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Magnetism of randomly distributed f atoms in „U12xNdx…Co2Ge2 solid solutions
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Solid solutions of the (U12xNdx)Co2Ge2 system~x50.25, 0.50, 0.75! are found by neutron diffraction to
have tetragonal ThCr2Si2-type crystal structure~space groupI4/mmm!, same as their end compounds~x
50, 1!. In the solid solutions, U and Nd atoms are randomly distributed in the basal planes. The end com-
pounds and the solid solutions are paramagnetic at room temperature. At 12 K the~U,Nd! sublattice has the
antiferromagnetic AF-I magnetic structure@1212 stacking of ferromagnetic~U,Nd! planes alongc#, with
moments parallel to thec axis. It is found that within a ferromagnetic basal plane the U magnetic moments are
parallel to the Nd magnetic moments, unlike~U,Tb!, where they are antiparallel. This shows that the ‘‘spin
charge’’ rule for lanthanides extends to U-lanthanide systems. Neutron-diffraction and ac-susceptibility results
are compared in order to investigate the character of the magnetic transition in the solid solutions.
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I. INTRODUCTION

The ternary compoundsAM2X2 $A5 lanthanide~Ln! or U
@light actinide ~An!#; M5Co, Ni, Cu; andX5Si or Ge%,
crystallize in the body-centered tetragonal ThCr2Si2-type
structure~space groupI4/mmm! ~Fig. 1!. Most of these ma-
terials order magnetically, below room temperature~RT!,
with a variety of magnetic structures.1–3 Generally, only the
A sublattice orders magnetically. Although theM atoms do
not order magnetically, they have a large effect on the m
netic structures.1,3 In the past we have studied the magne
phase diagrams of the U(M ,M 8)2X2 solid solutions.4 Re-
cently, while studying the validity of the ‘‘spin charge
concept5 in the AM2X2 systems, we have been interested
the mixing of two atoms in theA site of the (A,A8)Co2Ge2
systems.

The magnetic interactions in these systems can be
cussed using the following Hamiltonian:5

H52(
i , j

Ji j Si•Sj , ~1!

whereJi j is the exchange coefficient andSi is the total spin
of the i th atom. Usually, the angular momentum of thef
shell in the lanthanides is not quenched andSi is replaced by
the total angular momentumJi in Eq. ~1!. Ji and Si are
related,5

Ji1Si5giJi , ~2!

wheregi is the Lande´ factor of thei th atom. Equation~2!
leads to

Si5~gi21!Ji . ~3!
570163-1829/98/57~1!/449~7!/$15.00
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Also, the ordered magnetic moment of thei th atom is given
by

mi52mBgiJi , ~4!

FIG. 1. Crystallographic unit cell of the ternaryAM2X2 com-
pounds with the atomsA, M , andX occupying the 2a, 4d, and 4e
sites (zx;

3
8 ), respectively, in the space groupI4/mmm ~body-

centered tetragonal ThCr2Si2-type structure!. The A atoms@repre-
senting the~U,Nd! atoms# delineate the basal planes ('c).
449 © 1998 The American Physical Society
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450 57EL’AD CASPI et al.
wheremB is the Bohr magneton.
Substitution of Eq.~3! and Eq.~4! into Eq. ~1! yields

H52
1

mB
2 (

i , j
Ji j S gi21

gi

gj21

gj
mi•mj D . ~5!

Since (gi21) can be either positive or negative, a ‘‘sp
charge’’5 can be introduced for each atom. This ‘‘sp
charge’’ is positive for heavy lanthanides and negative
light ones.6 For Ji j .0, the Hamiltonian in Eq.~5! is mini-
mized for two atoms which have opposite~same! ‘‘spin
charge’’ signs for antiparallel~parallel! alignment of the
magnetic moments.

