is when the crystals are perfect (e.g. high quality 
semiconductor grade silicon) and the scattering follows the dynamical theory, with 
the intensity being proportional to the structure factor. Our crystals are not perfect, 
however, they are of sufficient quality that the kinematical theory does not describe the 
scattered intensity. Experimentally, these effects are minimized by choosing the shortest 
wavelengths for the incident radiation. For the polarized-neutron studies we have 
used neutrons with wavelengths as short as 0.477 A, however, the extinction is still 
considerable. Following convention we have made extinction corrections. Because these 
are large, we believe that uncertainty in these ultimately limits the precision of the data 
analysis. Thus the final fits to the data have ,$values that are considerably higher than 
normally found in this type of work (e.g. a ,y2-value of 19 in table 5). The errors assigned 
to the observed reflections are based on counting statistics, they do not reflect the 
extinction effects. If we reject the strongest reflections, which always have the biggest 
extinction, the resulting parameters do not change appreciably, but the Xz-values 
decrease. 

The majority of the magnetic moment is found, as expected, on the U atom. 
However, a very substantial moment is found also at the Rhlsite (see table 5 ) .  Thus, the 
4d electrons of Rhl are highly polarizable, which is similar to the situation found in the 
intermetaUicURh, byDelapalmeetal(1978).Thislarge moment at the Rh, site isdirect 
evidence for the hybridization between the 5f U and 4d Rh electrons. In contrast, the 
moment at RhlI is zero within our statistical accuracy, It should be remembered here 
that the U-Rh, and U-Rhn distances are essentially the same (see section 2 and figure 
l), so that the presence of a large moment on Rh,, which ties in the same (001) plane as 
the U atom also implies that the hybridization is anboonopic. It is the microscopic 
anisotropy of the hybridization that is the origin of the bulk anisotropy. The d-f orbitals 
in the U-Rh, plane hybridize strongly with their quantization axis along the c-axis. To 
turn the moments away from this axis requires that one breaks the hybridized d-f bond, 
and this energy far exceeds those available with applied magnetic fields. In connection 
with this anisotropic bonding we should expect to observe the anisotropic distribution 
of the magnetization density around the U atom. However, such anisotropy would give 
a term AC2 cos2 8 (jz) as the leading extra term to be added to the dipole approximation 
to the form factor (Lander er all984) of equation (8). Here the angle 0 is that between 
the scattering vector and the c-axis. Unfortunately the value of 0 which is 90" for 
reflections on the basal plane (hM)), does not vary sufficiently in the collected data set 
for us to establish the presence of a AC2 term. For example, only a few reflections could 
be reached on the 1 = 2 layer. These arguments suggest that we should anticipate a 
relativelysmoothformfactor,seefigure6,out tosin BfAofabout0.6 k'.Thevariations 
from such a curve in figure 6 are most probably due to the inadequacy of our extinction 
corrections rather than due to any real anisotropy in the magnetization density. This 
conclusion is further supported by the featureless difference Fourier maps we obtain 
after application of our model-see figures 7(b) ,  8(b) and 9(b). 

The analysis of the spin and orbital components of the U atom are given in table 5. 
By Fourier transforming the two densities we can obtain the real space distribution of 
thespinandorbitalmoments. These, togetherwith the totalmoment density, areshown 
in figure 10. As is well known, the spatial density of the orbital moment as observed by 
neutrons is more contracted in real space than the spin density. If, for uranium, the 
obital and spin moments are comparable in size, then the total moment density will 

J A Paivdo et a1 
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Figure 7. (U) Difference magnetization density map at  the section z = 0.5 for the model 
without Rh contribution. Contours at 0.015 fi, A-’. The significance level (deduced from 
theexperimentaluncertainties)is-l contour. The key to the atomsymbolsisgiveninfigure 
5 .  (b) Same section using the full model. 

- 

Y 

Figure 8. ( U )  Difference magnetization density map at the section L = 0.0 for the model 
without Rh contribution. Contours as in figure 7. The key to the atom symbols is given in 
figure 5 .  (b) Same section using the full model. 