Previous studies of the ternary compounds,ACo2Ge2,
show magnetic structures consisting of ‘‘ferromagneti
basal planes,1,3 corresponding toJi j .0 for the intraplane
interactions. Thus, it is expected that in the~Ln,Ln8!Co2Ge2
systems the ordering of the magnetic moments of~Ln,Ln8!
site will obey the following rule: parallel in the case o
~light,light!, or ~heavy,heavy!, and antiparallel in the case o
~light,heavy!. This rule has already been demonstrated
previous studies of~Ln,Ln8! systems.7,8 Furthermore, it was
found that (U12xTbx)Co2Ge2 a ~light-An,heavy-Ln! system
orders with the magnetic moments of U antiparallel to T9

in agreement with this rule. The extension of this rule
~An,Ln! systems is not obvious~see discussion!. To consider
this extension, one has to show that the~light,light! in an
~An,Ln! system also satisfies this rule. This is the motivat
of the present study of the magnetic structures
(U12xNdx)Co2Ge2.

A short summary of the relevant properties of the e
compounds of this system~x50,1! is given below.

The ternary compounds UCo2Ge2 ~Ref. 3! and NdCo2Ge2
~Ref. 10! crystallize in the body-centered tetragon
ThCr2Si2-type, and have similar lattice parameters. Thus,
(U12xNdx)Co2Ge2 solid solutions are expected to exi
throughout the full range 0,x,1.

UCo2Ge2 is paramagnetic at RT and was found to u
dergo an antiferromagnetic transition atTN5175(5) K to
the AF-I structure.3 This structure consists of ferromagnet
uranium planes stacked antiferromagnetically along the
tragonalc axis, i.e., with a wave vectork5(0,0,1). The U
magnetic moment was found to be parallel to thec axis with
magnitude of 1.9(2)mB at 13 K ~recalculated using Rietveld
profile analysis11 of the data in Ref. 3!.

NdCo2Ge2 is paramagnetic at RT and was found to u
dergo a magnetic transition at 26 K to an incommensu
magnetic structure of the Nd atoms with a wave vectok
5(0,0,kz) ~kz50.74 at 12 K!.10 The Nd magnetic momen
was found to be parallel to thec axis. This structure was
found10 to coexist below 12 K with the AF-I structure. Th
amplitude of the incommensurate spin-density wave w
found to be 2.1(5)mB at T51.5 K and 4.07(5)mB at 12 K
~Ref. 10!. The magnetic moment corresponding to the AF
structure was found to be 3.27(5)mB at T51.5 K ~Ref. 10!.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of (U12xNdx)Co2Ge2 ~with x
50.25,0.50,0.75,1! were prepared by arc melting of the co
stituents in an argon atmosphere. The obtained buttons w
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annealed at 1023 K in vacuum for 120 h. Specimens fr
the samples were examined by x-ray diffraction at 295
~RT! and were found to be single phase.

Neutron- (l5245 pm) diffraction measurements on th
four ;20 g (U12xNdx)Co2Ge2 samples were performed o
the KANDI-II diffractometer in the IRR-2 reactor at th
Nuclear Research Centre-Negev~NRCN!. The sample to be
studied was loaded into a cylindrical aluminum contain
put into a closed-cycle refrigeration system~DISPLEX, Air
Products Inc.!. Data were collected at RT and at 12 K~LT!.
Typical diffractograms at RT and LT are shown~for x
50.50! in Fig. 2. The LT diffractograms show additiona
reflections, beside those that appear in the RT diffractogra
for all samples. The temperature dependence of the i
grated intensity of the strongest of these additional refl
tions was measured by neutron diffraction for each sam
~Fig. 3!.

Measurements of the ac-magnetic susceptibility were c
ried out from near RT down to 8 K using liquid He cooling
on five small polycrystalline specimens~300–600 mg! ~Fig.
3!. Four specimens of (U12xNdx)Co2Ge2 were taken from
the present samples, and the fifth specimen (;400 mg) was
taken from a sample of UCo2Ge2 used in Ref. 3. The ampli-
tude of the applied ac magnetic field (f ;1.5 kHz) was less
than 10 Oe. Calibration of the ac susceptometer was d
using a 87 mg powder sample of Ho2O3, for which the RT
molar susceptibility (xM) is 8931023 emu/mol.