Figure 9. (a) Difference magnetization density map at the yr plane for the model without 
Rh contribution. Contours as in figure 1. The key to the atom symbols is given in figure 5. 
(b) Same section using the full model. 

change sign as a function of distance from the nucleus. The resulting form factor has a 
maximum at a finite value of the momentum transfer. This is not the case here. The total 
integrated values we find in URhAl are p~ = 2.10(3) pB, and p s  = -1.16(3) he. the 
value of the orbital density exceeds the absolute value of the spin density at all r.  The 
form factor (figure 6) is ‘flatter’ than normal, but it does not have a ‘hump’. 
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I (A) 
Figure 10. Schematic representation of the orbital (4nrbn3 and spin (4zrZms) components 
ofthe magnetkationdensityasafunctionofthedistancerfromthe nucleus.Thedifference 
gives the total magnetization density. These CUN~S have been obtained by Fourier trans- 
forming the pL- and p,-components of equation (1) using the (io) and (it) functions of 
Desclauxand Freeman(1978). Thecut-off in LheFourierspacewasdoneat theexperimental 
e.,-value. Becauseof thisand theinadequacyof thedipole approximation at high Q these 
w~esarenotmrrecfinrealspaceforsmallr.Thus,anothernodeatr< 0.3Ashouldexist. 
Halt the nearest U-Rh and U-U distances are 1.46 and 1.98 A. and these are marked with 
arrows,. 

The value of the ratio -pL/pS for URhAl is 1.81(7). The free ion value for 5f3 is 2.6, 
so that the reduction from 2.6 to 1.8 is asubstantial one. It is useful to plot the ratio -pL/ 
ph versus the f-electron count in the same manner as already performed for the actinide 
Lavesphases by Lebecherul(l991). Thisisshown in figure 11. Followingtheapplication 
of density functional theory together with orbital polarization (Eriksson er all991 and 
references therein) we may understand the reduction of the pL/ps ratio from the free- 
ion value (broken line in figure 11) as a measure of the hybridization occurring between 
the 5f and transition-metal wavefunctions. The value for URhAl lies intermediate 
between that of the free ion and the cubic Laves phases. The large hybridization in the 
case of the Laves phases is to be expected, they are close packed with a higher coor- 
dination between the actinide and transition-metal atoms. 

Gasche et nl (1991) have performed preliminary band-structure calculations for 
URhAI, as well as some other materials of this structure, and included an orbital 
polarization term. These calculations are necessarily approximate at this stage, but 
they do explain, for example, why UFeAl and UCoAl are paramagnets and UNiAl 
is magnetic. Similarly, the rigid band model correctly predicts that URhAl should 
be magnetic and URuAl should not. However, beyond this point there are major 
differences between the calculations and the experiments. The calculated values 
for the total, orbital, and spin moments on the U site are (in Bohr magnetons, 
respectively) 0.45, 1.51, and -1.06. These are to be compared (table 5) with the 
experimental values of 0.94(3), 2.10(3), and -1.16(3), respectively. For the Rh, 
and Rhu sites the theory calculates the small moments (parallel to the U moment) 
of 0.04 and 0.07~~ per atom, respectively. In earlier work on the Laves phases 
(Lebech et a1 1991, Eriksson er a1 1991) the band-structure results were always 
larger than experiment, the results for URhAl show that this is not a general trend. 
The calculated ratio -pL/ps is 1.4, again quite different from the observed value 



Magnetizaiion densiry in URhAl 845 

Figure 11. Dependence of the ratio between orbital 
p,. and spin p s  moments on f count 
in actinide materials. The crosses are derived 
from experimental g-values (Carnal1 and Wybourne 
1964). which include intermediate coupling. and 
assume localized f electrons. Experimental values 
derived from neutron exoerimentsare shown asoven 

. 

circles. The values derived from band structure cal. 
C"' C"' culations are shown as solid circles. 

of 1.8. However, we should not expect this to be in agreement at this early stage. 
The experiments have pointed to one important shortcoming of the theory in its 
present form, and this is related to the anisotropic bonding, which gives rise to 
the much larger moment at the Rh, site than at the Rh,, site. At present, the 
theory uses spherical potentials and averaging procedures, which proved adequate 
for the high symmetry of the cubic Laves phase structure, but which are certainly 
a poor approximation in the present layered-like structure. 