FIG. 2. Neutron (l5245 pm) powder-diffraction data~dots!
and Rietveld refinement profile~Ref. 11! ~solid line! of the
~U0.50Nd0.50!Co2Ge2 sample at~a! RT and~b! LT. Crystallographic
reflections satisfy the conditionh1k1 l 5even. Magnetic reflec-
tions satisfy the conditionh1k1 l 5odd @$010%, $012%, $111%, etc.#,
consistent with the AF-I structure. Absence of$00l % reflections with
odd l is consistent with alignment of all the magnetic momen
along the tetragonal axis. Observed peaks due to Al sample ho
contribution~at ;62° and 74°! were omitted from the analysis.
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57 451MAGNETISM OF RANDOMLY DISTRIBUTED f ATOMS . . .
FIG. 3. Observed integrated intensity~after background subtrac-
tion! of the magnetic$010% reflections as a function of temperature
for the (U12xNdx)Co2Ge2 compounds~open circles!, together with
the observed ac-magnetic susceptibility~solid line!. Each circle cor-
responds to a counting time of;8.5 h forx50, 0.25, and 0.50, and
;3.5 h forx50.75. The neutron data forx50 are taken from Ref.
3. The error bars are representative.
III. RESULTS AND ANALYSIS

The observed reflections in the RT neutron diffractogra
of the four (U12xNdx)Co2Ge2 samples, satisfy the ruleh
1k1 l 5even, consistent with theI4/mmmspace group. U
and Nd have close neutron-scattering lengths, 8.42 fm
7.69 fm, respectively. Also, the~U,Nd! site contribution to
the stronger diffraction lines, with respect to the contrib
tions of Ge and Co, is small~the latter contributes only to
lines with h1k5even!. Therefore, the determination of th
Nd fraction (x) from the RT neutron diffractograms is no
accurate in the present statistics, and the nominal frac
~i.e., the fraction used to prepare the samples! is used in the
analysis.

Crystallographic ordering of the U and Nd atoms in t
basal planes would require a symmetry reduction, wh
would result in additional reflections. X-ray diffractogram
for several ordered arrangements of U and Nd atoms in
case ofx50.50 were calculated using the modified Rietve
profile analysis~the FULLPROF program!.11 The calculated
additional reflections due to U and Nd ordering were fou
to be of the same order of magnitude as the first~$002%!
observed reflections~about twice the background!. None of
these reflections were observed by the x-ray-diffraction m
surements. The neutron diffractograms were therefore a
lyzed, usingFULLPROF,11 with random distribution of U and
Nd atoms in the basal planes~2a site!.

RT structural parameters of (U12xNdx)Co2Ge2 are found
from the RT diffractograms using the analysis describ
above. Asx increases from 0 to 1, the RT lattice paramete
a and c, increase by 0.8% and 3%, respectively~Table I;
Fig. 4!.

In the measurements of the molar ac susceptibilityxM , vs
temperature, the five specimens obey the Curie-Weiss
for T.200 K ~Fig. 3!. The effective magnetic momentsmeff ,
and the paramagnetic Curie temperaturesu, are obtained
~Table II! by fitting the Curie-Weiss relation

~xM !215~2.83/meff!
2~T2u! ~6!

to the observed data in this temperature range~meff given in
mB , andT2u in degrees K!. Below this temperature the a
susceptibility goes through a maximum characteristic
magnetic transitions, at temperatures listed in Table II.
the end compounds~x50, 1! these transition temperature
are in agreement with earlier results.3,10 For x50.25, 0.50,
and 0.75, transitions atT0

susc;40– 50 K are observed. Thes
peaks are rather broad but their width decreases with incr
ing x. For x50.25 a second transition is observed atT1

susc

5160(25) K ~Fig. 3; Table II!.
The LT diffractogram of NdCo2Ge2 shows additional re-

flections to those observed at RT. We find that these a
tional lines are compatible with a commensurate antifer
magnetic structure with a~12212112! stacking of Nd
ferromagnetic planes@k5(0,0,0.75)#. The refined Nd mag-
netic moment in this structure is 3.1(1)mB ~Table III!. Our
interpretation is different from the one given in a previo
study.10 A sine modulated magnetic structure with a wa
vector k5@0,0,0.75(1)# and an amplitudeANd54.0(1)mB ,
is also consistent with the neutron diffractogram
NdCo2Ge2 at 12 K. The lowest magnetic moment, consiste
with the sine modulated structure, is obtained with a ph
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TABLE I. RT structural parameters of (U12xNdx)Co2Ge2 obtained by the refinements of the RT neutr
diffractograms using the tetragonal space groupI4/mmm, with the following atoms positions: ~U,Nd! at 2a
~0,0,0!, Co at 4d ~0,1