The compound UCoAl is isostructural with URhAl and isoelectronic in the 
sense that Rh is below CO in the periodic table. UCoAI, in contrast to URhAI, 
does not order magnetically, but is a strongly enhanced paramagnet. For a field 
of 5T Wulff et a1 (1990) were able to induce a moment of -0.35,~~ per mole, 
and they measured the magnetization density in the unit cell. As with our study, 
they found the principal magnetization on the U atom with a small effect (-15%) 
on the CO atoms. In their preliminary report Wulff et a1 (1990) report the 
centrosymmetric reflections only (11 of them) and with such a limited data set did 
not attempt to refine separately the CO, and CO,, site moments. Delapalme (1991) 
has recently refined the complete data set and shown that the largest effects are 
on the CO, site. This feature is in good agreement with our study of URhAI. The 
experimental value of pL/ps (from the reduced data set) is 2.7(5), which is not 
significantly different from the free ion value (2.6). The theoretical value is 1.7. 
Although the full experimental analysis is not yet available for UCoA1, it would 
appear that the hybridization is smaller than in URhAI. This is expected as the 
4d Rh wavefunctions are more expanded than the 3d wavefunctions of CO, leading 
to a higher degree of hybridization for the 4d series. In this respect we are now 
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undertaking an experimental study of URuAl, which should show even greater 
hybridization effects. 

J A Paixio et ~l 

Acknowledgments 

We thank Mike Brooks and Tom Gasche for interesting discussions on the theoretical 
aspects of the hybridization. One of us (JAF') would like to acknowledge the ILL, 
Grenoble. for the provision of facilities used for this work. 

References 

Becker P I and Coppens P 1974a Acta CrystaNogr. A 30 129 
- 1974bAcra CTstalfogr. A 30 148 - 1975 Acfa Crysraflogr. A 31 417 
Carnal1 W T and Wybourne B G 1964 I .  Ckem. Pkys. 40 3428 
Clementi E and Roetti C 1974 Af. Dafa Nucl. Dam Tabler 14 178 
Delapalme A 1991 privatecommunication 
Delapalme A. Lander G Hand Brown P J 1978 1. Pkys. C: Solid Srafe Phys. 11 1441 
Dcsclaux J P and Freeman A J 1978 J. Mag". Magn. Mater. 8 119 
Dwight A E, Mueller M H ,  Comer Jr R A, Downey 1 Wand Knott H 1968 Trons. Mefalf. Soc. AIME 242 

Enksson 0, Brooks M S S. Johansson B, Albers R C and Boring A M 1991 1. Appl. Pkys. 69 5897 
Gasche T. Auluck S. Brooks M S S and Johansson B 1991 Proc. Inr. Conf. on Maanerkm (Edinburak. UK, 

2076 

1991); J. Mugn,'Mogn. Mater. at press 
~ - 

Hill H H  1970Pf~roniumandorkerAc:inidervo12,ed WNMoner(NewYork: AIMA)o2 .. 
Kulda J 1987 Acfa Crysruflogr. A 43 167 
- 1988aActa Crymffogr. A 43 283 - 1988b Acfu Crysfdogr. A 44 286 
Lander G H. Brooks M S Sand Johansson B 1991 Phyr. Rev. B 43 13672 
Lander G H, Delapalme A, Brown P 1, Spirlet J C, Rebizant J and Vogt 0 1984 Pkys. Reo. Le::. 53 2262 
LebechB.WulflMandLanderGH19911. Appl. Pkys. 695891 
Lehmann M S and Lerson F K 1974 Acfa Crysrdfogr. A 30 580 
Marshall W and LovcseyS W 1971 TheoTof T h = ~ = l N = ~ r ~ ~ ~ ~ ~ ~ r ~ , i ~ ~  (Oxford: Oxford University Pres) 

OttHRandFiskZ1987Handbooko~rkePkysicsandChemir:ryoflheAcrinidesvo15,edAJFreemanand 

SechowkyVandHavelaL 1988FerromagnerieMaterinfsedEP WohlfarthandKHJBuschow (Amsterdam: 

Sechovnky V. Havela L, N o m  P, Briick E, de Boer F R, Menovsky A A, Buschow K H J and Andreev A V  

p 152 

G H Lander (Amsterdam: North.Holland) p 85 

North-Holland) p 309 

1990 PkvsicuB 163 103 
Stewan G R'1984 Reo. Mod. Pkys. 56755 
Veenhuizen P A. Klaasse J C P. de Boer F R. Sechovskv V and Havela L 1988 1. ADD/. Phvs. 63 3064 
Wulff M. Fournier J M. Delapalme A, Gillon B, Sechokky V, Havela L and AndrLv A V  1990 Physica B 

163 331 