2,
1
4!, and Ge at 4e ~0,0,z!. The neutron-scattering lengths are~in fm! bU58.42, bNd

57.69, bCo52.5, andbGe58.19. B is the isotropic thermal displacement parameter.mR is the absorption
correction coefficient. Numbers in parentheses represent standard deviation of the last significant dig
weighted profile (Rwp) and expected (Rexp) agreement factors are also given.

x a
~pm!

c
~pm!

V
(10230 m3)

z(Ge) B
@104 (pm)2#

mRb Rwp

~%!
Rexp

~%!

0a 400.9~9! 988~2! 158.7~8! 0.375~1! 1.5~8! 0.2~2! 10.10 7.12
0.25 401.6~8! 994~2! 160.4~7! 0.373~1! 0.6~4! 0.7~2! 8.79 6.55
0.50 403.5~8! 1003~2! 163.4~7! 0.371~1! 1.0~3! 1.2~1! 9.56 8.22
0.75 403.2~8! 1009~2! 164.1~7! 0.371~1! 0.1~4! 0.7~2! 9.86 6.79
1 403.9~8! 1017~2! 166.0~7! 0.371~1! 0.8~3! 1.2~2! 9.43 7.29

aThe results for this sample were obtained by Rietveld profile analysis of data from Ref. 3.
bObtained by LT refinements, assuming close-to-zero value forB in the LT data. The irregularity inmR for
x50.25 and 0.50 is due to a higher sample density.
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3.
~of the modulation! of ;p/8, and is equal to 3.7mB ~Table
III !. This value is considerably higher than the ‘‘free-ion
value of Nd31 (3.27mB),6 for which we have no explanation
Hence, we propose that the magnetic structure in NdCo2Ge2
corresponds to the first solution@i.e., with the
~12212112! stacking#.

The LT diffractograms of the three (U12xNdx)Co2Ge2
samples withx50.25, 0.50, and 0.75~illustrated in Fig. 1 for
x50.50! show additional reflections for whichh1k1 l
5odd ~such as$010%, $012%, $111%!. These reflections are
consistent with ordering of the~U,Nd! sublattice in the AF-I

FIG. 4. RT lattice parameters of the (U12xNdx)Co2Ge2 solid
solutions, as a function ofx, ~a! a, and ~b! c. The triangles and
circles represent the results of neutron- and x-ray-diffraction m
surements, respectively.
structure. The absence of$00l % magnetic reflections with odd
l suggests alignment of the ordered magnetic moments
allel to the tetragonal axis. The Rietveld profile analysis
the LT diffractograms~Table III! yields an average momen
per ~U,Nd! site consistent with a random distribution of th
U and Nd atoms in this site.

The magnetic form factor of the average magnetic m
ment on the~U,Nd! site, F(x,u i), as used in the Rietveld
analysis, is equal to the weighted average of the expone
approximations of the form factors of U and Nd as follow

m~U,Nd!F~x,u i !5umU~12x!exp$2CU@~sinu i !/l#2%

6mNd~x!exp$2CNd@~sinu i !/l#2%u,

~7!

where 1 ~2! designate parallel~antiparallel! alignment of
the magnetic moments of U and Nd. The magnetic fo
factor coefficients of U and Nd in the end compounds
CU54.8310220 m2 ~Ref. 3!, andCNd51.94310220 m2 ~Ref.
12!, respectively. The magnetic moments in the end co

a-

TABLE II. Magnetic parameters of (U12xNdx)Co2Ge2 obtained
by analysis of the observed ac-magnetic-susceptibility,xM . The
effective magnetic momentmeff , and the paramagnetic Curie tem
peratureu, were obtained by best fitting the observedxM vs T to the
Curie-Weiss law@Eq. ~6!#. T1

suscandT0
suscare the temperatures a

which the first and second antiferromagneticlike transitions are
served~Fig. 2!. See text for discussion onT1

susc for x50.50 and
0.75.

x xM ~RT!
~1023 emu/mol!

T1
susc

~K!
T0

susc

~K!
u

~K!
meff

(mB)

0a 4.0~1! 175~5! - 2331(23) 4.5~2!

0.25 4.1~1! 160~25! 50~10! 2116(3) 3.7~1!

0.50 4.4~1! b 50~10! 261(4) 3.6~1!

0.75 4.9~1! b 40~10! 225(2) 3.6~1!

1 5.9~1! 31~3! 12~2! 249(1) 4.1~1!

aThe results for this sample are based on data reported in Ref.
bNot observed.



ta.

57 453MAGNETISM OF RANDOMLY DISTRIBUTED f ATOMS . . .
TABLE III. Structural and magnetic parameters of (U12xNdx)Co2Ge2 obtained from the refinements of the LT neutron-diffraction da
Regarding nuclear parameters see Table I.m(U,Nd) is the average ordered magnetic moment on the~U,Nd! site. TN

neut is the para- to
antiferromagnetic transition temperature.T0

neut is the lower transition temperature.C is the calculated magnetic form factor coefficient~see
text!.

x a
~pm!

c
~pm!

V
(10230 m3)

z(Ge) B
@104(pm)2#

mR Magnetic
structure

C
(10220 m2)

m(U,Nd)

(mB)
Rwp

~%!
Rexp

~%!
TN

neut

~K!
T0

neut

~K!

0a 400.1~8! 990~2! 158.5~7! 0.375~1! 0.4~4! 0.2~2! AF-I 4.8 1.9~1! 9.54 7.07 175~5! -
0.25 400.4~8! 997~2! 159.8~7! 0.373~1! 0.0~3! 0.7~2! AF-I 3.5 2.3~1! 8.06 6.14 150~10! 40~10!

0.50 401.9~8! 1005~2! 162.3~7! 0.373~1! 0.0~3! 1.2~1! AF-I 2.9 2.5~1! 9.67 8.27 85~10! 30~10!

0.75 401.8~8! 1010~2! 163.0~7! 0.371~1! 0.1~3! 0.7~2! AF-I 2.4 2.8~1! 9.08 7.04 70~10! 35~10!

1 402.4~8! 1017~2! 164.8~7! 0.371~1! 0.1~3! 1.2~2! (12212112)b 1.94c 3.1~1! 10.80 8.01 26d 12d

aThe results for this sample are based on data reported in Ref. 3.
bStacking of ferromagnetic Nd planes~see text!.
cFrom Ref. 13.
dFrom Ref. 11.
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pounds aremU51.9(2)mB ~Rietveld analysis of data from
Ref. 2!, andmNd53.27mB ~the ‘‘free-ion’’ value of the Nd31

ordered magnetic moment!.6

A summary of the results of the Rietveld analysis of t
LT neutron diffractograms is given in Table III. The avera
ordered magnetic moment of the~U,Nd! site is found to in-
crease monotonously as a function ofx.

The observed ordering temperatureTN
neut ~i.e., the tem-

perature at which the intensity of the magnetic reflectio
$010% vanishes, Fig. 3! decreases with the increase of the N
content (x) in the solid solution~Fig. 3; Table III!. A change
in slope of the intensity at lower temperatures is interpre
as a second transition for the three solid solutions
T0

neut;40 K ~Fig. 3!. These transition temperatures are sim
lar to those measured by ac susceptibility,T0

susc ~Tables II
and III!.

IV. DISCUSSION

The RT x-ray and neutron-diffraction results describ
above show, within the accuracy of our data, that the U
Nd atoms are randomly distributed in the 2a site of the
ThCr2Si2-type structure, showing a complete miscibility
the end compounds UCo2Ge2 and NdCo2Ge2 in the
(U12xNdx)Co2Ge2 system. The observed lattice paramet
are found to depend linearly onx ~Fig. 4!, in agreement with
Vegard’s law

tx5~12x!t01xt1 , ~8!

@where tx represents the lattice parameters~a or c! of
(U12xNdx)Co2Ge2# as expected in the case of complete m
cibility. This is a special application of Vegard’s law, whic
is usually applied to binary systems, in a pseudoternary
tem. Moreover, the linear dependence found here is in ag
ment with the overall linear dependence of the cell para
eters on the Ln atomic diameter previously observed for
LnM2X2 materials.13 This linear dependence and the confo
mity with Vegard’s law are in agreement with Pearson’13

notion of a rigidM -X skeleton in the LnM2X2 systems, into
which any lanthanide or actinide can fit with some adju
ment of the cell parameters. Hence, this notion is valid
s

d
t

-

d

s

-

s-
e-
-
e

-
r

one component in LnM2X2 ~Ref. 13! and two components in
~U,Nd!Co2Ge2 ~present work!.

Themeff values, calculated from the ac susceptibilities f
NdCo2Ge2, and for UCo2Ge2 ~Table II!, are found to be
higher than the ‘‘free-ion’’ valuesgAJ(J11)) for the 4f 3

electronic configuration of Nd31 ~3.62 mB!,6 and the 5f 1 to
5 f 4 electronic configurations of U51 to U21

(2.54– 3.62mB).6 Thus, we consider a contribution of Co t
the effective magnetic moments according to the equatio

meff5A~12x!@meff~U!#21x@meff~Ln!#212@meff~Co!#2.
~9!

In UCu2Ge2, where it can be presumed that there are
copper paramagnetic moments, the effective magnetic
ment of U is 2.1(2)mB .14 Assuming the above effective
magnetic moment for U in the (U12xNdx)Co2Ge2 system,
and the ‘‘free-ion’’ value for the Nd moment, we obtain from
Eq. ~9! the contribution of the Co effective magnetic mo
ments to the observed moments~Table IV!. We see that by
increasing the Nd content the effective magnetic momen
Co decreases monotonically, but increases again

TABLE IV. The effective magnetic moment,meff , of Co in
(U12xLnx)Co2Ge2 as a function ofx, deduced from the observed
susceptibility using Eqs.~6! and~9!. The value used in this analysi
for meff of U is 2.1~2!mB , which is the value of the effective mag
netic moment of U in UCu2Ge2 ~Ref. 14; see text!. The values used
for Nd and Tb are their trivalent ‘‘free-ion’’ values 3.62 and 9.7
mB , respectively.
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NdCo2Ge2. Making the same assumptions for U and Tb m
ments in (U12xTbx)Co2Ge2 ~Ref. 15! we obtain similar re-
sults~Table IV!: the effective magnetic moment of Co d
creases monotonically as we add more Tb, but increa
again in TbCo2Ge2.

A comparison between the temperature dependence o
~U,Nd! sublattice magnetization obtained by neutron diffra
tion and the ac susceptibility~Fig. 3! poses difficulties in the
evaluation of transition temperatures. The major maxima
the observed susceptibilities are at lower temperatures (T0

susc)
than TN

neut for the solid solutions~x50.25, 0.50, and 0.75!
~Fig. 3; Tables II and III!. These peaks are broad, in contr
diction to the end compounds peaks, which are sharp.
x50.25 a second peak is also observed in the ac suscep
ity at approximately the same temperature asTN

neut. Such a
peak is not observed forx50.50 and 0.75~Fig. 3!. Also, a
change in slope in the neutron intensity vs temperature
sults can be seen for all three solid solutions at a tempera
T0

neut, which approximately corresponds to the low
temperature peak in the ac susceptibility atT0

susc ~Tables II
and III!. A possible explanation to the above observation
that two transitions occur for all three solid solutions, b
being smeared out they are hardly separable in the ac
ceptibility, and are not clearly seen in the neutron diffrac
grams because of the low statistics. The character of th
transitions is yet to be studied.

Two possible models are suggested here, attemptin
explain the data presented above. Both models rely on
idea that the random distribution of two different atoms
the same site may render some clustering and consequ
induces a nonuniform magnetic interaction strength. The
ference in the full width half maximum~FWHM! between
peaks with largel ~e.g.,$015%!, and neighboring peaks~e.g.,
$114%!, is greater in the solid solutions@DFWHM
50.31(6)# than in the end compounds@DFWHM
50.09(7)#. This suggests the existence of such clustering
the solid solutions. Both models assume a two-step magn
ordering process in the solid solutions:~a! Due to the stron-
ger magnetic interaction in U, its moments order at a hig
temperature than the Nd moments~e.g.,TN of the end com-
pounds!. Thus, the U-rich clusters will order magnetically
higher temperature than the Nd-rich clusters. A similar p
cess has been observed in cases where the two atoms a
different sublattices, both in ThCr2Si2-type LnMn2Ge2
systems16 and in other structures.17 ~b! The in-plane mag-
netic interactions~mostly direct exchange! are stronger than
the intraplane exchange Ruderman-Kittel-Kasuya-Yos
~RKKY-like !. As a result, three-dimensional magnetic ord
ing is established only in the U-rich clusters at a high tra
sition temperature. Full three-dimensional ordering sets
only at a lower temperature, where the intraplane interacti
become strong enough.

The Nd ordered magnetic moment is evaluated by b
fitting Eq. ~10! below to the observed ordered magnetic m
ments,m(x), on the ~U,Nd! site for x50, 0.25, 0.50, and
0.75 @Fig. 5~a!# ~see below!. Extrapolation of this best fit to
x51 results in a Nd magnetic moment of 3.1(2)mB . This
value is in excellent agreement with the Nd moment of
antiferromagnetic structure proposed for NdCo2Ge2 ~Sec.
III !.
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The main result of the present work is the confirmation
the ‘‘spin charge’’ model presented in previous works.7–9

The observed ordered magnetic momentsm(x) on the
~U, Nd! site ~present work! and on the~U,Tb! site,9 as de-
duced by Rietveld refinement of the LT neutron diffract
grams as a function ofx, are found to be distinctly differen
~Fig. 5!. This differentx dependence can be modeled as
parallel alignment ofmU relative to mNd and antiparallel
alignment ofmU relative tomTb by using the following rela-
tion:

m~x!65u~12x!mU6xmLnu. ~10!

A best fit of Eq.~10! to the observedm(x) is achieved with
m(x)1 andm(x)2 for Ln5Nd and Tb, respectively~Fig. 5!.
This result is in excellent agreement with the ‘‘spin charg
concept~see Sec. I! and confirms the validity of the exten
sion of this principle to the~An,Ln! systems. This resul
implies that U behaves like a light lanthanide in th
ThCr2Si2-type systems, which is unusual for U in other sy
tems. In the actinide series the 5f shell is spatially much
more extended with respect to the 4f shell of the lanthanides
series. In the light actinides~e.g., U! the total angular mo-
mentum J is usually not a good quantum number due
partial quenching of the orbital angular momentumL. Thus,
it is not expected that U will behave like a lanthanide. Ho

FIG. 5. The observed mean ordered magnetic moment
~U, Ln!Co2Ge2 ~circles! on the~U,Ln! sites for~a! Ln5Nd, and~b!
Ln5Tb. The triangle represents the free-ion moment for Nd31. The
experimental error is of the order of the circle size, except wh
shown. The dashed and dotted lines represent best fits of Eq.~10! to
the observedm(U,Ln) for parallel and antiparallel alignments of U
and Ln moments, respectively.
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ever, due to the large distances between neighboring at
in the ThCr2Si2-type systems, the 5f shell is effectively simi-
lar to the 4f shell ~inner and closed!. This is in agreemen
with Pearson’s13 view of the LnM2X2 systems, mentioned
ev

v

ics

d

v

msabove. The large ‘‘holes’’ in the rigidM -X skeleton accom-
modate the U atoms, with almost no overlapping of thef
shells. In this case U, a light actinide, will behave like a lig
lanthanide.
v.

r.
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